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Abstract
Ferroelectric (FE) ceramics with a large relative dielectric permittivity and a high dielectric strength have the 
potential to store or supply electricity of very high energy and power densities, which is desirable in many modern 
electronic and electrical systems. For a given FE material, such as the commonly-used BaTiO3, a close interplay 
between defect chemistry, misfit strain, and grain characteristics must be carefully manipulated for engineering its 
film capacitors. In this work, the effects of grain orientation and morphology on the energy storage properties of 
BaTiO3 thick films were systematically investigated. These films were all deposited on Si at 500 °C in an oxygen-
rich atmosphere, and their thicknesses varied between ~500 nm and ~2.6 μm. While a columnar nanograined 
BaTiO3 film with a (001) texture showed a higher recyclable energy density Wrec (81.0 J/cm3 vs. 57.1 J/cm3 
@3.2 MV/cm, ~40% increase) than that of a randomly-oriented BaTiO3 film of about the same thickness 
(~500 nm), the latter showed an improved energy density at a reduced electric field with an increasing film 
thickness. Specifically, for the 1.3 μm and 2.6 μm thick polycrystalline films, their energy storage densities Wrec 
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reached 46.6 J/cm3 and 48.8 J/cm3 at an applied electric field of 2.31 MV/cm (300 V on 1.3 μm film) and 1.77 
MV/cm (460 V on 2.6 μm film), respectively. This ramp-up in energy density can be attributed to increased 
polarizability with a growing grain size in thicker polycrystalline films and is desirable in high pulse power 
applications.

Keywords: Energy storage, ferroelectric, grain engineering, BaTiO3, film capacitors, Si

INTRODUCTION
With the development of various energy-harvesting technologies and associated applications, devices that 
can provide both high-density storage and rapid electricity supply have become increasingly important. 
Dielectric capacitors using ferroelectric (FE) ceramics with a high relative dielectric permittivity have 
demonstrated such a potential[1-5]. However, there are compromises that hinder the further development of 
FE ceramic capacitors for energy storage applications. These compromises include complex compositions, 
high composition sensitivity, and high processing temperatures, which are especially challenging for 
integrated film capacitors[6-8]. Therefore, the development of simple composition FE film capacitors with a 
high energy density, such as BaTiO3, has become an emergent challenge for the future of electric energy 
storage using dielectric capacitors.

Once a manufacturable composition was selected, the performance of FE film capacitors was mostly 
affected by the substrate, which imposes a clamping effect[9] and a residual strain[10], the deposition 
chemistry[11], and the crystalline or grain characteristics[12,13]. These factors are usually intertwined, and hence 
it is difficult to separate out their contributions to the energy storage performance of the film. In this work, 
we chose the prototype FE of BaTiO3 for its simple composition and broad application in electro ceramics, 
especially ceramic capacitors. Established deposition chemistry, i.e., sputtering deposition in an oxygen-rich 
atmosphere, was used for the preparation of BaTiO3 film capacitors on a Si substrate[13]. Therefore, in this 
work, we were able to focus on the grain effects on the energy storage performance of the FE film capacitors, 
including the effects of grain orientation and grain morphology.

Our previous investigations on preparing high energy density BaTiO3-based film capacitors[13-15] have 
focused on a columnar nanograin design via a low-temperature process (350-400 °C) and a buffer-layer 
technique. This approach resulted in a densely-packed nanograin array, which shows a (001)-texture, an in-
plane grain diameter down to 10-20 nm, and a grain length extending through the thickness of the film. Due 
to periodic gradients in the electric polarization and relative dielectric permittivity, the total dielectric 
displacement of such a film is confined and experiences a significantly delayed saturation under an external 
field. Consequently, such a grain structure is endowed with a high breakdown field and a large energy 
storage density. For example, a recyclable energy density of ~130 J/cm3 at ~650 MV/m[13] and ~229 J/cm3 at 
875 MV/m[15] was achieved in columnar-grained BaTiO3 films of ~350 nm and ~160 nm thick, respectively. 
However, these high energy densities were achieved under very large electric fields, corresponding to a 
much-reduced relative dielectric permittivity. This is not always the optimum solution for the storage and/
or supply of electric energy, especially in cases where high pulsed power is demanded under middle-to-low 
electric fields.

In this work, we aimed to manipulate the grain characteristics, including grain orientation and morphology, 
to achieve a high energy density at a reduced electric field in BaTiO3 film capacitors. To achieve this goal, a 
higher growth temperature at 500 °C was used, and a compromise was made between improved 
crystallinity, which enhances the dielectric response, and increased average grain size, which reduces the 
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maximum applicable electric field. By using a thick LaNiO3 buffer layer (~110 nm) on platinized Si and a 
fast deposition rate, we successfully suppressed the growth of randomly-oriented, discontinuous columnar 
grains in the BaTiO3 film directly deposited on the Pt electrode. Instead, we achieved a (001)-textured, 
continuous columnar nanograin structure. This structure is similar to those obtained at low deposition 
temperatures[9,10] but with an increased average grain size (~50-60 nm vs. 10-20 nm), resulting in an 
enhanced dielectric response. In comparison to the unbuffered films, the LaNiO3-buffered BaTiO3 films 
exhibited a higher dielectric polarization under the same applied electric field (320 MV/m), leading to a 
~40% boost in the recyclable energy density of a film capacitor (81.0 J/cm3 vs. 57.1 J/cm3 @3.2 MV/cm). 
Furthermore, to break down the aspect-ratio conservation of the continuous columnar nanograin 
microstructure and its associated thickness scalable energy storage performance[13], we went back to the 
classic random polycrystalline BaTiO3 film directly deposited on platinized Si. The rapid growth of its grain 
size with deposition time led to an increasing polarizability/relative dielectric permittivity with the film 
thickness. Consequently, an enhanced energy storage density close to 50 J/cm3 was achieved in device-level 
thick BaTiO3 films (46.6 J/cm3 @300 V on a 1.3 μm thick film and 48.8 J/cm3 @460 V on a 2.6 μm thick film). 
These values are ~25 times higher than those of the BaTiO3 ceramics and serve as an important benchmark 
for the future development of multilayer ceramic capacitors (MLCCs).

MATERIALS AND METHODS
For the preparation of the platinized Si substrate, a Pt/Ti bilayer bottom electrode was used. The Ti layer, 
with a thickness of ~10 nm, is the adhesion layer to bond with the Si substrate. The deposition process was 
carried out on a (100) Si substrate at 300 °C via dc magnetron sputtering in a pure Ar atmosphere. The 
resulting Pt layer showed a high degree of (111) texture. It is noteworthy that these platinized Si substrates 
are also commercially available for this purpose. The (100) Si substrates (10 mm × 10 mm) and ceramic 
targets of BaTiO3 and LaNiO3 (Φ = 50 mm, t = 5 mm, 99.9% purity) were purchased from the Anhui 
Institute of Optics, Chinese Academy of Science. The Pt and Ti sputtering targets (Φ = 50 mm, t = 3 mm, 
99.99% purity) were purchased from Zhongnuo Advanced Material Technology Co. Limited (Beijing, 
China). The key deposition parameters of the LaNiO3-buffered and unbuffered BaTiO3 film heterostructures 
are summarized in Table 1. Dot-shaped Au top electrodes (Φ = 0.2 mm) were sputtered through a masked 
plate at room temperature for electrical measurements.

The microstructure of the two types of BaTiO3 thin film heterostructures was characterized by using X-ray 
diffraction (XRD) θ-2θ scans in a commercial Rigaku Dmax-rc XRD diffractometer equipped with a Ni-
filtered Cu K radiation source. The surface morphologies were analyzed via atomic force microscopy (AFM) 
on a MicroNano D-5A scanning probe microscope (Shanghai, China). The layer thicknesses and 
nanostructures of the BaTiO3 thin film heterostructures were analyzed via transmission electron microscopy 
(TEM) using a JEM-2010 microscope (JEOL, Japan). The room temperature FE hysteresis loops (P-V) were 
measured at 100 Hz via a commercial MultiferroicTM FE tester (Radiant Technology, USA). The voltage-
dependent capacitance (C-V) curves, from which the relative dielectric permittivity and loss tangent as 
functions of the applied voltage/field were obtained, were measured by using a B1505A impedance analyzer 
(Agilent Technologies, USA) at 5 kHz by applying a small ac signal of 50 mV. The voltage was swept from 
negative maximum to positive maximum and vice versa during the measurements.

RESULTS AND DISCUSSION
Figure 1 shows the XRD θ-2θ scan patterns of the BaTiO3/Pt/Ti/Si [Figure 1A] and BaTiO3/LaNiO3/ Pt/Ti/Si 
[Figure 1B] thin film heterostructures, respectively. It can be clearly seen that while the unbuffered BaTiO3 
film showed a typical polycrystalline structure, the LaNiO3 buffered BaTiO3 film was (001)-textured, as 
reported in our previous publications[13-15]. Furthermore, the degree of crystallinity was significantly 
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Table 1. Magnetron sputtering parameters of BaTiO3 film heterostructures

Structure type BaTiO3/Pt/Ti BaTiO3/LaNiO3/Pt/Ti

Base pressure 2 × 10-4 Pa 2 × 10-4 Pa 

Pt/Ti layer sputtering pressure 0.3 Pa 0.3 Pa

Pt/Ti layer thickness ~150-200 nm

Buffer layer sputtering temperature N/A 500 °C

Buffer layer sputtering atmosphere N/A Ar:O2 (4:1)

Buffer layer sputtering pressure N/A 0.3 Pa

Buffer layer thickness N/A ~100 nm 

BaTiO3 sputtering temperature 500 °C 500 °C 

BaTiO3 sputtering atmosphere Ar:O2 (4:1) Ar:O2 (4:1)

BaTiO3 sputtering pressure 0.3 Pa 1.2 Pa

BaTiO3 deposition rate ~7 nm/min ~10 nm/min

BaTiO3 layer thickness (nm) 435 nm, 845 nm, 1,305 nm, 2,610 nm 510 nm

Cooling atmosphere (pressure) Pure O2 (2.5 Pa) Pure O2 (2.5 Pa)

Figure 1. XRD θ-2θ scan patterns of the thin film heterostructures of (A) BaTiO3/Pt/Ti/Si (with various thicknesses of the BaTiO3 layer) 
and (B) BaTiO3/LaNiO3/Pt/Ti/Si (with a 510 nm thick BaTiO3 layer).

improved in the thicker polycrystalline BaTiO3 film, as evidenced by their stronger and sharper diffraction 
peaks. The preferred crystalline orientation, which was (110) in the 435 nm thick film, changed into (111) in 
the 845 nm and 1,305 nm thick films and finally became (001) in the 2,610 nm thick film. The degree of 
grain (00l)-orientation of unbuffered BaTiO3 film was evaluated using the Lotgering factor F(00l) = 64.7% 
[Figure 1A][16] and compared with those of the standard powder XRD pattern of BaTiO3 (JCPDS 05-0626). 
The growth of BaTiO3 on (111) Pt involves a competition between various factors, including the channeling 
effect[17], interface energy, and surface energy. The dominance of the channeling effect is evident in the 
thinnest film, leading to a preferred orientation of the closest-packed plane of (110) in perovskite. As the 
film thickness increases, the interface energy, primarily influenced by misfit strain energy, becomes more 
significant. This leads to the (111) orientation, which is the best match to the (111) Pt base plane, taking 
over as the preferred crystalline orientation. Lastly, in the thickest film where the residual misfit approached 
zero, (001) crystalline planes with the minimum surface energy emerged as the preferred orientation. On 
the other hand, in the LaNiO3-buffered BaTiO3 film, since the (100)-textured growth of LaNiO3 on Pt[18] has 
been preset, the (001) orientation of the BaTiO3 film satisfies the requirement of minimum energy, which is 
now dominated by the interface/surface energy term. The Lotgering factor F(00l) for buffered BaTiO3 film is 
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Figure 2. AFM surface scan images of (A) the 435 nm thick BaTiO3 film grown on Pt/Ti/Si and (B) the 510 nm thick BaTiO3 film grown 
on LaNiO3/Pt/Ti/Si.

Figure 3. Cross-sectional TEM images of (A) the BaTiO3 (435 nm) /Pt/Ti/Si and (B) the BaTiO3 (510 nm)/LaNiO3/Pt/Ti/Si 
heterostructures.

87% [Figure 1B].

According to the study by Zhang et al., the relative dielectric permittivity of a polycrystalline BaTiO3 film 
deposited on a Pt electrode[19] is expected to be higher than that of the (001)-textured film. Moreover, the 
presence of larger grain sizes in the thicker films warrants an improved dielectric response, which can be 
attributed to extrinsic sources such as domain wall movements[20] and grain re-orientations. Next, we will 
compare their nanostructure characteristics, including grain and interface morphologies, of the 510 nm 
thick buffered and the 435 nm thick unbuffered BaTiO3 film samples to complement the XRD results.

Figure 2A and B displays the surface AFM image of the two films. Both films showed a dense and granular 
surface, with a root mean square roughness (Ra) of 2.868 (A) and 2.007 nm (B), respectively. 
Figure 3A and B presents the cross-sectional TEM image of the two BaTiO3 films. The unbuffered film 
consists of discontinuous columnar nanograins, occasionally displaying twisted or canted orientations. In 
contrast, the bi-layer film of BaTiO3/LaNiO3 constitutes continuous arrays of columnar nanograins that 
extend from the LaNiO3/Pt bottom electrode interface to the surface of the BaTiO3 layer. These 
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Figure 4. High-resolution TEM images near (A) BaTiO3/Pt and (B) BaTiO3/LaNiO3 interfaces in the unbuffered and buffered BaTiO3 
film heterostructures, respectively. Insets are Fast-Fourier-Transformed (FFT) selected area electron diffraction (SAED) patterns of the 
local BaTiO3 film and its underneath LaNiO3 buffer layer.

nanostructures are characteristic of sputtered perovskite/Pt[17] and perovskite/perovskite heterostructures[13].
For the BaTiO3/Pt case, the XRD analysis revealed the competition between multiple crystalline
orientations, leading to a “broken” nanograin morphology with twisted/canted grain variants. In contrast,
the presence of the lattice-matched, (100)-oriented LaNiO3 buffer layer provides local coherency within
each grain nucleus of BaTiO3. This has promoted a (001)-textured, continuous growth of the columnar
nanograins in the LaNiO3/BaTiO3 bi-layer film[13]. From TEM images, the unbuffered and LaNiO3-buffered
BaTiO3 films showed an average grain diameter (in-plane) ~50-60 nm and ~30-40 nm, respectively. These
grain sizes are much larger than those of the low-temperature deposited BaTiO3 films with a superfine
columnar nanograin structure[13-15], which showed a boosted energy storage density at a high field by
sacrificing their relative dielectric permittivity. Therefore, these two types of BaTiO3 films deposited at
500 °C are expected to show an enhanced dielectric response and boosted energy storage performance at
middle-to-low electric fields.

In Figure 4, we present the high-resolution TEM images near the BaTiO3/Pt (A) and BaTiO3/LaNiO3

interfaces in the unbuffered and buffered BaTiO3 film heterostructures, respectively. The BaTiO3/Pt
interface exhibits a clean-cut interface with a narrow boundary layer of ~1-2 nm, indicating a limited degree
of interdiffusion. This is consistent with the medium deposition temperature (@500 °C) and is supported by
an elemental line scan analysis via energy dispersive spectroscopy (EDS) in a Scanning Transmission
Electron Microscope. In Figure 4B, the imaged section of the BaTiO3 film, located inside a single grain,
showed an “atomically smooth” and locally-coherent growth on the underlying LaNiO3 layer. This indicates
a locally coherent or “heteroepitaxial” growth inside the grain. The Fast-Fourier-Transformation of
Figure 4B led to a selected area electron diffraction (SAED) pattern that complements the XRD results. It
not only verifies an out-of-plane (001)BaTiO3//(100)LaNiO3 crystalline correlation but also reveals an in-plane
crystalline correlation of [100]BaTiO3//(010)LaNiO3. Overall, the high-quality surfaces and interfaces, together
with the dense nanograin morphology, will contribute to a high breakdown strength and a large energy
storage density of the BaTiO3 films. Specifically, for the unbuffered BaTiO3 films, since the grain shape is
irregular and preferred grain orientation varies with film thickness, the energy storage density at a given
field will be thickness-dependent. Taking into consideration that the degree of crystallinity, especially the
grain size, increases with the film thickness, we would expect a higher relative dielectric permittivity in a
thicker film, together with a higher energy density at a low electric field. This is due to an enhanced
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“polarizability”, i.e., early saturation of the electric polarization in comparison to that of the low-
temperature deposited BaTiO3 films.

In Figure 5A, we present typical polarization-electric field (P-E) hysteresis loops of the LaNiO3 buffered
BaTiO3 film at successively increasing voltages of 100 V, 120 V, and 160 V. The P-E loops did not show
signs of saturation until under the largest applied voltage of 160 V, at which the applied electric field
approached 314 MV/m and the electric polarization reached ~75 C/cm2. The recyclable energy densities
Wrec as functions of the applied electric field were computed via the integration of the P-E loops

( )[13]. The relative dielectric permittivity , where EdP is the total
stored electric energy under field E, was obtained from monopolar P-E loops (not shown here). Figure 5B
presents the Wrec and εr values of the LaNiO-buffed BaTiO3 along with those of a BaTiO3 ceramic[21]. Under
an applied maximum field of ~314 MV/m, the electric energy density Wrec of the buffered BaTiO3 film
reached ~81 J/cm3, and the relative dielectric permittivity εr ranged between 470 (@low field) and ~215
(@low field). In contrast, the maximum electric energy density Wrec of the BaTiO3 ceramic, which has the
largest reported bulk dielectric strength[21], is only ~1.8 J/cm3. The Wrec-E curves of the two materials overlap
fairly well at low electric fields (< ~50 MV/m), but the corresponding εr-E curves are quite different. In the
BaTiO3 ceramic, εr quickly drops to ~200 at E = 30 MV/m and remains constant as the field increases until it
reaches the breakdown limit of ~90 MV/m. In contrast, in the BaTiO3 film, εr gradually decreases from ~300
at E = 30 MV/m to ~215 at E ~314 MV/m, indicating a much slower saturation of the electric polarization
compared to the bulk BaTiO3. The grain size of BaTiO3 thin films is only several tens of nanometers, which
is much smaller than that of its ceramic counterpart (ranging from a few micrometers to tens of
micrometers). Due to this extremely small grain size, a full polarization alignment in BaTiO3 thin films
becomes very difficult under an intermediate electric field (~10 MV/m). In bulk ceramics, this level of field
is usually sufficient to saturate the electric polarization. However, in the nanoscale grains of the BaTiO3 thin
films, a field level of about one order of magnitude higher (~100 MV/cm) is required to align all accessible
polarization vectors, resulting in a slow electric polarization saturation. The delayed saturation of the
electric polarization enables the absorption of additional electrical energy and greatly extends the electric
breakdown limit. Consequently, our BaTiO3 films exhibit outstanding energy storage capacities under
electric fields of several hundred MV/m.

Furthermore, the unbuffered, randomly oriented BaTiO3 films (on Pt/Ti/Si) showed a distinct energy
storage feature compared to the (001)-textured, LaNiO3-buffered BaTiO3 films. Unlike the latter, which have
shown a thickness-scalable relative dielectric permittivity εr/energy density[13] by maintaining an aspect-ratio
of in-plane diameter/grain length, the randomly oriented films demonstrate an increasing energy density
Wrec and εr at a given low field with the film thickness [Figure 6A and B, Table 2]. These behaviors, as
predicted by the microstructural analyses, can be attributed to the discontinuous columnar nanograin
morphology with mixed crystalline orientations and the growth of these nanograins with the film thickness.
It is worth noting that at a high voltage of 460 V, the 2,610 nm thick film showed a low dielectric loss (< 3%)
and a high electric polarization (> 75 C/cm2). This can be attributed to its large thickness (460 V
corresponding to a low field of ~117 MV/m) and good film quality/robust insulation.

CONCLUSIONS
In summary, the study investigates the energy storage capabilities of BaTiO3 thick films (~0.5 μm to 
~2.6 μm) deposited at 500 °C, with two types of engineered grain structures. The films with a (001)-textured, 
continuous columnar nanograin structure showed a high recyclable energy density Wrec of ~81 J/cm3 at 
E = 314 MV/m. This represents a substantial improvement compared to films of the same type of films 
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Table 2. Energy storage densities of various BaTiO3 film capacitors

BaTiO3 thin film heterostructures 
sputter-deposited on Si Applied voltage (V)/Field (MV/m) Wrec (J/cm3)

Au/BaTiO3 (510 nm)/LaNiO3/Pt/Ti 160/314 81.0

Au/BaTiO3 (435 nm)/Pt/Ti 140/322 57.1

Au/BaTiO3 (845 nm)/Pt/Ti 260/308 50.4

Au/BaTiO3 (1,305 nm)/Pt/Ti 300/231 46.6

Au/BaTiO3 (2,610 nm)/Pt/Ti 460/177 48.8

Figure 5. (A) Typical polarization-electric field hysteresis loops of the LaNiO3 buffered BaTiO3 film (~510 nm) and (B) the 
corresponding energy storage density Wrec and relative dielectric permittivityof the film in (A), as well as those of a BaTiO3 ceramic, 
plotted as functions of the applied electric field.

Figure 6. (A) Typical polarization-electric field (P-E) hysteresis loops of the four unbuffered BaTiO3 films directly deposited on Pt/Ti/Si, 
with thicknesses ranging between 435 nm and 2610 nm; (B) The relative dielectric permittivity and loss tangents as functions of the 
applied voltage for the four films in (A).

prepared at lower temperatures[13-15], making them promising for energy storage under middle-to-low 
electric fields. Meanwhile, films consisting of discontinuous columnar nanograins with mixed crystalline 
orientations showed an improved relative dielectric permittivity and a higher energy storage density at low 
fields, with increasing film thickness. Both types of BaTiO3 films have shown good potential for dielectric 
energy storage applications under middle-to-low electric fields. However, the randomly-oriented films are 
better material candidates in high-voltage applications (several times the commercially used voltage of 
220 V).
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Abstract
Here, we obtained a series of controllable thermal expansion alloys Tb1-xErxCo2Mny (x = 0-0.5, y = 0-0.4) by
incorporating double rare earth doping and introducing non-stoichiometric Mn content. By varying the amount of
Er or Mn, a low thermal expansion (LTE) is achieved in Tb0.6Er0.4Co2Mn0.1 (TECM, α1 = 1.23 × 10-6 K-1, 125~236 K). The
macroscopic linear expansion and magnetic properties reveal that anomalous thermal expansion is closely related
to the magnetic phase transition. Synchrotron X-ray powder diffraction results show that TECM is a cubic phase
(space group: Fd-3m) at high temperatures, and a structural transition to a rhombohedral phase
(space group: R-3m) occurs as temperature decreases. The negative thermal expansion c-axis compensates for the
normal positive thermal expansion of the basal plane, resulting in the volumetric LTE. This study provides a new
metallic and magnetic ZTE material.

Keywords: Zero thermal expansion, crystal structure, microstructure, magnetism

INTRODUCTION
By flexibly compensating for thermal expansion, negative thermal expansion (NTE) materials have gained 
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significant attention and development over the past three decades. The NTE is an important requirement 
for the development of zero thermal expansion (ZTE) materials, which exhibit no dimensional changes 
when subjected to heating. Materials with a coefficient of thermal expansion below 2 × 10-6 K-1 are defined as 
low thermal expansion (LTE) materials and find applications in various engineering environments, such as 
electronic devices, optical instruments, and spacecraft. An example is Invar alloy Fe0.65Ni0.35, which has been 
extensively used since its discovery in 1897[1]. Over time, other LTE alloys such as Fe-Co-Cr stainless steel 
Invar alloys and other alloy compositions have emerged[2]. In comparison with oxides[3], fluorides[4], and 
cyanides[5], LTE alloys offer additional properties such as optical properties[6], excellent electrical, thermal 
transport properties, and mechanical properties[7-9]. Examples of such alloys include (Zr, Nb)Fe2

[10,11], 
(Sc, Ti)Fe2

[12], MnCoGe[13,14], La(Fe, Si, Al)13
[15,16], RECo2 (RE = rare earth)[17,18], REFe14B[19], and RE2Fe17

[20,21]. The 
metallic ZTE is known to be correlated with the magneto-volume effect (MVE), which refer to volume 
changes induced by spontaneous magnetic ordering[16,22].

Cubic Laves phase RECo2 has been studied intensively due to its relatively simple crystal and magnetic 
structures. It belongs to a class of materials known for their magnetostrictive and magnetocaloric 
properties[23]. The compound is composed of two magnetic sublattices: one involving the local magnetic 
moment of REs, and the other comprising the Co sublattice, which exhibits long-range magnetic ordering 
induced by the molecular field of RE atoms[24,25]. In previous literature, samples TbCo2Mny (y = 0, 0.1, 0.2, 
and 0.3) were found to exhibit a  rhombohedral structure (space group: R-3m) below the Curie temperature 
(TC) and undergo a transition to a cubic structure (space group: Fd-3m) above TC

[26]. TbCo2Mny were 
reported for the ZTE temperature window of about 40 K[23]. Intriguingly, the introduction of the element Er 
in compound TbCo2Mny gives the Laves phase of Tb1-xErxCo2Mny, and their ZTE temperature windows can 
be wider with increasing Er content. In the (RE1-xRE'x)(Co1-yMy)2 compounds, the substitution of the RE' 
atoms for the RE atoms occurs only in the 16d atomic site, while the substitution of the M atoms for Co 
atoms takes place in the 8a site[24]. This differs from the (RE1-xRE'x)Co2Mny compounds, where the Mn atoms 
can replace the 8a and 16d sites in the cubic structure with equal probability[27]. This unusual modulation of 
multiple sites in (RE1-xRE'x)Co2Mny compounds significantly increases the TC of the corresponding Mn-free 
compounds. In this study, new intermetallic compounds Tb1-xErxCo2Mny (x = 0, 0.1, 0.2, 0.4, and 0.5, y = 0 
and 0.1), with a MgCu2 type cubic structure, are introduced. These compounds can be modulated by 
changing their components to achieve near ZTE.

MATERIALS AND METHODS
All the Laves-phase samples of Tb1-xErxCo2Mny (x = 0, 0.1, 0.2, 0.4, and 0.5, y = 0 and 0.1) were prepared by 
arc melting under high-purity argon environment using raw materials with a purity of more than 99.9%, 
which were weighed at the designed ratio of raw materials. To ensure homogeneity, the samples were 
turned over and melted more than three times. At the end of the arc melting, the ingots are wrapped with 
molybdenum foil and annealed in a vacuum-sealed quartz tube at 1,173 K for one week. The purity of the 
samples was verified by a laboratory X-ray diffractometer (XRD, PANalytical X’Pert PRO) with Cu Kα 
radiation. The scanning electron microscopy (SEM) imaging and X-ray energy dispersive spectroscopy 
(EDS) elemental analysis were performed using a scanning electron microscope system (1,720, EPMA, 
Shimadzu). All linear thermal expansion curves (ΔL/L0) were measured at a thermodilatometer (NETZSCH 
DIL402) with a heating rate of 5 K/min. The magnetic properties were measured by a Physical Property 
Measurement System (PPMS, Quantum Design company). Temperature dependence of the synchrotron 
X-ray diffraction (SXRD) of the sample was collected at beamline of 11-BM-B (λ = 0.459073 Å) in the 
Argonne National Laboratory (USA). All diffraction data were analyzed by the FULLPROF software.
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RESULTS AND DISCUSSION
Tb1-xErxCo2Mny (x = 0, 0.1, 0.2, 0.4, and 0.5, y = 0, 0.1, 0.2, 0.3) were confirmed to be pure phases by XRD at 
room temperature (except y = 0.4). For example, at 300 K, the Rietveld refinement of the SXRD data for 
Tb0.6Er0.4Co2Mn0.1 (denoted as TECM) shows the cubic structure in Supplementary Figure 1. In Tb1-xErxCo2

(x = 0, 0.1, 0.2, 0.4, and 0.5, Figure 1A and B: It is cubic without Er (x = 0, TbCo2) and remains cubic with 
increasing Er content (x ≤ 0.5). Meanwhile, it was observed that the peak (220) shifted to a higher angle due 
to the successful introduction of smaller radii Er atoms. In Tb1-xErxCo2Mn0.1 (x = 0, 0.1, 0.2, 0.4, and 0.5), the 
peak (220) shifted to a high angle with increasing Er content, while the Mn content being fixed at y = 0.1 
and still maintaining the cubic phase)[Figure 1C and D]. To investigate the effect of different Er contents on 
Tb1-xErxCo2 and Tb1-xErxCo2Mn0.1, the cell parameters of which were obtained by fitting the XRD data 
[Supplementary Figure 2 and Supplementary Table 1]. In  addit ion,  we successful ly  synthes ized 
Tb0.6Er0.4Co2Mny (y = 0, 0.1, 0.2, 0.3, and 0.4) with increasing Mn content. The samples have a similar cubic 
structure below y = 0.4 [Supplementary Figure 3]. The cubic structure of the RECo2 is shown in Figure 1F. 
The rhombohedral structure is also presented in Figure 1E as the temperature decreases below TC. The SEM 
images and EDS elemental mappings shown in Figure 1G-K and Supplementary Table 2 illustrate the 
uniform distribution of elements Tb, Er, Co, and Mn in TECM (Tb:Er:Co:Mn = 0.58:0.37:2:0.09). The 
contents of Co and Mn were close to the nominal compositions, as evidenced by the ICP results shown in 
Supplementary Table 3.

As shown in Figure 2, the samples Tb1-xErxCo2Mny (x = 0, 0.1, 0.2, 0.4, and 0.5, y = 0 and 0.1) exhibit a 
significantly different linear thermal expansion behavior. The NTE behavior of TbCo2 occurs in a narrow 
temperature window. Interestingly, the anomalous thermal expansion of the Tb1- xErxCo2  
(x = 0, 0.1, 0.2, and 0.4) compounds ends at lower temperatures with increasing Er content. A large NTE 
coefficient of Tb0.6Er0.4Co2 (denoted as TEC, αl = -15.29 × 10-6 K-1, 131-167 K) was obtained [Figure 2A]. To 
obtain LTE, the ferromagnetic (FM) exchange interactions can be enhanced by introducing Mn atoms at the 
Tb/Er 8a and Co 16d sites[28]. However, the samples Tb1-xErxCo2Mn0.1 (x = 0, 0.1, 0.2, 0.4, and 0.5) 
[Figure 2B], are different from the above. As Er replaces Tb, the volume shrinkage behavior of 
Tb1-xErxCo2Mn0.1 decreases, and the LTE temperature window of Tb1-xErxCo2Mn0.1 gradually appears and 
expands to x = 0.4. The LTE is obtained with TECM (αl = 1.23 × 10-6 K-1, 125-236 K) when x = 0.4. For 
comparison, the coefficient of thermal expansion value of TECM is smaller than that of common metals 
such as Fe (αl = 12.2(0) × 10-6 K-1), Al (αl = 22.9(0) × 10-6 K-1), Cu (αl = 16.3(1) × 10-6 K-1), etc. However, the 
coefficient of thermal expansion trends from negative to positive with increasing Er content 
[Supplementary Figure 4]. TECM has a wide temperature window of the LTE curves, which may offer 
promising prospects for both basic research and applications.

The magnetic phase transition of TbCo2 was documented to be first-order, while that of the TbCo2Mnx 
compound obtained by the addition of Mn was second-order[23]. The addition of Mn significantly increased 
the TC of the compounds, for example, from 225 K for TbCo2 to 347 K for TbCo2Mn0.4

[29]. The macroscopic 
FM behavior of Tb1-xErxCo2Mny (x = 0, 0.1, 0.2, 0.4, and 0.5, y = 0 and 0.1) was determined by measurements 
of zero-field cooling (ZFC) and field cooling (FC) during heating in a 500 Oe magnetic field 
[Figure 3A and B]. It is obvious that the FM transition temperature of the compound TEC is 167 K 
[Figure 3C], and that of TECM is 236 K [Figure 3D]. In Tb1-xErxCo2 and Tb1-xErxCo2Mn0.1 samples, the 
magnetic transition temperature shifts to the low temperature with increasing Er content. The above results 
can be obtained from the derivative curves of FC/ZFC. The introduction of Mn effectively increases the FM 
transition temperature, as shown by the curves of TC in Figure 3E, which is essential for obtaining LTE 
materials with a wide-temperature window. To further verify the FM transition temperature, isothermal 
magnetization curves M-H  for selected TEC and TECM are shown in Figures 3F and 
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Figure 1. XRD patterns of the (A) Tb1-xErxCo2 (x = 0, 0.1, 0.2, 0.4, and 0.5) and (C) Tb1-xErxCo2Mn0.1 (x = 0, 0.1, 0.2, 0.4, and 0.5). The 
corresponding enlarged diffraction peaks (220) are (B and D). The rhombohedral (E) and cubic (F) crystal structures of RECo2 
(RE = rare earth, the orange ball is RE, and the purple ball is Co). (G) The SEM images and EDS elemental mappings of (H) Tb, (I) Er, (J) 
Co, and (K) Mn of TECM, showing the uniformity of each element.

Figure 2. Linear thermal expansion (ΔL/L0) of (A) Tb1-xErxCo2 (x = 0, 0.1, 0.2, 0.4, and 0.5) and (B) Tb1-xErxCo2Mn0.1 (x = 0, 0.1, 0.2, 0.4, 
and 0.5).
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Figure 3. Temperature dependence of ZFC for the (A) Tb1-xErxCo2 and (B) Tb1-xErxCo2Mn0.1 compounds under an applied magnetic field 
of 500 Oe from 5 to 380 K. FC-ZFC and the derivative curves of FC/ZFC of (C) TEC and (D) TECM compounds, respectively. (E) Curie 
temperature for Tb1-xErxCo2Mny (the results are obtained from the derivative curves of FC/ZFC). (F) Isothermal M-H curves (-4 to 4 T) 
for TECM.

Supplementary Figure 5. The molecular magnetic moment of TEC is 6.32 μB/f.u., which is higher than that 
of TECM (6.10 μB/f.u.) at 5 K [Supplementary Figure 6]. As shown in Supplementary Figure 7, the 
introduction of Mn increases the phase transition temperature. A close correlation between structure, 
magnetic and thermal expansion. The crystal structural and magnetic transition temperature of TEC and 
TECM were found to be consistent with the point of the disappearance of NTE or ZTE, which would be 
helpful in plotting the curves of structural transition, ZFC-FC, and delta L/L0 (T).

In the SXRD intensity contour plot of the TECM compound [Figure 4A], a splitting of the peak at low 
temperatures near 20.85° was found. The crystal structure of TECM was determined by SXRD, and it was 
demonstrated that it produces a phase transition from cubic (Fd-3m space group) to rhombohedral (R-3m 
space group) with decreasing temperature. Rietveld refinement results of TECM at T = 100 K and T = 275 K 
are shown in Figure 4B. By a refinement of the SXRD pattern, this transition can be described in the inset of 
Figure 4B. The results show that the two peaks (110) and (104) of the rhombohedral structure are replaced 
by the peak (220) of the cubic structure. The temperature dependence of the unit lattice parameters and 
volume of TECM from 100 K to 325 K is shown in Figure 4C. From the correlation between the unit cell of 
the rhombohedral model (space group: R-3m) and the cubic model (space group: Fd-3m), it is clear that the 
amounts of a and c/  (a and c are the lattice parameters of the rhombohedral) are equivalent to the 
cubic amounts[30]. From thermodilatometer measurement and SXRD calculation results [Figure 4C], it is 
clear that the linear thermal expansion of TECM is consistent.

CONCLUSIONS
In summary, a series of Tb1-xErxCo2Mny intermetallic compounds with a cubic MgCu2-type structure were 
synthesized. The addition of Mn increases the TC and contributes to a low thermal expansion with a wide 
temperature window. It has been confirmed by the high-resolution SXRD, which signifies such LTE is 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202306/5836-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202306/5836-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202306/5836-SupplementaryMaterials.pdf
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Figure 4. (A) Contour plot of the SXRD intensity for TECM compound. (B) Full profile Rietveld refinements of the SXRD patterns for the 
TECM compound at 100 K and 275 K. (The illustration shows the enlarged area. The experimental profiles are shown by star markers. 
Bragg reflections are indicated by ticks. Pink lines represent the calculated data, while black lines represent the difference between the 
observed and calculated data.) (C) Temperature dependence of the lattice parameters a, c, and V of TECM measured by SXRD. (The 

amounts of a and c/  (a and c are the lattice parameters of the rhombohedra) are equivalent to the cubic amounts).

attributed to magnetic-structural transition below TC. The TECM compound shows a cubic (Fd-3m) 
structure above TC while transforming to rhomboidal (R-3m) below TC. TECM has a wide temperature 
window of the low thermal expansion curves, which offers good prospects for both basic research and 
applications. This work provides structural information and near ZTE properties of the compounds 
Tb1-xErxCo2Mny, which may guide future exploration of magnetic functional materials.
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Abstract
In this work, we developed three methods to map crystallographic variants of samples at the nanoscale by 
analyzing precession electron diffraction data using a high-temperature shape memory alloy and a VO2 thin film on 
sapphire as the model systems. The three methods are (I) a user-selecting-reference pattern approach, (II) an 
algorithm-selecting-reference-pattern approach, and (III) a k-means approach. In the first two approaches, 
Euclidean distance, Cosine, and Structural Similarity (SSIM) algorithms were assessed for the diffraction pattern 
similarity quantification. We demonstrated that the Euclidean distance and SSIM methods outperform the Cosine 
algorithm. We further revealed that the random noise in the diffraction data can dramatically affect similarity 
quantification. Denoising processes could improve the crystallographic mapping quality. With the three methods 
mentioned above, we were able to map the crystallographic variants in different materials systems, thus enabling 
fast variant number quantification and clear variant distribution visualization. The advantages and disadvantages of 
each approach are also discussed. We expect these methods to benefit researchers who work on martensitic 
materials, in which the variant information is critical to understand their properties and functionalities.

Keywords: Crystallographic variant mapping, precession electron diffraction (PED), image similarity quantification, 
k-means
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INTRODUCTION
The martensitic transformation is an important phenomenon, which is widely observed in many metals 
[e.g., steels, shape memory alloys (SMAs), etc.][1-5] and ceramics (e.g., ZrO2, VO2, etc.)[6-8]. During a 
martensitic transformation, the martensite grains exhibit a well-defined crystallographic orientation 
relationship with the parent austenite grains. For example, in Ni36.5Ti48.5Hf15 SMAs, the orientation 
relationship between the B2 austenite and B19′ martensite is described as [100]B2//[100]B19′ and 
(001)B2//(011)B19′[9]. Moreover, although the number of martensite grains in the same prior austenite grain 
can be numerous, the martensite variant number is limited. Theoretical predictions based on the lattice 
correspondences of B2 and B19 showed that 12 martensite variants are permitted[10]. Note that not all 12 
martensite variants will show up due to self-accommodation constraints[10]. For example, only four 
martensite variants were observed in a solution-treated Ni50.3Ti29.7Hf20 SMA, and there are well-defined 
orientation relationships between the martensite variants[11].

The transformation behavior and properties of solid-state phase change materials are dictated by their 
structure and substructure (e.g., martensite size, variant numbers, orientation relationship, the presence/
absence of internal twins, etc.). However, martensite characterization, in particular identifying the 
martensite variant number and orientation relationship, has posed a challenge using conventional 
microscopy techniques. Traditional transmission electron microscopy (TEM) imaging can reveal the size of 
martensite grains but provides no information on the number of martensite variants and their 
distribution[12,13]. Electron backscatter diffraction (EBSD) can be used to map martensite variants, but the 
orientation maps are generally very noisy, with low indexing rates[14]. Because of its limited resolution, EBSD 
also fails to capture the crystallographic information if the martensite grains are small (e.g., plates or laths 
< 150 nm in width)[14]. Hence, there is a demand for techniques that can efficiently reveal martensite variant 
information with high spatial resolution.

Precession electron diffraction (PED) is a powerful characterization technique to reveal the crystal structure 
and orientation information at the nanoscale[15-22]. The electron beam in TEM is converged to a small probe 
(~ 1-3 nm) and rastered on the specimen. Precession (typically 0.3-0.8o) is applied to excite higher-order 
reflections and to reduce the dynamical effect[15,23]. The experimentally acquired diffraction patterns from 
each pixel are compared to the simulated diffraction patterns in a database to determine the crystal structure 
and orientation. The information is then used to create phase (crystal structure) and orientation maps. 
Naturally, the PED should be the ideal technique to obtain the martensite variant information in various 
materials. Unfortunately, there are several associated challenges. First, many martensite grains contain high-
density twins, which leads to additional spots (and streaking) in diffraction patterns[11]. The simulated 
diffraction patterns in the database assume single crystals. Thus, the experimentally acquired diffraction 
patterns that contain both diffraction spots from the matrix and the twin cannot find a good match in the 
database and are considered bad indexing. Second, orientation indexing is generally poor for low-symmetry 
crystals (monoclinic, triclinic, etc.) in PED because the small differences between different sets of lattice 
planes cannot be easily distinguished by the orientation indexing software. The confusion leads to noisy 
orientation maps (an example, see Figure 1).

In this work, by taking advantage of the superior spatial resolution and the diffraction information from 
each pixel in PED, we developed three methods to create “crystallographic variant maps”. All methods 
identify the crystallographic variants by comparing the diffraction patterns in the PED data, with the first 
approach more manual and the second and third more automatic. The advantages and disadvantages of 
each approach are described. Different methods to quantify the similarity between diffraction patterns, as 
well as their influence on the final crystallographic variant maps, are also discussed. These new semi-
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Figure 1. (A) VBF, (B) index, (C) reliability, and (D) orientation maps of the SMA sample. (E) VBF, (F) index, (G) reliability, and (H) 
orientation maps of the VO2 on sapphire sample. Note the reliability and orientation maps are noisy in both samples.

automatic crystallographic mapping methods are open-source, easy to use, and less prone to human errors 
and can be useful tools for researchers who work on martensitic material systems.

MATERIALS AND METHODS
The two model systems we use in this study to develop the crystallographic variant mapping methods are 
(1) a Ni50.3Ti29.7Hf20 SMA and (2) a VO2 thin film deposited on a c-cut monocrystalline sapphire substrate. 
Both samples are martensitic at room temperature. The Ni50.3Ti29.7Hf20 SMA has a monoclinic crystal 
structure, with a = 3.052 Å, b = 4.089 Å, c = 4.887 Å, and β= 102.91o. The VO2 also has a monoclnic crystal 
structure, with a = 5.752 Å, b = 4.538 Å, c = 5.383 Å, and β = 122.65o[12]. The b-axis of VO2 is parallel to the c-
axis of sapphire (hexagonal crystal structure, a = 4.760 Å and c = 12.994 Å)[24]. The detailed processing 
information of these samples can be found in our previous work[11,25]. SMAs are known for their shape 
memory effect and super-elastic behavior, which make them widely used in mechanical, aerospace, and 
biomedical applications[4,26]. VO2 undergoes an insulator-to-metal transition when heated up above the 
phase transformation temperature and is a promising material for neuromorphic computing[27,28]. The SMA 
sample was aged at 550 oC for 10 h to grow nanoscale precipitates. The diffraction patterns were obtained 
with a 200 kV FEI Tecnai F20 ST TEM equipped with a NanoMEGAS ASTAR system with a Stingray CCD 
camera to acquire the PED data. The diffraction pattern acquisition rate is approximately 0.06 s per pixel. 
The precession angle is 0.3o, and the electron beam spot size is approximately 3 nm. The 0.3o precession 
angle was selected because it offers a good combination of reduction in the dynamical effect and retaining a 
decent beam spot size. While larger precession angles can further reduce the dynamical effect, they result in 
larger beam spot sizes and, consequently, poorer spatial resolution for mapping. The SMA map is 285 × 285 
pixels. The diffraction patterns were acquired with a 144 × 144 pixel resolution. The VO2 on the sapphire 
map is 150 × 100 pixels. The diffraction patterns were acquired with a 580 × 580 pixel resolution to evaluate 
the effect of noise and denoise on the final crystallographic variant maps. The denoise was achieved by 
applying a 5-pixel radius Gaussian filter.

For the PED data reading and then processing, the “.blo” file is loaded and read using Hyperspy, which 
converts the file into a usable 4D array[29]. Hyperspy is an open-source Python library that provides tools to 
analyze multi-dimensional data, such as a function to read “.blo” files.
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Regarding crystallographic variant mapping, three methods were developed. Both the first and second
methods rely on comparing the diffraction patterns of each pixel to the reference patterns from the same
PED dataset. The first method is more manual in that it requires the user to first choose the reference
patterns. For each diffraction pattern in the dataset, the highest similarity value between all the reference
patterns is used to determine which crystallographic variant it is most similar to. A crystallographic variant
map is then generated based on the highest similarity values at each location in the data. The second
method is more automatic, in which the algorithm will create new references when the similarity values
between the test pattern and the existing reference patterns are lower than a threshold. In the first two
methods, the Euclidean distance, Cosine, and Structural Similarity (SSIM) algorithms were used to quantify
the similarity values between the diffraction patterns of each pixel to references.

The Euclidean distance algorithm[30] flattens the 2D image arrays to create 1D number arrays. The 1D
number arrays can be viewed as vectors. For 144 × 144 pixel resolution diffraction patterns, the i value is
20,736 (i.e., 1442). Hence the 1D number arrays correspond to vectors in 20,736 dimensions. The Euclidean
distance, d(u, v), between the test diffraction pattern and the reference pattern is calculated as the distance

between the two vectors in 20,736 dimensions, which is expressed as d(u, v) = , where u and v
are intensity values of each pixel in the test and reference diffraction patterns, respectively. In PED, the
diffraction patterns are stored as 8-bit images with the values of u and v ranging from 0 to 255. To turn the
Euclidean distances into similarity values that range from 0 to 1, we describe Euclidean similarity (SEuclidean) as
SEuclidean = , where |u| and |v| are the magnitudes of the vectors corresponding to the test and reference

patterns, respectively. The magnitude is calculated as |u| =         . The same applies to v in the reference
pattern. A SEuclidean value of 1 indicates that the test and reference diffraction patterns are identical. For
diffraction patterns acquired with 580 × 580 pixel resolution, the i value is 336,400 (i.e., 5802), and the
vectors are 336,400 dimensional. The Euclidean distances and the similarities are calculated in the same way
as described above.

The Cosine image comparison method[31] is similar to the Euclidean distance algorithm. The 2D image
arrays are also transformed into 1D arrays (i.e., vectors at high dimensions). The Cosine method uses the
angle between the two high-dimensional vectors describing the test and reference patterns. If the cosine
angle between the arrays is low, the two images are similar. The Cosine similarity (SCosine) is calculated as

SCosine =               , where u·v is the dot product between the test (u) and reference (v) diffraction patterns.
The SCosine value also ranges between 0 and 1, and a value of 1 means that the two images are the same and
the angle between the corresponding two vectors is 0.

The SSIM image comparison method measures the structural similarity between two images (the reference
and test diffraction patterns in this work), taking into account luminance, contrast, and structure[32].

Luminance (l) measures the brightness difference between the two images and is defined as l(x,y) = ,
where µx and µy are the pixel intensity means of two images x and y, and c1 is a constant. Contrast (c)

captures the variation of brightness in the images and is defined as c(x,y) = , where σx and σy are the
pixel intensity variances of two images x and y, and c2 is also a constant. The structure (s) captures the

patterns and texture in the image and is defined as s(x,y) = , where σxy is the pixel intensity covariance
of images x and y, and c3 is also a constant. The SSIM similarity combines the above measurements and is
defined as SSIM(x,y) = l(x,y)·c(x,y)·s(x,y). Similar to SEuclidean and SCosine, SSIM(x,y) also ranges from 0 to 1, and
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a value of 1 indicates that the two compared images are identical.

In the third crystallographic variant mapping method, the k-means method[33] was used to cluster the 
diffraction patterns into different groups, with each group representing one crystallographic variant. The 
algorithm uses the VGG16 Keras model (a pre-trained deep learning model that consists of 16 convolutional 
layers and three fully connected layers used for feature extraction) to reduce all diffraction patterns in a 
dataset into feature vectors[34]. The feature vectors capture key characteristics of each diffraction pattern, 
including structure and orientation. Next, the feature vectors are reduced from 4,096 to 100 components, 
each using kernel principal component analysis (kernel PCA) to lower the amount of data processed in the 
next step while retaining key information. Kernel PCA is a dimensionality reduction technique that uses 
kernel methods to transform nonlinear data[35]. These vectors are input into a k-means++ algorithm (an 
extension of conventional k-means but with much better with centroid initialization)[36]. The algorithm then 
sorts the vectors into k clusters, which are mapped to create a similarity map. For each k-value, the inertia 
(the sum of the squared distances of samples to their closest cluster centroid) is also calculated and shown in 
an “elbow graph” that can be used to manually determine an optimal k-value.

RESULTS AND DISCUSSION
Conventional PED characterization of the model systems
Figure 1 shows the virtual bright-field (VBF), index, reliability, and orientation maps of the SMA and VO2 
on sapphire, which are the model systems of this study. The VBF images are formed using the intensity of 
the direct beam in diffraction patterns and are similar to the conventional bright-field TEM micrographs 
but with less dynamical effect due to the beam precession. The index map is similar to the band contrast 
map in EBSD, in which brighter pixels indicate better matches between the experimentally acquired 
diffraction pattern and the simulated pattern. The reliability map is obtained by calculating the ratio of 
similarities between the best and second-best matches obtained through template matching. Brighter pixels 
in the reliability map indicate a higher level of confidence and reduced ambiguity between the best and 
second-best matches in orientation indexing. The concept of “reliability” will serve as a metric to assess the 
quality of our crystallographic mapping in subsequent sections of this work.

The SMA sample (B19’, monoclinic crystal structure) shows a typical martensitic microstructure where the 
martensite grains are plate-like [Figure 1A]. The martensite plate thickness varies from tens to hundreds of 
nanometers. The corresponding index, reliability, and orientation maps [Figure 1B-D] show that multiple 
martensite variants exist in the sample, but the result is noisy. A VO2 (monoclinic crystal structure at room 
temperature) thin film grows epitaxially on c-cut sapphire[37], which exhibits three crystallographic 
variants[38]. The VBF in Figure 1E shows that the VO2 film is approximately 50-100 nm thick. The 
corresponding index, reliability, and orientation maps [Figure 1F-H] are extremely noisy, and the variants 
of VO2 cannot be identified at all. The poor indexing of the martensitic SMA and VO2 may be caused by the 
low symmetry nature of their monoclinic crystal structure, where the spacing and angles of different lattice 
planes are close to each other, leading to confusion when the software does the diffraction pattern indexing. 
Consequently, there is a demand for new methods to better illustrate the distribution of crystallographic 
variants in this wide group of materials.

Method 1: user-selecting-reference-pattern approach
In this method, the user will first peruse the dataset to identify how many crystallographic variants are 
present in the dataset and then select a reference pattern from each variant. We observed no apparent 
variation in the diffraction patterns among pixels within each crystallographic variant. This allows high 
flexibility in selecting the reference pattern for each variant by the user. Next, the diffraction pattern from 
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each pixel will be compared to all reference patterns, and the one with the highest similarity value will be 
used for the variant assignment of pixels. Each variant is represented by a color in the map. Before going 
into the detailed mapping results using the first method, we will briefly discuss similarity quantification 
using Euclidian distance, Cosine, and SSIM algorithms.

Figure 2 shows the VBF of the SMA sample (same as Figure 1A but with some brightness and contrast 
adjustment) and diffraction patterns from various martensite grains. One of the diffraction patterns was 
selected as the reference, whereas the others were compared to the reference. By visual inspection, it can be 
seen that the Ref and B patterns are from the same crystallographic variant, while each of the other patterns 
represents unique variants. Hence, we expect Ref and B patterns to display the highest similarity. The 
similarity results, calculated by Euclidian distance, Cosine, and SSIM algorithms, are shown in Table 1. Each 
comparison method returns a normalized similarity value ranging from 0 to 1. A 0 means the compared 
images are completely dissimilar, and a 1 means that they are exactly the same. As expected, diffraction 
pattern B has the highest similarity with the reference pattern for all three similarity methods. A major 
difference between the different methods is the overall spread in the similarity values between the patterns. 
Euclidean has a similarity value range of 0.081, Cosine has a small range of 0.026, and SSIM has the largest 
range of 0.137. We further examine the similarity comparison quality by calculating the reliability values. 
The reliability is calculated by dividing the highest similarity by the second highest similarity. Larger values 
indicate higher reliability. The reliability of the Euclidean, Cosine, and SSIM methods are 1.044, 1.006, and 
1.083, respectively. The small range and low reliability for the Cosine algorithm may lead to inconclusive 
results when the two diffraction patterns are similar, which will be demonstrated shortly.

Figure 3 shows the crystallographic variant maps generated via the Euclidean distance [Figure 3A], Cosine 
[Figure 3B], and SSIM [Figure 3C] algorithms, along with a manually drawn map [Figure 3D]. The 
manually drawn map is created by a person inspecting the dataset to determine the variant regions and is 
treated as the baseline. Both the Euclidean and SSIM maps are exceptionally close to the manually drawn 
map. The four predominant variants (red, yellow, green, and cyan in color) and two minor variants (blue 
and magenta in color) are clearly revealed. Note that the Euclidean map is a bit noisy in the upper right 
region, while the SSIM maps provide a cleaner map. Unfortunately, the Cosine algorithm produced poor 
results. The map is noisy, and the large cyan variant in the center is split into three separate variants. This 
may be due to the varying diffraction pattern intensity along the variant. When generating the 
crystallographic maps using our methods [Figure 3A-C], the colors are selected on a hue saturation value 
(HSV) color wheel and spaced equally apart based on the number of reference points to distinguish them 
from each other. The colors were adjusted manually for clarity as needed. Generating the above maps 
[Figure 3A-C] only took tens of seconds or a few minutes using a computer with an Intel i7 13700K CPU 
and Nvidia RTX 3080 GPU, but it took a student several hours to generate the manually drawn map 
[Figure 3D].

To investigate the effect of noise of the diffraction patterns on the similarity quantification and the resultant 
crystallographic orientation maps, we used the VO2 thin film deposited on a c-cut monocrystalline sapphire. 
The diffraction patterns were acquired with 580 × 580 resolution. The 144 × 144 diffraction pattern 
resolution in the previous SMA example was a result of binning the 580 × 580 original data by the 
NanoMEGAS commercial software during the data acquisition. Hence, the 580 × 580 resolution diffraction 
patterns in this case study are much noisier. Figure 4 shows the VBF of the VO2 thin film on the sapphire 
substrate with diffraction patterns taken from different pixels. A diffraction pattern from the sapphire 
substrate was selected as the reference pattern. The diffraction patterns from pixels A, B, C, and D are from 
sapphire, VO2 variant 1, VO2 variant 2, and vacuum, respectively. Since diffraction pattern A was also taken 
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Table 1. Euclidean distance, Cosine, and SSIM similarity values compared to the reference pattern, along with the reliability values, 
in the SMA sample

Diffraction pattern Similarity method
Euclidean Cosine SSIM

A 0.904 0.971 0.834

B 0.964 0.997 0.903

C 0.918 0.986 0.777

D 0.883 0.986 0.766

E 0.923 0.991 0.820

Reliability 1.044 1.006 1.083

Figure 2. VBF image of the SMA sample (left) and the selected diffraction patterns (right) for similarity quantification.

Figure 3. Crystallographic variant maps of the SMA sample generated using the (A) Euclidean distance, (B) Cosine, and (C) SSIM 
algorithms. (D) A mannually drawn crystallographic variant map of the same area serving as a baseline.
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Figure 4. VBF image of VO2 thin film on sapphire (left) and the selected diffraction patterns (right) for similarity quantification.

from the sapphire substrate, it is expected to have the highest similarity with the reference pattern. 
Diffraction pattern D was taken from the vacuum, in which there is only a direct beam without a diffracted 
beam; it is expected to have the least similarity with the reference pattern. Table 2 summarizes similarity 
values calculated between the selected diffraction patterns compared to the reference pattern using the 
Euclidean distance, Cosine, and SSIM algorithms. The Euclidean similarity shows the highest value for A 
and the lowest for D, as expected. The Cosine algorithm produced a similar distribution as the highest value 
for A and lowest for D while switching the order for B and C. In contrast, the SSIM method comparison had 
low overall similarity values and ranked pattern B higher than A. We also note that all the similarity values 
calculated here are generally lower than the binned case (the SMA example). This observation has two 
important implications. First, the presence of noise decreases the similarity values, although the two 
diffraction patterns are visually similar. Second, the presence of noise, though not significant to human eyes, 
can assign higher similarity values even to the visually dissimilar diffraction patterns.

As expected, the generated similarity maps generally display poor quality [Figure 5]. The Euclidean distance 
map [Figure 5A] is the best out of the three algorithms. The vacuum (black), sapphire substrate (red), and 
two variants of VO2 (blue and green) were identified, but small parts VO2 thin film were wrongly identified 
as the sapphire substrate. Note that there should be three variants of VO2 on c-cut sapphire. Only two were 
captured in the figure due to the small mapping area. In the Cosine map [Figure 5B], large parts of the VO2 
thin film were mistakably identified as the sapphire substrate. The SSIM algorithm [Figure 5C] performed 
the worst, in which the film and substrate were not distinguished, albeit the two different variants in the 
VO2 thin film. These observations suggest that the Euclidean distance method is most noise-tolerant when 
computing the similarity between two images. The accuracy of the SSIM method can be dramatically 
affected by noise in the diffraction patterns.

Removing the noise can dramatically improve the accuracy of diffraction pattern similarity quantification, 
which subsequently helps generate much improved crystallographic variant maps. One common way to 
denoise is by binning. For example, the NanoMEGAS commercial software can do binning that reduces the 
diffraction patterns from 580 × 580 to 144 × 144 resolution (an example see the SMA example in this work). 
Another common method is to apply a Gaussian filter[39]. Here, we explore the effect of denoise on the 
similarity quantification and crystallographic variant mapping accuracy using a Gaussian filter. Figure 6 
shows the data similar to Figure 4, but a Gaussian filter (radius = 5) was applied to all diffraction patterns in 
Figure 6. With the Gaussian filter, the overall noise in each diffraction pattern is reduced. The Gaussian 
filter improved the similarity values for all methods by increasing the range and more accurately identifying 
the most similar diffraction patterns [Table 3]. The Euclidean similarity between patterns A and Ref is 0.910 
after filtering compared to 0.707 using the raw data. The filtered diffraction patterns from the two VO2 
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Table 2. Euclidean, Cosine, and SSIM similarity values compared to the reference pattern, along with the reliability values, in the VO2 

on sapphire sample

Diffraction pattern Similarity method
Euclidean Cosine SSIM

A 0.707 0.841 0.045

B 0.632 0.807 0.046

C 0.678 0.804 0.033

D 0.421 0.771 0.035

Reliability 1.043 1.042 1.022

Table 3. Euclidean, Cosine, and SSIM similarity values compared to the reference pattern, along with the reliability values, in the VO2 

on sapphire sample denoised with a Gaussian filter applied (radius = 5)

Diffraction pattern Similarity method
Euclidean Cosine SSIM

A 0.910 0.919 0.846

B 0.600 0.907 0.666

C 0.723 0.903 0.718

D 0.412 0.284 0.276

Reliability 1.259 1.013 1.178

Figure 5. Crystallographic variant maps of the VO2 thin film on sapphire sample generated using the (A) Euclidean distance, (B) Cosine, 
and (C) SSIM algorithms.

Figure 6. VBF image of VO2 thin film on sapphire (left) and the selected diffraction patterns (right) after Gaussian filtering (radius = 5) 
for similarity quantification.

variants are very different from the Ref pattern (similarity values are 0.600 and 0.723). The difference is the 
largest when comparing the vacuum diffraction pattern with the Ref pattern, which yields a similarity value 
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of only 0.412. The Cosine method correctly identified that pattern A has the highest similarity value (0.919), 
but the ones from the two VO2 variants also showed high similarity values (0.907 and 0.903), which may 
lead to crystallographic variant misidentification. Among the three algorithms, the Cosine method yields the 
lowest reliability value. This shortcoming of the Cosine method is consistent with the observation made in 
the SMA samples [Table 1]. The SSIM algorithm yields a similar trend to the Euclidean distance approach 
but shows low similarity values in absolute numbers. Taken together, reducing noise with a Gaussian filter 
significantly improved the similarity quantification across the three algorithms.

Reducing noise also improved the crystallographic variant mapping. Figure 7 shows the crystallographic 
variant maps generated using the Euclidean distance, Cosine, and SSIM algorithms. All methods produced 
good results where the sapphire substrate (red), VO2 variants (blue and green), and vacuum (black) are 
clearly resolved. A manually drawn baseline map is not provided here because the interface between the two 
VO2 variants is curved and difficult to draw. A careful examination of the diffraction patterns in this dataset 
confirmed that the maps shown in Figure 7 are indeed correct.

Method 2: algorithm-selecting-reference-pattern approach
The previous method, though powerful and efficient in generating the crystallographic variant maps, 
requires user input to select all known crystallographic variants. In some cases, the number and location of 
the crystallographic variants are unknown. Here, we describe a new method that is built upon the user-
selecting-reference-pattern approach (Method 1) but uses the algorithm to select reference patterns to 
generate crystallographic variant maps.

This method starts at a pixel in the PED data (0, 0) by default or a pixel position chosen by the user. The 
diffraction pattern corresponding to the pixel is treated as the first reference and is added to a list that will 
contain reference patterns in the dataset. Each reference pattern in the list represents a unique 
crystallographic variant. The diffraction patterns from the following pixels will be compared to the reference 
pattern, and the similarity values (using Euclidean distance, Cosine, or SSIM) will be calculated. The starting 
pixel will be compared to all other pixels, and the minimum similarity value will be used as the initial cut-off 
value. If the calculated similarity value of the pixel is greater than the cut-off value, the algorithm treats the 
pixel the same as the reference pattern variant. If the calculated similarity value is less than the cut-off value, 
the algorithm will save the diffraction pattern of the pixel as a new reference. The diffraction patterns from 
the following pixels will be compared to the two references to determine which variant they belong to. This 
process iterates. If a pixel has one or more similarity values greater than the cut-off, the variant is 
determined by the one with the highest similarity. If a pixel has all similarity values less than the cut-off, the 
pixel itself will be added to the reference list and serve as a new variant. This process repeats for all pixels. 
Once all the pixels have been compared, the cut-off value increases by a step; by default, there are 20 steps 
between the initial minimum similarity and the maximum similarity values. The process repeats using the 
increased cut-off value and starting with the list of unique crystallographic variants from the previous 
iteration.

The above-mentioned mapping method was first used on the SMA dataset to produce a series of similarity 
maps at varying cut-off values. In the SMA dataset, the (0, 0) point is located at a boundary between two 
variants that may skew the variant identification. A user-selected point in the middle of a large variant, 
(116, 168), was used, and the corresponding diffraction pattern serves as the first reference pattern. Figure 
shows the SSIM similarity maps with various cut-off values ranging from 0.705 to 0.787. The optional initial 
point and comparison method are the only user inputs using this method. Note the small cut-off range 
generates very different crystallographic maps. With low cut-off values, such as 0.705, the four predominant 
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Figure 7. Crystallographic variant maps of the VO2 thin film on sapphire sample generated using the (A) Euclidean distance, (B) Cosine, 
and (C) SSIM algorithms. The diffraction patterns in the PED data were filtered with a Gaussian filter (radius = 5) before generating the 
maps.

variants merged into only two “variants”. With increasing cut-off values, new variants emerge [Figure 8A]. 
With the cut-off value at 0.769 [Figure 8D], the crystallographic variant map agrees very well with the 
baseline map in Figure 3D, where both maps contain four predominant and two minor variants 
[Figure 8D]. Further Increasing the similarity threshold splits variants into two or more pseudo-variants 
that are differentiated by small differences. For example, with the cut-off value of 0.787, a new dark green 
variant was generated from the yellow variant, and the magenta variant split from the cyan variant 
[Figure 8F]. The analysis and crystallographic variant mapping of this dataset took approximately 1 hour to 
complete.

This algorithm was also applied to the Gaussian-filtered VO2 using the Euclidean similarity method. For this 
sample, the point (22, 13) in one of the VO2 variants was selected as the initial point. Figure 9 shows the 
generated crystallographic variant maps with the cut-off increasing from 0.627 to 0.816. Again, such a 
relatively narrow range of cut-offs led to drastically different crystallographic variant maps. With a low cut-
off value of 0.627, only the sample and vacuum were identified, but with low accuracy [Figure 9A]. Part of 
the VO2 thin film was mistakably identified as vacuum. The sapphire substrate and two VO2 variants were 
not resolved. The crystallographic variant identification improves as the cut-off value increases. At the cut-
off value of 0.735, the most accurate map was generated [Figure 9C]. Further increasing the cut-off results in 
the variants splitting into pseudo-variants, as shown in Figure 9D and E. The analysis and crystallographic 
variant mapping of this dataset took approximately 20 min to complete.

The algorithm-selecting-reference-pattern approach can be a useful tool to accurately identify and map 
similar crystallographic variants in a dataset with minimal user input. Some user input is still needed to 
select the optional first point and to review the generated similarity maps to determine the ideal similarity 
cut-off threshold. However, this method is primarily automated and takes much less human effort than the 
user-selecting-reference-pattern approach (Method 1). Based on the observations made in the above two 
case studies, it can be seen that small changes in the cut-off value can result in large differences in the final 
crystallographic variant map output. Lower similarity cut-off values underestimate crystallographic variants, 
and higher similarity cut-off values overestimate them. User analysis is required to review the generated 
similarity maps to determine the optimal cut-off value for variant mapping. The computational time varies 
depending on the size of the dataset, the comparison method used, and the number of variants in the 
dataset. Typically, it is expected to take between 0.5 and 2 h to generate the similarity maps for a dataset.

Method 3: k-means approach
Unsupervised learning is widely used in image segmentation to group different regions in an image based 
on the pixel intensities and other features[21,22,40,41]. Martineau et al. and Bergh et al. successfully applied 
unsupervised learning techniques (e.g., non-negative matrix factorization and fuzzy clustering) to learn 
significant microstructural features in the PED data to achieve dimensionality reduction and overlapping 
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Figure 8. Crystallographic variant maps generated using the SMA dataset and the SSIM comparison method with (A) 0.705, (B) 0.732, 
(C) 0.751, (D) 0.769, (E) 0.778, and (F) 0.787 cut-off values.

Figure 9. Crystallographic variant maps generated using the Gaussian-filtered VO2 on sapphire dataset and the Euclidean comparison 
method with (A) 0.627, (B) 0.707, (C) 0.735, (D) 0.762, (E) 0.789, and (F) 0.816 cut-off values.

pattern unmixing[21,22]. Here, we employed k-means (a common unsupervised learning algorithm) in an 
approach that is different from the previous two reference pattern-based methods. The advantage of this 
unsupervised clustering algorithm lies in its ability to partition unlabeled data. After loading the data with 
HyperSpy, each diffraction pattern is processed into a feature vector using the VGG16 model from Keras[34]. 
The dimensionality of each feature vector is then reduced with kernel PCA. In the user interface, the “elbow 
graph” is generated, allowing the user to determine an optimal k-value (the number of crystallographic 
variants in the data set) and input it into the k-means algorithm to create a crystallographic orientation 
map.
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The elbow graph and the crystallographic variant maps for the SMA and Gaussian-filtered VO2 on sapphire 
datasets with different k-values are shown in Figure 10. The SMA elbow graph [Figure 10A] has a rapidly 
dropping inertia from k = 1 to 3, after which the slope begins to flatten out. This indicates an optimal k-
value of 3 or 4, as both the inertia and k at those points are minimized. From the previous discussion, the 
mapped region shows four predominant and two minor variants. Hence, the optimal k-value from k-means 
underestimates the variant numbers. Figure 10B shows crystallographic variant maps for k = 3, 4, and 5. In 
k = 4, the four predominant martensite variants were identified, but the two minor variants were lost. When 
k increased to 5, the minor variants were not revealed. Instead, a high level of noise was observed in the 
martensite plates. The k-means analysis took roughly 7 h on the SMA dataset. Similar observations were 
made in the Gaussian-filtered VO2 on sapphire datasets. The elbow graph in Figure 10C indicates an 
optimal k-value of 2 or 3. From the previous discussion, the dataset should contain four crystallographic 
variants (sapphire, two VO2 variants, and vacuum). Again, the optimal k-value tends to underestimate the 
variant numbers. Figure 10D shows crystallographic variant maps for k = 3, 4, and 5. In the map with k = 3, 
the sapphire substrate, VO2 film, and vacuum were identified. However, part of the VO2 film was 
erroneously marked as vacuum, as indicated by the arrows. In k = 4, the vacuum and thin film regions 
remain the same, but the sapphire substrate split into two pseudo-variants. In k = 5, the substrate region 
remains split, and the vacuum and thin film regions are accurately revealed, with the second VO2 variant 
now showing. The k-means analysis took roughly 40 min on the cropped VO2 on the sapphire dataset 
(100 × 100 pixels). Based on the above observations, the k-means method can provide general information 
on the crystallographic variants in the materials with minimal user input but can fail to capture minor 
variants and may falsely split variants into pseudo-variants.

It should be noted that while the k-means algorithm is well-suited for identifying similar-sized spherical 
clusters, it may not be the ideal choice for the SMA and VO2 model systems. For example, in the case of the 
VO2 on the sapphire dataset, sapphire, two variants of VO2, and vacuum exhibit significant differences in 
data sizes, which can potentially lead to misidentifications when using k = 3 or 4. To address this challenge, 
alternative unsupervised machine learning techniques, such as density-based spatial clustering of 
applications with noise (DBSCAN), mean shift, and Gaussian mixture models (GMM), could be considered 
in future studies for more effective identification of crystallographic variants using the PED data[42]. 
Nevertheless, the use of k-means serves as a baseline for comparing the performance of other unsupervised 
learning techniques in future applications.

Method comparison
Each approach described above has ideal use cases along with advantages and disadvantages. The user-
selecting-reference-pattern approach (Method 1) is best suited when the number and location of 
crystallographic variants in the sample are known. A region can be mislabeled if a reference point for the 
diffraction pattern is not selected. Inversely, if more than one reference point is selected for a pattern, a 
variant region can be divided between the selected points. Hence, if the user is not familiar with the 
material, this method can be prone to human errors. When all the variants are selected correctly, this 
approach can produce the most accurate similarity maps with the lowest computational cost (generally a 
few minutes). Among the diffraction pattern similarity quantification algorithms, both the Euclidean and 
SSIM methods outperform the Cosine method in generating more accurate crystallographic variant maps.

The algorithmic-selecting-reference pattern approach (Method 2) omits the need for the user to select the 
reference pattern of each variant. This approach can generate similarity maps automatically with only user 
input to select the ideal cut-off threshold based on the generated maps. The cut-off values in each map 
govern the new variant generation. Too high of a value will capture the small differences of diffraction 
patterns within the same variant, thus splitting one variant into two or more pseudo-variants. Too low of a 
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Figure 10. (A) Inertia vs. k-value elbow graph and (B) crystallographic variant maps with k = 3, k = 4, and k = 5 generated using the 
k-means clustering method on the SMA dataset. (C) Inertia vs. k-value elbow graph and (D) crystallographic variant maps with k = 3, 
k = 4, and k = 5 generated using the k-means clustering method on a portion of the Gaussian-filtered VO2 on the sapphire dataset.

value will merge variants with different but similar diffraction patterns. Another challenge is that a small 
change of the cut-off value can lead to drastically different crystallographic variant maps. Generating the 
similarity maps with this method usually takes up to an hour on average.

The k-means approach (Method 3) can process the dataset and produce similarity maps automatically at 
various k-values. The only user input is the k-value (the crystallographic variant number of the mapped 
area). This number is more intuitive than the cut-off value in the previous method. Moreover, only one 
round of computation is required to generate the crystallographic orientation maps with various k-values. 
Changing the k-value and corresponding similarity map for a dataset is near instantaneous, allowing the 
user to quickly compare maps with varying numbers of diffraction pattern clusters. Unfortunately, the k-
means approach tends to generate variant maps with the lowest quality. The generated similarity maps lack 
fine details, and noise and the number of pseudo-variants increase as the k-value increases. Additionally, the 
k-means approach is the slowest to compute, as it generally takes several hours to complete the analysis. 
This approach has room for improvement by experimenting with other unsupervised machine learning 
models.

These approaches can also be combined to help mitigate the shortcomings of a particular method. For 
example, in an unknown sample, the algorithm-assisted (Method 2) or the k-means method (Method 3) can 
be used to determine the approximate variant number and location, which can then be input into the user-
assisted algorithm (Method 1), with a manual review, to create an accurate similarity map. It is also worth 
mentioning that although the methods developed in this work were designed to analyze PED datasets, the 
same approach can also be applied to the four-dimensional scanning transmission electron microscopy 
(4D-STEM) datasets, in which the diffraction patterns of each pixel are formed via convergent-beam 
electron diffraction[43], to determine the crystallographic variants.

It is also worth noting that creating TEM specimens with generally uniform thickness is imperative for all 
algorithms to correctly identify the crystallographic variants. Uneven specimen thickness can significantly 
impact the diffraction patterns of individual pixels. For example, within a single variant, regions with 
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greater thickness will exhibit decreased diffraction spot intensity and increased background noise[44]. Thick 
regions also limit the reduction of the dynamical effect, even with the application of precession[45]. These 
factors ultimately affect similarity comparisons and can result in poor crystallographic variant mapping.

CONCLUSIONS
In this work, we developed new crystallographic mapping methods to quantify the variant numbers and 
reveal the variant distribution by analyzing PED data. An SMA sample and a VO2 thin film on sapphire 
sample were used as the model systems. Here are some key take-away messages.

Three methods were developed to map the crystallographic variants of materials using PED data. These 
methods are (I) a user-selecting-reference-pattern approach; (II) an algorithm-selecting-reference-pattern 
approach; and (III) a k-means approach.

When applying the first two approaches, Euclidean, Cosine, and SSIM were used to calculate the similarities 
between diffraction patterns. The Euclidean and SSIM algorithms outperform the Cosine method and can 
generate reliable similarity values for crystallographic variant mapping.

Background noise in diffraction patterns is detrimental to the similarity quantification. Denoising, either via 
binning or applying a filter (e.g., Gaussian filter), can dramatically improve the crystallographic variant 
mapping quality.

In the first approach, the user will select the reference patterns, and each reference represents a unique 
crystallographic variant. All diffraction patterns in the dataset will then be compared to the reference 
patterns. The one with the highest similarity will be used for assigning the crystallographic variant. This 
approach is fast and accurate when using the Euclidean and SSIM similarities, but it requires the user to 
have a good understanding of the sample to correctly select the reference patterns for accurate 
crystallographic variant map generation.

The second approach is similar to the first one, but the algorithm, instead of the user, selects the reference 
patterns. When scanning through the dataset, a new reference (representing a new variant) will be created 
whenever the new diffraction patterns are dissimilar, based on a cut-off value, to the reference patterns 
stored in the list. Hence, it is a dynamic process. This approach is moderately fast and can generate high-
quality crystallographic variant maps. However, the map quality is sensitive to the cut-off value used.

In the third approach, the algorithm uses the k-means to cluster similar diffraction patterns into different 
categories (variants). The only input is the k-value (variant number). Unfortunately, this approach is 
computationally expensive, and the crystallographic variant maps are of low quality. Nevertheless, this 
approach can still provide some information on the general variant number and distribution, which can be 
helpful if the user is not familiar with the material system.
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Abstract
Biomineralization is a process that leads to the formation of hierarchically arranged structures in mineralized 
tissues, such as bone and teeth. Extensive research has been conducted on the crystals in bones and teeth, with the 
aim of understanding the underlying mechanisms of the mineralization process. Pathological/ectopic 
mineralization, such as kidney stones, calcific tendinitis, and skeletal fluorosis, shares some similar features but 
different mechanisms to physiological mineralization. A better understanding will provide new perspectives for 
treating pathological/ectopic mineralization-related diseases. This review provides an overview of the mechanisms 
of the crystallization and growth of crystals in physiological and pathological conditions from a chemistry 
perspective. By linking the microstructures and functions of crystals formed in both conditions, potential 
approaches are proposed to treat pathological/ectopic mineralization-related diseases.
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INTRODUCTION
Biomineralization, an emerging interdisciplinary field, deals with the formation, structure, and mechanical 
strength of naturally formed mineralized tissues[1]. The skeleton of animals provides mechanical support to 
counteract gravitational forces on land and hydrostatic pressure in the depths of the oceans. As a highly 
complex and exquisitely organized organ, the skeleton is structurally, and hence mechanically, 
heterogeneous owing to spatial distributions in the shape, size, and composition of its constituent building 
blocks, the mineralized collagen fibrils[2].

Nature produces a diverse assortment of mineralized structures with a high degree of complexity. These 
hierarchical structures exhibit superior mechanical strength[3-5] and are, therefore, of great interest to 
researchers in the disciplines of biotechnology and biomedical engineering. Biomineralization on a template 
of organic molecules is used by many organisms to produce inorganic-organic nanocomposites that result 
in highly ordered multifunctional materials. The biosynthesis of bacterial magnetosome[6], eggshell[7], 
molluscan shell[8], dental structures[9], and skeletal system[10] are all examples of biologically controlled 
mineral formation through organic/inorganic recognition and interaction. In the skeleton, for example, the 
organic matrix consists primarily of the fibrous protein collagen and around 10% of other non-collagenous 
proteins (NCPs)[1,11] [Figure 1]. The inorganic phase is composed of tightly packed nanocrystals made of 
calcium phosphates (CaPs) with the incorporation of a number of essential trace elements.

In the field of biomaterial development, the ex vivo bioactivity of the material is often predicted by 
examining the formation of an apatite layer on its surface in a simulated body fluid (SBF)[12]. Notably, slight 
differences in the SAED patterns of SBF-originated apatite on a Titanium substrate and bone apatite 
resulted from the random and ordered orientations, respectively, of apatite crystals [Figure 2][12-14]. However, 
there are other differences between SBF-derived apatite and bone apatite in terms of possible defects on the 
lattice of bone apatite due to the incorporation of trace elements in the body and crystal sizes affected by 
cells and cell-secreted bio-factors[15,16].

Calcification has been increasingly recognized as an important component to fully understand the 
pathology of some diseases. For instance, the types of breast cancer have been shown to be related to the 
properties of calcification in the breast[17-19]. The utilization of advanced characterization techniques within 
the field of material science has facilitated significant advancements in our comprehension of the formation 
of pathological crystals, such as X-ray diffraction (XRD), spectroscopic, and electron microscopic 
techniques[20,21]. By comparing to crystals in physiological mineralization, understanding the characteristics 
and behaviors of crystals involved in pathological or ectopic calcification can offer valuable insights into the 
underlying mechanisms of calcification-related disorders. This knowledge may enable the development of 
novel disease management strategies.

Physiological mineralization is a complex process that is essential for the development of well-organized 
structures in bone and teeth[22]. The intricate process occurs only in specific regions[23,24]. The regulation of 
physiological mineralization is well-coordinated, involving both inhibitory and stimulatory factors. Some 
proteins, including osteopontin (OPN), matrix Gla protein, and pyrophosphate (PPi), have been identified 
as inhibitors of mineralization[22,25]. In contrast, other factors, such as matrix vesicles that contain calcium 
(Ca) and inorganic phosphate (Pi), apoptotic bodies, and tissue non-specific alkaline phosphatase, have 
been shown to facilitate the initiation of mineralization[26-28].

On the other hand, pathological/ectopic mineralization occurs in soft tissues and is associated with disease 
conditions or medical conditions, such as injury, inflammation, and aging, causing significant morbidity 
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Figure 1. Physiological mineralization, mainly in bone and teeth, forms well-organized structures.

Figure 2. Transmission electron microscope (TEM) photographs of (A) SBF-originated apatite crystals on a Titanium substrate (inset: 
SAED pattern) (Reproduced with permission from Takadama et al.[14]. Copyright 2001, John Wiley & Sons), (B-D) apatite crystals from 
mouse femur and their SAED patterns (Reproduced with permission from Taehoon et al.[13]. Copyright 2010, SpringerOpen).

and mortality[29-32]. Such mineralization consists of different Ca-containing minerals, including CaPs, 
calcium carbonates (CaCO3), and calcium oxalates (CaOx)[20,31].

The current treatment of pathological mineralization in soft tissues includes reduced intake of Ca or 
reduced precipitation of Ca-containing complex. However, there are still no specific and effective 
treatments to prevent or counteract the condition[32,33]. Pathological/ectopic mineralization is less 
understood than physiological mineralization, but the commonalities between physiological and 
pathological/ectopic mineralization have gradually been recognized over the years[34-36]. There are still 
ongoing debates regarding the chemical compositions and crystal structures of pathological crystals, the 
dynamics of ion transport, the participation of cellular activities, the interactions of pathological crystals 
with surrounding tissues, and how these contribute to disease progression[36]. The compositional and 
structural analysis of pathological mineralization would benefit the development of better disease 
management through advanced treatment and prevention. In this review, bone and teeth mineralization 
and crystal structures are recognized as the fundamental and physiological processes in biomineralization. 
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The comparison is made to unveil the similarities and differences in both physiological and pathological/
ectopic mineralization. In addition, current approaches, with a focus on modulating crystal formation and 
growth on the progression of pathological mineralization, are discussed.

OVERVIEW OF THE PHYSIOLOGICAL MINERALIZATION PROCESS
The mineralization of self-assembled organic matrices results in the formation of hard tissues in the body, 
and its level (or the proportion of mineral contents in the tissue) varies from around 65% in the bone to 
close to 100% in dental enamel [Figure 1][37,38]. The fundamental form of both bone and teeth crystals is 
apatite. Its compositions and structures can be modified by accommodating a wide range of ion 
substitutions via cell uptake[39,40]. The investigation regarding the nucleation process of apatite in solution 
started several decades ago, attempting to unveil the mystery of mineralization[41-45]. Along with the 
emergence of edge-cutting equipment and the accumulation of knowledge over the years, a multi-stage 
nucleation process of apatite in aqueous solution was demonstrated to start with the aggregation of charged 
pre-nucleation complexes, [Ca(HPO4)3]4- (Ca/P(calcium/phosphorus) = 0.3-0.4)[46]. After the formation of 
ribbon-like calcium-deficient o phosphates (OCPs), [~Ca6(HPO4)4(PO4)2

2-] (Ca/P = 1.0) and elongated plate-
like OCPs, [Ca8(HPO4)2(PO4)4] (Ca/P = 1.33) from amorphous calcium phosphates (ACPs), apatite is finally 
generated[46]. It has been suggested that the evolution of the OCP structure to apatite occurred through the 
elimination of the hydrated shell on the surface of the nanocrystalline[37,47]. The hydrated shell on the surface 
of freshly precipitated apatite contains exchangeable ionic species and some proteins[37,48]. During the 
maturation of apatite in the solution, ions in the hydrated shell are easily exchanged, accompanied by 
proteins within the shell, and it leads to reduced surface reactivity and increasingly stable apatite[37,49]. This 
suggests that metals (such as Ca, magnesium (Mg), sodium (Na), potassium (K), etc.), and possibly other 
ions are incorporated structurally into the collagenous matrices of calcified tissues[50]. In earlier 
investigations of the composition of trace elements in human cortical bone and beef tendons, researchers 
have documented a regularity in the appearance of certain trace metals, namely copper (Cu), iron (Fe), and 
zinc (Zn)[23,51,52]. Additionally, non-metal trace element, e.g., fluoride (F), has also been physio-chemically 
linked with the bone mineral matrix[53].

Mineralization of bone
A similar crystal formation mechanism was proposed in bone based on the similarity of XRD patterns of 
bone mineral and crystal formed from the ACP in an aqueous solution[41-43,45]. Bone minerals can be modeled 
as carbonate hydroxyapatite (CHAp) with a wide range of substitutions of hydroxide (OH-) and phosphate 
(PO4

3-) by carbonate (CO3
2-) on the lattice and the substitutions of Ca2+ by other metal ions, such as 

strontium (Sr2+), Mg2+, etc. [Figure 3][49,54]. Its composition can vary depending on species, location, diet, sex, 
age, and pathological conditions[37,55-57]. The substitution of carbonate results in the contraction of the a-axis 
and the expansion of the c-axis of the unit cell, as well as a decrease in crystallinity[58]. The presence of 
vacancies on the apatite crystals results in lower binding energies, thus, more soluble than stoichiometric 
hydroxyapatite (HAp)[25,59,60]. During the formation of bone minerals, ACP nanospheres formed on the site 
of bone formation or supplemented through blood are delivered and deposited within the collagen matrix 
by cells and further transformed into plate-like apatite via intermediates that resemble OCPs[44,61-63]. While 
Crane et al. (2006) suggest this possibility, the finding remains unreplicated and is not widely accepted[63]. 
However, recent evidence has shown the presence of OCPs in bone, specifically in combination with the 
protein osteocalcin[64]. This suggests that OCPs may play a role in bone mineral formation, although further 
research is needed to fully understand this process. Moreover, bone mineralization is much more 
complicated with the involvement of extensive biological additives, acting as promoters or inhibitors, such 
as proteins, trace ions, and some small organic molecules[42,65].
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Figure 3. A schematic illustration of the crystal lattice of bone apatite (Reproduced with permission from Ressler et al.[54]. Copyright 
2021, Elsevier). (A) the unit cell of bone apatite; (B) the top view of the lattice of bone apatite.

Based on the discovery and transformation pathway from ACPs to apatite during bone mineralization, 
additives are believed to get involved by preventing unstable amorphous phases from crystallizing or 
dissolving before or during transport to the site of interest[42]. It is also known as the polymer-induced liquid 
precursor (PILP) process. Numerous studies aimed at identifying influencing factors in the process over the 
years. For example, many NCPs found in bone growth regions regulate mineralization with acidic amino 
acid groups through the ability to bind Ca2+, as well as high affinity for collagen fibrils, such as osteonectin 
and various phosphoproteins[66-68]. Organic Pi or polyphosphates, as Pi sources, participate in and affect the 
crystallization process of ACPs in the form of orthophosphates after being digested by alkaline 
phosphatase[32,69,70]. PPi, on the other hand, is a well-known inhibitor of apatite crystal formation[71].

Mineralization of teeth
In general, teeth mineral [Ca(10−x)Nax(PO4)(6−y)(CO3)(OH)(2−z)Fz] (x, cation substitutions; y, carbonate 
substitutions; z, fluorine substitutions) varies from both stoichiometric HAp and bone apatite[40]. Its 
chemical composition, the mineralization level of the organic matrix, and crystal size and orientation are 
tailored to meet different mechanical needs at different locations[37,72,73]. Enamel and dentin are two kinds of 
hard tissues in teeth. Dentin is capped by enamel and, in the root, is covered by cementum.

Dentin is less mineralized and shares a similar mineralization pattern with bone, namely matrix-mediated 
mineralization[74,75]. It is formed by the mineralization of the dentin matrix (composed of type I collagen), 
mediated by some non-collagenous matrix proteins (NCPs), such as dentin phosphoprotein (DPP), dentin 
sialoprotein (DSP), and dentin matrix protein-1 (DMP-1)[76]. However, unlike bone, little or no remodeling 
takes place in dentin. Compared to enamel, dentin has a higher capacity for F uptake through systemic 
ingestion due to its less crystallinity and accumulation through life[77].

Enamel is the hardest tissue in the vertebrate body, composed of crystalline HAp[78]. In contrast to the bone, 
which uses collagen as the substrate for mineralization and goes through remodeling throughout its lifetime, 
enamel does not contain collagen and does not remodel[76,79]. During enamel mineralization, the synthesized 
protein mixture assembles to form a matrix that regulates the precipitation of HAp[80,81]. Once the full 
thickness of enamel has been formed, HAp crystals expand slowly into the space previously occupied by 
matrix proteins and water[82]. Mature HAp crystals in enamel are ribbon-like fluoridated carbonate HAp, 
50-70 nm in width and 20-25 nm in thickness[83].
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Cementum is a thin layer that covers the entire root surface and anchors the roots of teeth to the jaw. 
Similar to the bone, it is composed of water, an organic matrix (mainly collagen, glycoproteins, and 
proteoglycans), and minerals and is formed through the formation of HAp in deposited type I collagen by 
cementoblasts[84-86]. Compared to dentin (70%) and enamel (> 95%), cementum (40%-50%) is less 
mineralized[86]. In addition to HAp, small amounts of ACPs were also found in cementum[85]. The presence 
of the amorphous phase results in a greater capacity of cementum for the adsorption of F and other 
elements over time and readily decalcification in acidic environments[85]. For example, cementum contains F 
up to 0.9% ash weight and increases with age[87]. Regulation of teeth mineralization is, in part, regulated by 
the ratio of Pi and PPi, as well as other factors, such as genetic modifications, age, diet, oral hygiene, and 
certain diseases, such as periodontal diseases, caries, root resorption, tumoral lesions, or trauma[88,89].

Otoconia
Otoconia, which is composed of CaCO3, is found in the inner ear of humans and other vertebrates. They are 
positioned to sense stimuli in directions and send signals to the brain to maintain bodily balance[90]. Similar 
to the bone, the organic matrix in otoconia determines the orientation, sizes, and shapes of crystals by 
providing a framework[91]. Additionally, otoconia contain high levels of Ca, Na, Mg, K, P, sulfur (S), and 
chloride (Cl)[90]. However, the underlying molecular etiology remains unknown, neither the functions of 
otoconial proteins nor the crystal formation.

PATHOLOGICAL (ECTOPIC) MINERALIZATION IN MAJOR ORGANS
Physiological mineralization is restricted within the skeletal system, including bone, teeth, and calcified 
cartilage[92]. In contrast, pathological (ectopic) mineralization can occur not only in the skeletal system but 
also in soft tissues, such as the breast, blood vessels, kidney, pancreas, and prostate, mostly composed of 
CaPs, CaCO3, and CaOx [Figure 4][22,31]. There are three structural types of deposits observed in ectopic 
calcification, single crystals, polycrystalline deposits, and calcified matrix. The specific type and 
characteristics of the deposits can vary, depending on the tissue and the underlying mechanisms. For 
example, single crystals are typically small and uniform in size and often are found in tendons and 
ligaments[93,94]. The formation of single crystals can be initiated by the presence of specific proteins or 
molecules that act as nucleation sites. Polycrystalline deposits, on the other hand, consist of multiple small 
crystals randomly arranged in tissues, such as blood vessels and heart valves[95]. In contrast, the calcified 
matrix consists of alternating layers of mineralized and non-mineralized tissues and can be found in a 
variety of tissues, including cartilage and blood vessels[96]. Pathological/ectopic calcification occurs in both 
genetic and acquired clinical conditions and affects the prognosis of diseases[32,97]. Pathological/ectopic 
calcification can occur through different mechanisms, depending on the involvement of cells, including cell-
induced, cell-controlled, or spontaneously precipitated. For example, vascular calcification can be triggered 
by damage to the endothelial cells lining the blood vessels, leading to the recruitment and differentiation of 
smooth muscle cells into osteoblastic cells that actively deposit Ca and Pi[35]. Cell-controlled calcification 
occurs with specific mineralization-related factors released by cells in response to injury, inflammation, or 
bacterial infection[98,99]. Spontaneous deposition may happen as a result of changes in the environment 
without the involvement of cells, such as oxidative stress, local pH, and the supersaturation of ions[100,101]. 
Understanding the formation, structure, and composition of crystals deposited in the physiological and 
pathological conditions will aid the development of therapeutic strategies to prevent and/or regulate 
pathological/ectopic calcification[31,102] [Table 1].

Bone
Bone tissue undergoes continuous remodeling to maintain its density and strength in a stable state. The 
bone mineralization process is tightly regulated by osteoblasts (bone-forming cells) and osteoclasts (bone 
resorption cells). Osteocytes, which are embedded in the bone matrix, also play important roles in 
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Table 1. A summary of pathological/ectopic mineralization in terms of the composition and the involvement of cells

Tissue Composition Involvement of cellular 
activities References

Bone HAp Cell-induced [112]

Joint CPPD, HAp, TCP, OCP, whitlockite, sodium urate Cell-derived articular cartilage 
vesicles

[120,123,124,237]

Tendon Carbonate HAp Cell-induced [94,128,130-132]

Teeth Brushite, dicalcium phosphate dihydrate, OCP, HAp, whitlockite Cell-mediated [134,135]

Salivary gland HAp, whitlockite, brushite, OCP Unknown [137-139]

Heart and blood 
vessel

HAp, whitlockite Cell-induced [20,35,140-142]

Kidney CaOx, CaP, the mixture of struvite magnesium ammonium 
phosphate, carbonate HAp

Cell-mediated [151,153-155]

Brain HAp Unknown [171,172]

Ocular Whitlockite, HAp Unknown [20,21]

Breast CaPs (carbonate HAp and whitlockite), CaOx Cell-induced [182-185]

Pancreas CaCO3 Unknown [188,189]

Prostate Carbonate HAp, whitlockite, CaOx, Cell-mediated [191,192,238]

Placental CaPs Cell-mediated [194,195]

Lymph nodes HAp, whitlockite Unknown [197,198]

Figure 4. Pathological mineralization in soft tissues (blood vessels, brain, ocular, prostate, joint & tendon, placental, pancreas, kidney, 
and breast). The major forms of pathological/ectopic mineralization are calcium phosphates, calcium carbonate, and calcium oxalates.

regulating the bone remodeling process. The disruption in the balance between bone resorption and bone 
formation resulting from several pathological cues will affect bone health, metabolism, or homeostasis and 
lead to irregular remodeling activity and pathological bone mineralization[103]. Pathological bone 
mineralization can be roughly categorized as hypomineralization, hypermineralization, and other abnormal 
mineralization patterns.

Hypomineralization
Hypomineralization refers to insufficient mineralization of the bone matrix, resulting in reduced bone 
density and increased fracture risk[104]. Some several factors and conditions contribute to 
hypomineralization[105-107]. Rickets and osteomalacia are examples of pathological hypomineralization 
conditions[103]. Rickets, a disorder affecting children, and osteomalacia, its adult counterpart, can be caused 
by insufficient intake of essential nutrients, such as calcium and vitamin D, and hereditary factors[103]. The 
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deficiency of calcium and vitamin D can result in a reduction in Ca that leads to impaired bone 
mineralization and a higher proportion of organic matrix compared to inorganic mineral content, which 
contributes to reduced mechanical strength and increased fracture risk[105].

Besides, certain genetic disorders can induce abnormal bone development, such as osteogenesis imperfecta, 
a condition characterized by fragile bones due to the mutation in genes responsible for collagen production 
that leads to aberrant collagen production, and hypophosphatasia, an inherited disorder that results from a 
deficiency in alkaline phosphatase, which is essential for proper bone mineralization[106,108].

Hypermineralization
Hypermineralization, characterized by abnormally high bone mineral density (BMD), is associated with 
hereditary and nonhereditary disorders[104]. For example, in hereditary disorders, such as osteopetrosis and 
osteosclerosis, a dramatic decrease in osteoclast number or osteoclast activity and increased bone mass and 
density were observed. At the crystal level, low remodeling activities alter the crystal size/shape and increase 
the amount of highly mineralized bone tissues, leading to decreased toughness of bone tissues and thus 
increasing the risk of fracture[104]. Skeletal fluorosis is another nonhereditary disorder associated with 
excessive ingestion of F. The accumulation of F results in abnormal bone deposition and adsorption. At the 
crystal level, the hydroxyl group in HAp is substituted by F, resulting in an increased crystallinity, crystal 
size, and elastic modulus[109].

Other abnormal mineralization patterns
Osteoporosis, one of the most prevalent pathological abnormal mineralization conditions, is mainly related 
to menopause and aging[104,110,111]. Osteoporosis is diagnosed based on low BMD and leads to reduced bone 
mass and deterioration in bone micro-architecture, which further increases the susceptibility to fracture[110]. 
In osteoporosis, bone resorption exceeds bone formation, resulting in altered mineralization properties, 
including mineral content, composition, and crystal size, which leads to reduced fracture resistance[110]. It 
has been reported that the bone tissue Ca/P ratio was reduced in osteoporosis patients and the imbalance 
increased the defect in the HAp network, thus resulting in a less rigid HAp crystal structure and further 
contributing to the increased fracture susceptibility in osteoporotic bones[112]. Meanwhile, the uneven 
distribution of minerals in the bone matrix is observed in some pathological conditions, such as Paget’s 
disease, which is a chronic disorder that the normal bone remodeling process is disrupted, leading to 
abnormally shaped, enlarged, and weakened bones that are more susceptible to fractures and deformities.

The presence of whitlockite in osteocyte lacunae (micropetrosis) is associated with pathological conditions, 
as it is primarily found in the pathological mineralization of various soft tissues, dental calculus, and 
occasionally in enamel and dentine[113]. Notably, Mg-whitlockite [Ca18Mg2(HPO4)2(PO4)12] has been detected 
in post-apoptotic osteocyte lacunae in human alveolar bone, but this unusual mineral has not been found in 
the extracellular matrix of mammalian bone under normal conditions[113]. The notion that Mg-whitlockite is 
a significant constituent of bone minerals remains unsubstantiated, and it is considered a pathological 
biomineral[114]. Therefore, contrary to some claims, biomaterials containing Mg-whitlockite do not represent 
a bioinspired or biomimetic approach to bone repair[113].

Joint
Cartilage calcification that has been observed in the hip and knee is pathological in almost all osteoarthritis 
(OA) patients[115]. The deposition of calcium pyrophosphate dihydrate (CPPD) has been found in patients 
suffering from acute attacks of pseudogout in the joints[116-118]. Other CaPs have also been found in synovial 
fluids, synovium, and cartilage of OA patients, such as carbonate HAp, tricalcium phosphate (TCP), and 
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OCP[116,117,119,120]. Articular cartilage calcification that occurs in end-stage OA shows the accumulation of 
predominant HAp crystals[116,121]. The deposition of HAp initiates from articular cartilage vesicles (ACVs) 
and induces stress in articular chondrocytes, which ultimately results in the phenotypic change of 
chondrocytes and the formation of more HAp crystals[121,122]. Besides, whitlockite, another kind of CaP-based 
mineral, has also been found in the mineral phase of osteoarthritic articular cartilage and intervertebral 
disc[123,124]. Under certain circumstances, such as elevated Mg concentrations, acidic microenvironments, and 
the presence of specific proteins or organic molecules, Mg partly substitutes Ca, inhibits apatite originating 
from ACP, and aids the precipitation of whitlockite.

Tendon
Tendon mineralization (calcific tendinitis) is the cell-mediated calcification of living tissues that causes joint 
pain[94]. It typically affects the shoulder and hip, as well as other sites, such as the hand and wrist, foot and 
ankle, and neck[125]. Four well-defined phases of calcific tendinitis are formative (pre-calcific), calcific, 
resorptive, and reparative[94,126]. In the formative phase, a portion of the tendon undergoes a 
fibrocartilaginous transformation. During the calcific phase, calcium crystals are deposited in small vascular 
structures located between collagen fibrils[126,127]. Followed by calcification, the appearance of thin-walled 
vascular channels at the periphery of the calcium deposits marks the initiation of the resorptive phase, 
which involves Ca removal by macrophages and multinucleated giant cells[128]. Computed tomography 
studies showed the porous structure of calcific deposits throughout the tendon[129]. Structural and 
compositional analysis revealed that the chemical composition of mineralized deposits in calcific tendinitis 
is poorly crystallized carbonate HAp, having a Ca/P molar ratio ranging between 0.9 and 1.5[128,130-132].

Teeth
Pathological mineralization on teeth results from a variety of factors, such as changes in the oral 
environment, genetic predisposition, or underlying medical conditions[88,89]. In dentin, pathological 
mineralization happens in the form of dentinogenesis imperfecta, causing weakened teeth that are prone to 
cavities and fractures[133]. Dental calculus builds up on teeth (both supragingival and subgingival), is 
composed of inorganic components (brushite, dicalcium phosphate dihydrate, OCP, HAp, and whitlockite) 
and salivary proteins adsorbed on the tooth surface[134,135]. The level of dental calculus is affected by oral 
hygiene habits, diet, age, systemic diseases, and medications[135]. In enamel, pathological mineralization 
appears as spots on the surface of the tooth. It can be caused by malnutrition, high fever during childhood, 
or exposure to excessive F[77].

Salivary gland
A salivary gland stone (salivary calculi or sialolithiasis) found in the salivary gland consists of a central 
organic core and a layered cortex of inorganic components[136]. The crystals found in the salivary gland were 
randomly oriented carbonate HAp, whitlockite, and less frequently brushite and OCPs[137-139].

Heart and blood vessels
Cardiovascular calcification, the deposition of apatite and whitlockite, is closely associated with increased 
risks of several mortal diseases, such as blood vessel stenosis, ischemia, stroke, and heart disease[20,35,140-142]. 
Based on its histological appearance, the calcification can be distinguished as amorphous (lacking tissue 
architecture) and chondro-osseous (having the tissue architecture of cartilage or bone)[143].

Calcification that occurs in the intimal layer of the arteries links to arterial obstruction and atherosclerotic 
plaque rupture, leading to stroke or myocardial infarction[35,144]. Calcification that occurs in the medial layer, 
also known as Monckeberg’s medial sclerosis, is associated with vessel stiffness, systolic hypertension, and 
progressively increased risks of diastolic dysfunction and heart failure[35,145,146]. Even though the mechanism 
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of cardiovascular calcification is not fully understood, it is no longer acknowledged as a passive 
accumulation of minerals but an active inflammatory and/or osteogenesis-related signaling process[147,148]. 
Several influencing factors have also been identified in the past few decades, such as the loss of inhibition, 
induction of osteogenesis, accumulation of nuclei, and cell death[98]. For example, cell-secreted small 
membrane-bound microparticles, such as apoptotic bodies and matrix vesicles, showed their capacities to 
concentrate Ca and Pi and initiate crystal nucleation in response to inflammatory stimuli[100,144]. Additionally, 
lipids and cytokines released by macrophages were also found to accelerate osteogenic differentiation and 
calcification of vascular smooth muscle cells (VSMCs)[100,101].

Kidney
Kidney stones are one of the most common and painful urinary disorders[149]. In most cases, they result from 
the nucleation and aggregation/growth of crystals from supersaturated urine [Figure 5][150,151]. Based on their 
composition and pathogenesis, kidney stones are commonly classified into five types: (a) Ca-containing 
crystals; (b) struvite or magnesium ammonium phosphate stones; (c) uric acid stones or urate; (d) cystine 
stones; and (e) drug-induced stones[152].

Ca-containing stones are predominant renal stones, typically composed of CaOx (50%), CaP (5%), or a 
mixture of both (45%)[153]. CaOx exists in the form of CaOx monohydrate (COM, or whewellite), CaOx 
dihydrate (COD, or weddellite), or a mixture of both forms[151,154]. Struvite stones in the body are shown to 
be a mixture of struvite magnesium ammonium phosphate [MgNH4PO4·6H2O] and carbonate HAp[155]. In 
addition to the most common Ca-containing stone that comprises 80% of urinary calculi, struvite accounts 
for 10%-15%, and uric acid stones account for 9%, leaving 1% of the rest of the stone types, including cystine 
stones and drug-induced stones[152,156,157].

The pathogenesis of kidney stones is a multi-step process, including crystal nucleation, aggregation, and 
retention. The nucleation of calculus occurs in a supersaturated liquid, where Ca and oxalate combine to 
form insoluble micro-clusters or start with existing nucleation centers [Figure 5][150,152,157]. Crystal aggregation 
and secondary nucleation of crystals account for crystal growth and interactions between crystals and cells 
and extracellular matrix[158]. The formation of kidney stones is affected by the supersaturation of Ca and 
oxalate in the urine, urinary pH, and some molecular modulators in the environment[157,159,160]. For instance, 
the growth of CaOx crystals is associated with a urinary pH range of 5.0 to 6.5; uric acid stones form at low 
urinary pH (pH < 5.05), whereas CaP and struvite favor a pH range over 7[152]. In addition to factors that 
affect the formation of kidney stones by altering the environment, there are several modulators actively 
modulating the nucleation and aggregation of pathological crystals. For example, PPi and citrate reduce the 
nucleation and growth of Ca-containing crystals, as well as Mg[157,160,161]; Biomolecules, such as OPN, 
prothrombin F1 fragment, and calgranulin, have been shown to inhibit the crystallization of CaOx and CaP 
by binding to Ca and hindering crystal growth[157,162-164].

Brain
Brain mineralization occurs in the basal ganglia and other regions, such as the cerebellum, thalamus, and 
brainstem[165,166]. Patients presenting brain calcification exhibit impaired motor and cognition, such as 
dystonia, parkinsonism, psychosis, and dementia[165,167,168]. It is associated with neurological or metabolic 
disorders (secondary hypoparathyroidism and mitochondrial diseases) and other acquired conditions, such 
as injuries (infection, ischemia, and trauma) and toxicity related to manganese (Mn), Fe, lead (Pb), carbon 
monoxide, and normal aging[165,169,170]. The major composition of brain mineralization is HAp[171,172]. Other 
components, such as Zn, Fe, and Mg, are also present in the deposits[173]. However, currently, there is no 
established method to determine whether it is a passive process, which can be attributed to normal aging, or 
an active process mediated by cellular activities[171,172].
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Figure 5. Crystal deposition in the urinary system (Reproduced with permission from Evan et al.[150]. Copyright 2005, Elsevier). (A) The 
initial sites of the deposition of kidney stones in transmission electron microscopic images and (B) immunogold staining showed the 
localization of osteopontin in the plaque.

Ocular
Ocular mineralization can be found in the cornea, retina, optic nerve, and Bruch’s membrane[92,174-176]. In the 
aging eye, the accumulation of protein- and lipid-containing deposits external to the retinal pigment 
epithelium (RPE) can lead to macular degradation and, consequently, blindness[92,177]. Three types of 
structures of minerals have been found in age-related macular degradation, spherules (whitlockite), plaques 
(amorphous apatite), and nodules (apatite)[20,21]. However, the mechanism of the formation of calcified 
nodules remains unknown.

Breast
Breast mineralization, also called microcalcification, has been suggested to be a consequence of either injury 
or diseases, such as chronic kidney disease, hypertension, or metabolic syndrome[178,179]. The formation of 
microcalcification is related to the acquisition of mesenchymal characteristics in breast cancer cells, affected 
by transforming growth factor beta (TGF-β) or nuclear factor kappa-light-chain-enhancer of activated B 
cells (NF-κB)[180,181]. Multiple phases of breast microcalcifications have been identified: CaPs (such as 
carbonate HAp and whitlockite), amorphous CaP, and, less commonly, CaOx

[182-185]. However, the exact 
origins of minerals remained unclear. Nevertheless, the screening and evaluation of the morphology and 
distribution of microcalcification aid in determining the likelihood of whether the calcifications are benign, 
intermediate, or necessitate further investigation[17]. For instance, CaOx (type I calcification) is detected in 
benign breast lesions or lobular carcinoma, whereas HAp calcification (type II calcification) is detected in 
both benign and malignant breast tissues[18,19]. Compared to those formed in malignant ducts, type II 
microcalcification formed in benign ducts was found to contain a higher amount of CaCO3 and a lower 
amount of protein[186]. In some malignant specimens, Mg and Na have also been detected[187]. Elevated Na 
levels have been found in malignant specimens, but no correlation has been found between the level of Mg 
and malignancy[187].
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Pancreas
Pancreatic stones (Pancreatic calculi) occur in the main ducts, side brunches, or parenchyma[188]. It contains 
an inner nidus core and outer shell, primarily constituting CaCO3, in the form of calcite (major) and 
aragonite, besides Pi and other protein content[188,189]. The inner protein nidus contained Fe, chromium (Cr), 
and nickel (Ni), whereas the outer calcite shell contained Ca and 17 other elements[190].

Prostate
Prostatic calculi are usually found as apatite or whitlockite, less frequently CaOx

[191,192]. They are classified as 
primary/endogenous or secondary/extrinsic stones[193]. Endogenous stones are commonly caused by 
obstruction of the prostatic ducts or chronic inflammation; extrinsic stones are mainly caused by urine 
reflux[193]. Klimas et al. suggested two mechanisms regarding the calcification of prostatic calculi: the 
calcification of the corpora amylacea (type I calculi, composed of Na, S, P, Ca, and Zn) and the precipitation 
of prostatic secretions (type II calculi, composed of Ca and P)[191].

Placental
The placenta, a highly vascularized organ, mediates the communications between two circulatory systems. 
Placental calcification occurs when small calcium deposits build up on the placenta and is recognized as 
CaPs (the ratio of Ca/P = 2.00 ± 0.05) observed in placenta tissue[194,195]. It is often found in both preterm and 
term birth and serves as a predictor of adverse pregnancy outcomes[196]. However, the mechanisms of 
placental calcification are poorly understood[194].

Lymph nodes
Calcification in the lymph nodes occurs following diseases such as granulomatous infections[197]. Two 
patterns of calcification were found in the submandibular and neck regions: small blocks with different 
textures and islets surrounded by soft tissues, respectively[198]. In the submandibular specimen, apatite, 
together with a minor amount of whitlockite, was found[198]; In the neck specimen, whitlockite was found 
most frequently[198].

POSSIBLE PREVENTION AND TREATMENTS OF PATHOLOGICAL MINERALIZATION
Current treatments for the removal of calcified plaque include mechanical removal using rotary blade 
ablation or chemically dissolving in situ with acid via a catheter device[199-201]. In addition to mechanical and 
chemical debridement, reduced mineral ion intake from the diet or ions from bone stores have also been 
considered potential treatments for pathological/ectopic calcification in clinical practices[201]. Other 
approaches have been explored in targeting regulatory molecules in the body. For example, the monoclonal 
antibody Denosumab was developed to interfere with osteoclast functions and serum Ca levels, and PPi 
inhibited uremic vascular calcification without interfering with the mineralization of bone[202,203]. However, 
there are still no well-established and acknowledged treatments to prevent or counteract pathological/
ectopic mineralization.

Current strategies targeting cellular mechanisms of calcification provided promising avenues for better 
administration of pathological mineralization in soft tissues, either reducing the nucleation of pathological 
crystals and crystal growth or reducing the circulating mineral ions in the serum[204]. Several endogenous 
calcification inhibitors have been identified, such as fetuin-A, vitamin-K dependent matrix-Gla protein 
(MGP), PPi, and OPN[23,33]. The serum protein fetuin-A is an important inhibitor of extra-skeletal 
calcification in the plasma and tissue fluids[205]. It is derived from the liver and acts as a chaperone, 
stabilizing excess mineral ions by forming a colloid with mineral ions or completely insoluble calciprotein 
particles[206-208]. MGP was the first inhibitor of artery calcification to be characterized in vivo[24]. It serves as an 
inhibitor of bone morphogenic protein-2 (BMP2), driving changes in cells toward an osteogenic-like 



Page 13 of Mu et al. Microstructures 2023;3:2023030 https://dx.doi.org/10.20517/microstructures.2023.05 21

phenotype and subsequent calcification[209,210]. PPi is identified as the principal inhibitor of HAp deposition, 
evidenced by antagonizing the ability of Pi to crystalize with Ca to inhibit biomineralization and acquired 
clinical conditions regarding pathological calcification upon its deficiency[32]. OPN is found to be associated 
with nascent mineralization foci during bone mineralization and present at interfaces where mineralization 
is needed to be quenched[211,212].

Several approaches to regulating the metabolisms of these natural inhibitors exhibited promising results in 
treating pathological mineralization. For example, Vitamin K supplementation showed the effect of 
reducing the progression of vascular mineralization and subsequent arterial stiffness[33,213]. Bisphosphonates, 
derivatives of PPi, stabilize the Pi groups by a phosphorus-carbon-phosphorus backbone. Compared to PPi, 
which can be easily hydrolyzed, bisphosphonates have extended plasma half-life and improved stability[32]. 
Bisphosphonates showed their potency to reduce fractures in postmenopausal osteoporosis[214]. They have 
also been found to reduce soft tissue calcification and interfere with osteoclast functions[33,204]. Alendronate, a 
widely prescribed bisphosphonate, has shown good tolerance and improvements in several patients with 
brain calcification[167]. Other bisphosphonates, such as etidronate, pamidronate, and ibandronate, have been 
demonstrated to inhibit aortic calcification both in vitro and in vivo[202,215-218]. In addition to bisphosphonates, 
a few proteins associated with the metabolism of PPi have also been identified to be promising for targeted 
treatment of pathological mineralization, such as ectonucleotide pyrophosphatase/phosphodiesterase-1 
(ENPP1), ATP binding cassette subfamily C member 6 (ABCC6), progressive ankylosis protein (ANK), and 
tissue-nonspecific alkaline phosphatase (TNAP)[219-222]. Inspired by the inhibitory effect of acidic urinary 
macromolecules (e.g., OPN) on the formation of CaOx in vitro, polymeric carboxylic amino acids, poly-L-
glutamic and aspartic acid, were found to inhibit the crystallization of CaOx

[223]. A similar inhibitory effect 
was also found to be achieved by acidic polyanion poly (acrylic acid)[224-226]. Additionally, sodium thiosulfate 
(STS) treatment was found to inhibit calcium salt precipitation in calciphylaxis[227-230]. Nevertheless, these 
results were limited either in the long-term efficacy or potential toxicity of the STS treatment[33].

Moreover, the presence of trace elements has been shown to play a role in the crystal formation kinetics or 
external morphology of a growing crystal. It could be promising in designing therapeutic approaches again 
pathological mineralization[102,231]. For example, Mg, Zn, aluminum (Al), Fe, and Cu are indicated as growth 
inhibitors of CaOx at very low concentrations[232-235]. Adding AlCl3 or FeCl3 to transplanted valves effectively 
delayed the onset of valve calcification by blocking TNAP activity[236].

CONCLUSIONS AND FUTURE PERSPECTIVES
Our understanding of pathological/ectopic mineralization has been dramatically improved in parallel to 
bone biology and advanced characterization techniques widely used in the field of material science[22,92,201]. 
Significant progress has been made in elucidating the properties of pathological crystals and the underlying 
mechanisms of pathological/ectopic calcification that occurred in soft tissues over the years. By elucidating 
the physiological mechanisms of bone mineralization and their relationship with mineralization 
phenomena, we can develop targeted therapeutic interventions to prevent, manage, or treat these disorders. 
However, there are still some debatable questions regarding (a) the composition and structure of 
pathological crystals mediated by cellular activities and factors in the surrounding environment; (b) the 
dynamics of ion transport; (c) the involvement of cells and related cellular activities; (d) the interactions 
between pathological crystals and the surrounding tissues; and (e) how these contribute to disease 
progression[36]. Even though attempts have been made to simulate the crystallization process, it is still 
challenging to comprehend the in situ crystallization process due to the involvement of cellular activities. 
Nevertheless, a more comprehensive understanding of how the structures are formed, progressed, and 
adapted to changing needs enables us to conceive new insights into the progression of the pathological 
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condition and guide future therapeutic designs to prevent and manage pathological/ectopic mineralization.
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Abstract
The two-dimensional (2D) materials offer atomic-level thickness and unique physical and chemical properties for 
the preparation of a new class of membranes, i.e., nanochannel membranes. The nanochannel membranes have 
been utilized in a broad spectrum of new separation applications. However, the instability of the nanochannels, 
interfacial instability of 2D materials, and the swelling problem could damage the membrane performance, such as 
permeability, selectivity, and service lifetime. Innovative strategies for constructing and regulating the 
nanochannels are enthusiastically explored to address these challenges. Along this line, in this work, we first 
provide insight into the mechanisms of the nanochannel construction, the separation mechanism, and the effect of 
nanochannels on the separation performance. Then, the strategies developed in the literature, in particular, the 
strategies for the preparation of ideal 2D nanosheets, the strategies for constructing nanochannels, and the 
strategies for regulating the characteristics of nanochannels (channel size, channel length, channel morphology, 
and channel surface physicochemical properties) are systematically summarized. After that, we briefly introduce 
the application of 2D-material-based nanochannel membranes and outline the current challenges and provide an 
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outlook in the further exploration of separation mechanism, large-scale manufacturing, and the eventual 
commercialization of the membranes.

Keywords: 2D nanosheet, nanochannel, membrane, separation, regulation, construction

INTRODUCTION
Membrane separation technologies have become revolutionized various industries by offering numerous 
benefits, such as low cost, high efficiency, and environmental sustainability. These technologies utilize thin 
membrane barriers that separate specific substances based on variations in size, charge, or other properties. 
Membranes can be roughly categorized into macrochannel membranes, microchannel membranes, and 
nanochannel membranes, depending on the size of the channels and their characteristic scale. 
Macrochannel membranes possess larger channel dimensions, typically in the millimeter to centimeter 
range. They are designed for applications involving larger particles or higher flow rates and are commonly 
used in pre-treatment processes in various industries, including chemical, environmental, pharmaceutical, 
mining, and more. Microchannel membranes have smaller channel dimensions than macrochannels but are 
still relatively large when compared to nanochannels. Typically, their channel sizes range from tens to 
hundreds of microns in diameter. They find a variety of applications in areas such as microfluidics, 
chemical synthesis, and biomedical devices. Nanochannel membranes feature channels with dimensions 
typically in the nanometer range. These membranes are engineered with extremely small channel sizes to 
precisely control molecular or ion transport. They are extensively used in diverse applications such as water 
treatment, ion selectivity, gas separation, DNA sequencing, protein analysis, drug delivery systems, etc. Each 
scale of the membrane has its own strengths and weaknesses (as shown in Table 1 below), and the choice of 
the membrane depends on the specific separation requirements, target molecules or ions, and operating 
conditions[1-7].

Compared with other membranes, nanochannel membranes have unique advantages due to their extremely 
small channel size, offering the potential for highly selective separations, reduced sample consumption, and 
single-molecule analysis. These properties make nanochannel membranes particularly suitable for 
applications that require precise control of molecular transport and analysis and have received increasing 
attention from the scientific and engineering communities[8-14]. To meet specific requirements, ultrathin 
nanochannel membranes can be directly assembled from a variety of inorganic or organic materials. Two-
dimensional (2D) materials are of particular interest in the field of nanochannel engineering due to their 
unique physical and chemical properties, including atomic-level thickness, hydrophilicity, and ductility. A 
diverse range of 2D materials are currently under investigation, such as graphene[15], graphene oxide 
(GO)[16], transition metal carbides/nitrides (MXenes)[17], hexagonal boron nitride (h-BN)[18], graphitic carbon 
nitride (g-C3N4)[19], transition metal dichalcogenides (TMDs)[20,21], layered double hydroxides (LDHs)[22], 2D 
zeolites[23],  2D metal-organic frameworks (2D MOFs)[24], 2D covalent organic frameworks (2D COFs)[25], 
and beyond. These materials offer a wealth of possibilities for creating high-performance 2D-material-based 
nanochannel membranes. The superb separation performance achieved by nanochannel membranes based 
on 2D materials is mainly attributed to the unique properties and structural characteristics of the materials. 
The atomic-level thickness of 2D materials allows the formation of nanochannels with precise dimensions, 
which can effectively restrict the passage of certain molecules or ions depending on their size. In addition, 
the layer spacing and surface chemistry of the nanochannels can be modulated by introducing functional 
groups or modifying the surface, further affecting the selectivity of the membrane. In addition, the high 
aspect ratio and large surface area of 2D materials provide abundant active sites for interaction with the 
target material, thus enabling molecular sieving and preferential ion transport. In addition, the ordered 
arrangement of nanosheets in the membrane structure facilitates the formation of continuous and uniform 
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Table 1. Key characteristics of macrochannel, microchannel, and nanochannel membranes

Membrane 
type

Channel 
size 
(typical 
range)

Key features Applications

Macrochannel > 100 µm Large channel size, low surface-to-volume ratio, 
turbulent flow regime, and reduced resistance to flow

Pre-treatment processes in chemical, environmental, 
pharmaceutical, mining, and other industries

Microchannel 1-100 µm Intermediate channel size, moderate surface-to-
volume ratio, laminar flow regime, and diffusion 
dominates

Microfluidics, lab-on-a-chip devices, chemical synthesis, 
and separation processes

Nanochannel < 100 nm  Very small channel size, high surface-to-volume ratio,
molecular selectivity, and electrostatic interactions
dominate

Water treatment, ion selectivity, gas separation, DNA 
sequencing, single-molecule analysis, nanofluidics, and 
biosensors

nanochannels, which improves permeation efficiency. Overall, the combination of these factors allows 2D-
material-based nanochannel membranes to achieve selective separations by exploiting the size, charge, and 
interaction-based properties of the target species.

To comprehensively assess the performance of the membranes, several formulas can be utilized, including 
the rejection coefficient, separation factor, permeability, flux, rejection, fouling index, and interlayer 
spacing. By quantifying these parameters, researchers can better understand the potential benefits of using 
2D materials with densely packed nanochannels for nanoscale separation applications.

The rejection coefficient (R) is determined by equation (1), where Cfeed is the solute concentration in the 
feed, and Cpermeate is the solute concentration in the permeate.

The separation factor (α) is defined as the ratio of the rejection coefficients of two different solutes, A and B, 
which is determined by equation (2).

Permeability (P) measures the ease with which a solvent flow through a porous material and is calculated 
using the formula (3), where Q is the permeate volume, A is the effective membrane area, and ΔP is the 
transmembrane pressure.

Flux (J) represents the volume of permeate that passes through the membrane per unit area per unit of time 
and is calculated using the formula (4), where Δt is the time.

Rejection (Rej) is defined as the ratio of the solute concentration in the feed to the solute concentration in 
the permeate and is calculated using the formula (5).



Page 4 of Xing et al. Microstructures 2023;3:2023031 https://dx.doi.org/10.20517/microstructures.2023.1135

The fouling index (FI) is calculated using the formula (6), where Jclean is the flux of the clean membrane, and 
Jfouled is the flux of the fouled membrane.

The interlayer spacing of the 2D-material-based nanochannel membranes can be calculated using the Bragg 
equation for X-ray diffraction (XRD), which is given by formula (7), where d is the interlayer spacing, λ is 
the wavelength of the X-ray, and θ is the diffraction angle.

Through a comprehensive analysis of membrane performance using the equations outlined above, valuable 
insights can be gained into the potential of nanochannel membranes based on 2D materials with densely 
packed channel arrays. These membranes are anticipated to offer several distinct advantages for nanoscale 
separation applications, including the following: (1) The membranes possess simple and tunable 
nanochannels that facilitate quantitative modeling and probing of nanofluids transport mechanisms; (2) 
The membranes allow flexible modification of nanochannels with favorable functionality to meet various 
application requirements; (3) The membranes enable ultra-thin structures down to single-atom thickness 
and ultra-high throughput by simple and scalable methods; and (4) The membranes can provide 
nanochannels with specific sizes, and the size can be precisely controlled from tens of nanometers to sub-
nanometer scale to achieve high selectivity[5,26,27].

Although their numerous theoretical advantages, 2D-material-based nanochannel membranes still face 
many practical challenges. One such challenge is that most 2D materials, including GO and MXene, contain 
numerous hydroxyl groups, carboxyl groups, Ti-O, and other hydrophilic functional groups on their 
surfaces, which can lead to severe swelling problems and thus reduce the selectivity of the membranes[28]. 
Additionally, interfacial instability of 2D materials makes membrane structures very prone to collapse, 
resulting in generally shorter membrane lifespans that cannot meet practical needs[29]. Besides, high 
operating pressures are still required for some membranes to achieve high permeability, which leads to 
increased energy consumption, and other issues such as poor anti-fouling ability and relatively expensive 
construction costs must be addressed[30]. Given these challenges, there is no consensus on whether 
developing innovative, large-scale reproducible strategies for constructing and regulating nanochannels is a 
top priority for solving the aforementioned problems and ultimately enabling the widespread use of 
membranes in industrial applications. Most of the reviews in the literature focus more on the intricate 
details of membrane construction, regulation, and the role of nanochannels in separation performance. In 
contrast, this work seamlessly links the separation mechanisms, addressing the nanochannel separation and 
collapsing issues, selection of suitable membranes, and various practical applications.

This comprehensive review delves into the intricate details of membrane construction and regulation, 
highlighting the critical role of nanochannels in separation performance. This insight into the mechanism 
behind nanochannel collapse also provides invaluable insight into choosing the most suitable membrane for 
a particular application. As the fundamental building “bricks” of membrane construction, obtaining the 
ideal 2D material is a crucial starting step for achieving high-performance membranes. Therefore, the 



Page 5 of Xing et al. Microstructures 2023;3:2023031 https://dx.doi.org/10.20517/microstructures.2023.11 35

review begins with a comprehensive description of 2D-material preparation strategies, including “top-
down” and “bottom-up” approaches. Nanochannel properties directly impact separation performances, 
such as permeability and selectivity, and as such, the review outlines 2D nanosheet perforation methods 
(i.e., drilling out-of-plane nanochannels, similar to creating “porous bricks”) and membrane assembly 
methods (similar to building “house”) for obtaining in-plane nanochannels. Nanochannel regulation is 
similar to “renovating a house”, giving the membrane improved structural and functional properties. Thus, 
four aspects of such modification are briefly discussed (i.e., channel size, channel length, channel 
morphology, and surface chemistry). Laboratory-scale application attempts are the first step towards 
industrial applications (similar to “trial residence”), which are also reviewed. Afterward, to give readers a 
more intuitive picture, the review also categorizes various representative application scenarios and describes 
their specific needs for membranes, such as liquid molecular separation, gas separation, and ion sieving. A 
visual summary of the main elements described above is provided in Figure 1. In the final section, we 
conclude with a discussion of current challenges and an outlook on the eventual commercialization of 
membranes. Overall, this comprehensive review presents readers with a detailed roadmap of the entire 
process of membrane preparation and regulation from raw materials to final applications (“clay” to “bricks” 
to “furnished houses”) and highlights the corresponding strategies employed in each step. By providing 
clear and concise information, this review aims to inspire future research and the development of new and 
innovative membrane preparation and regulation strategies, ultimately leading to the realization of highly 
efficient and effective membrane technologies.

CONSTRUCTING NANOCHANNELS WITH 2D NANOSHEETS
2D nanosheets refer to a class of materials that consists of only one or a few atomic layers, exhibiting an 
ultrathin sheet-like geometry beyond the nanoscale[31]. These materials are characterized by strong interlayer 
covalent bonds and weak interlayer van der Waals bonds and exhibit excellent electrical, optical, and 
mechanical properties compared to their bulk counterparts, making them extremely attractive in the fields 
of physics, materials science, and chemistry[32]. The successful isolation of monolayer graphene by 
Novoselov et al. in 2004 paved the way for the exploration of many other 2D materials, which have become 
ideal building blocks for the development of membranes with nanochannels due to their atomic thickness 
and unique physicochemical properties[30,33].

When 2D materials are engineered into membranes, two basic forms of nanochannels can be created: out-
of-plane nanochannels and in-plane nanochannels. Out-of-plane nanochannels can be formed by utilizing 
2D nanosheets with intrinsically porous or perforating intrinsically nonporous 2D materials. In-plane 
nanochannels can be fabricated from 2D layered membranes in which several or multiple layers of 
nanosheets are aligned parallel to form well-defined nanochannels. This section describes typical 
construction strategies for creating nanochannels from 2D materials, including synthetic methods for 
intrinsic nanopores by multilayer peeling or monolayer growth, perforation approaches for artificial 
nanopores through physical and chemical etching, and various membrane assembly methods, including van 
der Waals assembly of individual nanochannels through nanosheet extraction, solution-assisted assembly of 
dense nanochannels by pressure/vacuum filtration, spin/spray coating, and other techniques.

Synthesis of 2D nanosheets
2D nanosheets serve as the foundational materials for constructing nanochannels from 2D materials. The 
synthesis of 2D nanosheets can be generally classified as “top-down” and “bottom-up” strategies, as shown 
in Figures 2 and 3.
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Figure 1. Strategies for constructing nanochannels, regulating nanochannels, and applications of 2D-material-based nanochannel 
membranes.

Figure 2. Schematics of the main “top-down” synthesis strategies of 2D nanosheets. (A) Micromechanical cleavage exfoliation[171]. 
Copyright 2012, Elsevier Ltd. (B) Ball milling shear-force exfoliation. (C) Sonication exfoliation[172]. Copyright 2018, Elsevier B.V. (D) 
Electrochemical (E-Chem) exfoliation[38]. Copyright 2018, Springer Nature. (E) Ion/molecule intercalation[173]. Copyright 2017, John 
Wiley & Sons, Inc. (F) Thermal oxidation etching[47]. Copyright 2021, John Wiley & Sons, Inc.
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Figure 3. Schematics of the main “bottom-up” synthesis strategies of 2D nanosheets. (A) Chemical vapor deposition[174]. Copyright 
2017, Springer Nature. (B) Physical vapor deposition[47]. Copyright 2021, John Wiley & Sons, Inc. (C) Wet-chemical synthesis[175]. 
Copyright 2021, American Chemical Society.

The “top-down” strategy involves the exfoliation of 2D nanosheets from bulk-layered materials by breaking 
weak interlayer van der Waals, π-π stacking, and/or hydrogen bonding interactions [Figure 2]. 
Novoselov et al. pioneeringly achieved a single layer of graphite using the micromechanical cleavage 
method [Figure 2A], which enables the preparation of a variety of 2D nanosheets with a clean surface and 
high quality on a macroscopic scale[33,34]. However, it is worth noting that this method has the drawback of 
low efficiency. Paton et al. took the lead in conducting shear force-assisted[35] [Figure 2B] and sonication-
assisted[36] [Figure 2C] exfoliations in liquids, where bulk graphene and TMDs crystals can be efficiently 
dispersed in common solvents to obtain large quantities of mono- and few-layer nanosheets. Another 
representative shear force-assisted and sonication-assisted mixed work is demonstrated by Peng et al., who 
developed a soft-physical process of preparing 2D MOF nanosheets with large lateral sizes by low-energy 
wet ball milling coupled with ultrasonication in methanol/propanol mixtures[37]. Electrochemical (E-Chem) 
exfoliation [Figure 2D] is a promising bulk method for producing graphene from graphite, where an applied 
voltage drives ionic species to intercalate into graphite, forming gaseous species that expand and exfoliate 
individual graphene sheets. Achee et al. reported a method for sustained graphene output within a 
permeable and expandable containment system, indicating both high yield (65%) and extraordinarily large 
lateral size ( > 30 μm) of graphene[38].

The use of specific ions or molecules intercalation [Figure 2E] to weaken interactions within the layers by 
exchanging or reacting can further enhance the efficiency of liquid-phase exfoliations, which have been 
widely employed for preparing various types of 2D nanosheets such as GO, MXene, TMDs, and LDHs[39-42]. 
Notably, these intrinsically nonporous 2D nanosheets still require a subsequent perforation process to 
fabricate nanochannels (as discussed in the next section). For example, intrinsically porous 2D nanosheets 
can be exfoliated from their related layered materials with high purity via melt blending with a polymer 
matrix, as demonstrated by Varoon et al.[43]. And the synthesis of g-C3N4 nanosheets can be achieved by 
thermal oxidation [Figure 2F] with long-time heating and etching, which was shown by Ren et al., to 
produce a series of g-C3N4 nanosheets with a thinner layer thickness, larger BET surface area, and higher 
graphic nitrogen ratio[44]. They proposed that the higher activity of the g-C3N4 from long-time thermal 
oxidative etching might be ascribed to the enlarged specific surface, pore volume, and higher graphic 
nitrogen ratio with the loose and soft laminar morphology[44].

However, it should be noted that the “top-down” strategy for exfoliation is limited by the availability of 
layered materials, which may result in incidental structural deterioration and morphological damage during 
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the exfoliation process. Such issues may hinder the obtainment of ideal 2D nanosheets.

The “bottom-up” strategy [Figure 3] involves synthesizing 2D nanosheets through chemical reactions from 
specific precursors under given conditions, which is theoretically feasible for all types of 2D nanosheets. 
Chemical vapor deposition (CVD) [Figure 3A] growth and physical vapor deposition (PVD) [Figure 3B] 
growth are reliable routes for synthesizing highly crystalline 2D nanosheets such as graphene, MXene, h-
BN, TMDs, and others, with large-area uniformity[45-47]. However, transferring the crack-free as-prepared 2D 
nanosheets from the substrate remains challenging[48-50]. As an alternative, wet-chemical synthesis 
[Figure 3C] is widely employed due to its good controllability, reproducibility, and scalability, especially for 
preparing those crystalline porous materials made from predesigned skeletons such as zeolites, MOFs, and 
COFs. Jeon et al. successfully produced high-aspect-ratio MFI-type zeolite nanosheets using a nanocrystal-
seeded growth method that was triggered by a single rotational intergrowth[51]. These highly oriented MFI 
nanosheets with straight vertical micropores allow the secondary growth of thin and defect-free MFI 
membranes with extraordinary performance for separating xylene isomers[51]. Makiura et al. reported a 
procedure for the rational modular assembly of MOF nanosheets with perfect orientation on a solid 
substrate by integrating the layer-by-layer growth and the Langmuir-Blodgett methods[52]. Similarly, 
Rodenas et al.[53] presented a new approach to produce self-standing intact MOF nanosheets that relied on 
the diffusion-mediated modulation of the MOF growth kinetics. The synthesis medium involves three 
vertically arranged liquid layers, where a topmost solution of cations and a bottom solution of linker 
precursors diffuse into the intermediate solvent layer, causing a slow supply of the MOF nutrients to form 
MOF nanosheets in a highly diluted medium. On the other hand, COF nanosheets can either grow on 
various substrates under solvothermal conditions or at solid-liquid/liquid-liquid/air-liquid interfaces via 
interfacial polymerizations[54,55]. An excellent representative work was done by Kandambeth et al., who 
successfully demonstrated the fabrication of various flexible, continuous, and defect-free COFs by casting 
and baking the mixed solution containing organic linkers and co-reagents[56]. In addition, the “bottom-up” 
approach can also be used to directly fabricate porous graphene with a well-defined pore structure by 
selecting appropriate rigid molecular building blocks as monomers for the organic synthesis[57].

Perforation on 2D nanosheets
Unlike intrinsically porous 2D nanosheets, the perfect monolayer nonporous 2D nanosheets are almost 
impermeable, requiring the artificial drilling of out-of-plane nanoscale holes to serve as nanochannels. 
Continuous experimental endeavors have been made to develop various perforation techniques to realize 
this goal, including physical and chemical methods such as focused electron beam, bombardment/focused 
ion beam, oxygen plasma etching, ultraviolet-induced oxidative etching, and chemical etching [Figure 4]. 
For example, Fischbein et al. showed that graphene nanosheets could be controllably nano-sculpted using 
the focused electron beam ablation technique with few nanometer precisions [Figure 4A][58]. Similarly, 
Koenig et al. utilized ultraviolet-induced oxidative etching [Figure 4B] to create angstrom-sized pores in the 
pristine graphene membrane, which were used as molecular sieves and exhibited selective gas transport 
capabilities[59].

The focused ion beam perforation method is another effective technique [Figure 4C], which was 
successfully employed by Celebi et al. to produce narrowly-distributed pore sizes ranging from < 10 nm to 
1 μm in free-standing graphene[60]. Later, Russo et al. created pore nucleation sites on graphene using an 
argon ion beam followed by edge-selective electron recoil sputtering, yielding graphene nanopores with 
radii as small as 3 Å, all without the use of focused beams[61]. However, the effective areas of these 
nanoporous graphenes are limited to the micrometer scale. To overcome this limitation, O’Hern et al. 
introduced isolated and reactive defects into the graphene lattice through ion bombardment, which were 
then enlarged by oxidative etching to produce permeable pores with diameters of 0.40 ± 0.24 nm and 
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Figure 4. Schematics of perforation on 2D materials. (A) Low-dose e-beam patterning of ZIF-L with pyridine as an etchant[176]. 
Copyright 2021, American Chemical Society. (B) UV irradiation etching of MoS2/WS2 nanosheets[177]. Copyright 2016, Royal Society of 
Chemistry. (C) Focused ion beam etching process on GO[178]. Copyright 2019, Elsevier Ltd. (D) Plasma etching process[179]. Copyright 
2020, MDPI. (E) The synthesis of porous Si/C composite nanosheets by chemical etching[180]. Copyright 2019, American Chemical 
Society.

densities exceeding 1012 cm-2[62]. In another approach, Surwade et al. employed an oxygen plasma etching 
process [Figure 4D] to produce nanopores with tunable diameters on a graphene monolayer, which 
exhibited rapid water transport and excellent salt rejection[15]. Despite the success of these methods in 
achieving tailored pore sizes and densities, they can be relatively expensive due to the use of specialized 
instruments.

Generally, physical etching is an effective method to prepare arrays of monodisperse nanopores with a 
precise and tunable pore size distribution, whereas chemical etching [Figure 4E] is relatively easy and low-
cost to produce nanopores in the graphene plane on a large scale. KOH, HNO3, and others are commonly 
used to prepare porous graphene. Zhu et al. reported simple activations with KOH to generate nanoscale 
pores on the exfoliated GO nanosheets[63]. The result in highly conductive, free-standing, and flexible porous 
GO paper possessed a very high specific surface area with excellent electrical conductivity and yielded 
outstanding performance, making it ideal for high-power energy storage[61,63,64]. Zhao et al. introduced 
carbon vacancy pores into graphene nanosheets using a facile solution method that the HNO3 reacted with 
the coordinatively unsaturated carbon atoms to partial detachment and removal of carbon atoms from the 
nanosheet[65]. Wang et al. prepared porous graphene nanosheets by refluxing reduced GO (rGO) nanosheets 
in a concentrated HNO3 solution[66]. The diameters of nanopores can be readily modulated from several to 
hundreds of nanometers by varying the acid treatment time[66]. Besides, H2O2

[67] and metal oxides[68] can also 
be applied as chemical reagents to etch graphene.
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In addition to graphene, other porous 2D nanosheets, such as h-BN[69], MoS2
[70,71], and g-C3N4

[19], can be 
obtained through artificial perforation approaches. The atomically thin 2D nanosheets hosting either 
intrinsical or artificial nanopores impart outstanding molecular transporting and sieving capabilities, 
making them promising materials for the direct fabrication of selectively permeable membranes with 
abundant nanofluidic channels.

Nanochannel membrane assembly strategies
In-plane parallel capillaries[72] are another type of nanochannels that can be constructed by assembling 
isolated atomic planes of 2D nanosheets into van der Waals heterostructures made layer by layer in a 
precisely chosen sequence, namely van der Waals assembly [Figure 5A]. A typical stacking procedure starts 
by isolating micrometer-sized 2D nanosheets on top of a thin supporting film as one brick for the Lego wall, 
which are then put face-down onto a chosen target with the supporting film removed or dissolved. This 
process is repeated until the desired stack is assembled. While covalent solid bonds provide in-plane 
stability of 2D nanosheets, relatively weak, van der Waals-like forces are sufficient to keep the stack 
together. Radha has made outstanding contributions to this technique, having fabricated narrow and 
smooth capillaries through van der Waals assembly, with atomically flat graphene sheets at the top and 
bottom separated by spacers with a precisely controlled number of layers[73]. They found that the water 
transport through the channels created by this method was characterized by an exceptionally fast flow that 
can be attributed to high capillary pressures and large slip lengths and can be associated with the structural 
ordering degree of nanoconfined water. They also investigated hydrated ion transport through ultimately 
narrow slits with dimensions approaching the size of small ions and water molecules[74]. The ions with 
hydrated diameters larger than the slit size can still permeate through by distortions of their hydration 
shells. The mobility of ions under angstrom-scale confinement showed a notable dependence on the electric 
charges inside channels or at their entries. Using the same method, 2D channels made from graphene, 
MXene, and h-BN allowed helium gas flow that is orders of magnitude faster than expected from theory, 
whereas similar 2D channels made from MoS2 exhibited much slower permeation that remains well 
described by Knudsen diffusion[75]. It demonstrated the ballistic molecular transport effect that surface 
scattering could be either diffuse or specular, dependent on the fine details of the atomic landscape of the 
surface. The van der Waals assembly technique opens up an avenue to making capillaries with channel sizes 
tunable to angstrom precision and controllable transport properties through a wide choice of available 2D 
materials as channel walls. These series of 2D nanochannels in the forms of in-plane parallel capillaries 
provide an ideal experimental platform for offering a new understanding of many excellent nanofluidic 
observations, such as the unexpectedly high transport of thermal protons[76,77],the qualitatively different 
coordination of square ice[78], the anomalously low dielectric constant of confined water[79], and the 
transistor-like electrohydrodynamic effect of hydrated ions[80].

The assembly of uniform 2D layered films from well-dispersed 2D nanosheets provides an ideal platform 
for constructing densely packed nanochannels for nanofluidic transport due to the large aspect ratio with 
atomic thickness and micron lateral dimension. Furthermore, the spaces, including in-plane slits (or 
defects) and plane-to-plane interlayer galleries within the 2D laminates, create numerous channels for 
nanofluidic transport. Among various feasible strategies, solution-assisted assembly offers a general, facile, 
and scalable way for high-throughput constructing densely packed nanochannels from 2D materials. The 
internal forces, such as electrostatic and van der Waals attractive interactions that are existed inside the 2D 
laminate, together with external forces, such as compressive, centrifugal, and shear forces that are applied 
outside the 2D laminate, are largely responsible for tuning the 2D building blocks into the ordered 2D 
laminar membranes[81]. Predominantly used solution-assisted assembly methods include pressure/vacuum 
filtrating, coating, and layer-by-layer assembling.
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Figure 5. Schematics of the main assembly methods for 2D-material-based nanochannel membranes. (A) Building van der Waals 
heterostructures[72]. Copyright 2013, Springer Nature Limited. (B) Pressure/Vacuum filtration. (C) Spin-coating. (D) Spray coating[181]. 
Copyright 2011, Royal Society of Chemistry. (E) Rob casting[181]. Copyright 2011, Royal Society of Chemistry.

The pressure/vacuum filtrating method [Figure 5B] is the most widely adopted to stack 2D laminar 
membranes. The thicknesses of the membrane can be straightforwardly controlled by altering the loading 
amount of 2D nanosheets via pressure control. For instance, Dikin et al. first reported the preparation of a 
free-standing GO membrane with macroscopic flexibility and stiffness by vacuum filtration of colloidal 
dispersions of individual GO nanosheets[82]. The X-ray spectrum of a typical GO membrane showed a peak 
corresponding to a layer-to-layer distance (d-spacing) of about 0.83 nm, which can be attributed to an 
approximately one molecule-thick layer of water that is presumably hydrogen-bonded between the 
interlocked GO nanosheets within the laminates. Preparation parameters such as driving force, deposition 
rate, and substrate effect play critical roles in determining the structural formation of 2D laminar 
membranes. For example, Tsou et al. induced the assembly of GO membranes with different laminar 
microstructures ranging from highly ordered to highly random utilizing pressure, vacuum, and evaporation 
filtrating techniques[83].

It is crucial to mention that due to the extremely thin feature, 2D laminates are usually supported by a 
porous substrate to form practical membranes. The differences in substrate properties also lead to a distinct 
assembly structure of resulting 2D laminar membranes with uneven performance. An example can be found 
in the study carried out by Zhang et al., who investigated the effect of substrate on GO membrane 
formation and separation[84]. The surface morphology and chemical structure of substrates induced the 
assembly of GO and determined its adhesion. Furthermore, the bulk pore structure of substrates dominated 
the whole transport resistance of the GO membrane.
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Besides filtrating, various coating methods, such as spin-coating, spray-coating, and casting, have been 
reported to assemble 2D laminar membranes. During the spin-coating process [Figure 5C], a solution 
containing 2D materials to be deposited is spread out uniformly over the substrate under centrifugal force, 
forming the ultrathin and laminar membranes. Kim et al. demonstrated two different spin-coating methods 
to prepare GO membranes on polymeric substrates[85]. When contacting the substrate surface to the air-
liquid interface of the GO solution followed by spin-coating, the repulsive edge-to-edge electrostatic 
interactions lead to an island-like assembly of GO nanosheets, resulting in a relatively heterogeneous GO 
stacking structure. In contrast, when contacting the substrate surface to GO solution only during spin-
coating, the face-to-face attractive capillary forces created by the spin-coating overcome the repulsive 
interactions between GO edges, leading to a considerably dense GO laminar deposition. Chi et al. found 
that a speed balance between deposition and solvent (water) evaporation is crucial to obtain smooth GO 
membranes with uniformly aligned GO nanosheets via spin coating[86]. Faster deposition may lead to 
overflow of the solution, while more rapid evaporation will cause uneven distribution of nanosheets. By 
matching up deposition and evaporation speeds, they obtained a uniform ultrathin GO membrane with a 
thickness of 20 nm that grants high gas fluxes for efficient gas separation. For spray-coating [Figure 5D], 
Guan et al. carefully controlled spraying times and evaporating rates to achieve facile structure 
manipulation of GO membrane from disordered-to-ordered and porous-to-compact[87]. Ibrahim et al. 
further verified that using dilute concentration GO suspensions in spray-coating can help minimize the 
edge-to-edge interactions and reduce extrinsic wrinkles formation[88]. Casting [Figure 5E] also belongs to 
coating methods that allow the continuous production of large-scale membranes. Akbari et al. utilized the 
flow properties of a nematic GO fluid in developing an industrially adaptable process to produce GO 
membranes with large in-plane order and stacking periodicity by shear-induced alignment of liquid crystals 
of GO[89]. Zhong et al. showcased a universal, scalable, efficient continuous centrifugal casting method to 
produce highly aligned and compact 2D laminar membranes with impressive performances[90]. Fluid 
mechanics analyses indicated that the simultaneous generation of shear force and centrifugal force during 
the continuous centrifugal casting process could be responsible for the alignment and compaction of 2D 
nanosheets, respectively.

Layer-by-layer assembly is a flexible construction process involving alternate deposition of different 
materials, often using one or more of the previously described methods. Such a flexible layer-by-layer 
construction process enables precise control over the thickness of the selective layer by varying the number 
of deposition cycles and is beneficial for introducing various interlayer stabilizing forces, including covalent, 
electrostatic, or hydrogen bindings between adjacent 2D nanosheets, thereby producing membranes with 
robust and ordered laminar structures[81]. Hu et al. reported a 1,3,5-benzenetricarbonyl trichloride cross-
linked GO membrane made via layer-by-layer deposition[91]. The covalent cross-linking enhanced the 
stability of the stacked GO nanosheets, overcoming their inherent dispensability in the water environment 
while fine-tuning their charges, functionality, and spacing[91]. In addition, layer-by-layer assembly has been 
used to create stable GO membranes through the electrostatic bonding of negatively charged GO 
nanosheets and positively charged polyallylamine hydrochloride[92]. These methods provide a gateway to 
rationally design the charge properties and other functionalities of interlayer nanochannels of 2D laminar 
membranes by carefully choosing the intercalated molecules, polyelectrolytes, or nanomaterials. For 
instance, Song et al. developed both positively charged polyallylamine hydrochloride@GO and negatively 
charged polystyrene sulfonate@GO, which they alternately deposited on polycarbonate substrates by the 
layer-by-layer assembly, producing polyelectrolyte intercalated GO membranes with tunable charge-gating 
ion exclusion effects[93]. Apart from a single interaction, Zhao et al. fabricated GO-based hybrid membranes 
via layer-by-layer self-assembly of gelatin molecules and GO nanosheets driven by multiple interactions, 
including electrostatic attraction, hydrogen bond, and hydrophobic interaction[94]. Electrostatic attractions 
were formed between ionized carboxyl groups on GO and protonated amino groups on gelatin, hydrogen 
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bonds between various polar groups on gelatin and GO, and hydrophobic interactions between the 
hydrophobic carbon backbone of GO and hydrophobic amino acid side chains on gelatin. These multiple 
interactions may contribute to the formation of highly ordered 2D laminar membranes with finely tuned 
2D nanochannels for nanofluidic transport.

In summary, the structural properties of nanochannels in nanochannel films based on 2D materials, 
including layer thickness, stacking order, defects and grain boundaries, surface functionalization, 
embedding of additives or polymers, and nanosheet alignment and orientation, largely affect the overall 
filtration performance of the membrane. Controlling these factors can tune the interlayer spacing, pore size 
distribution, surface interactions, and flow dynamics within nanochannels, leading to membranes with 
higher selectivity, permeability, and fouling resistance. The choice of synthesis and assembly method 
depends on the desired material, application, scalability, and desired quality of 2D nanosheets. Each method 
has its advantages and limitations. Further studies to understand and optimize these structural properties 
will facilitate the development of more efficient and tailored nanochannel membranes for various separation 
applications.

Characterization methods
Characterization techniques are essential for understanding the properties of 2D materials. Various 
techniques allow for a thorough examination of these materials. XRD is used to determine the crystal 
structure and orientation of 2D materials. It involves directing X-rays onto the material and measuring the 
resulting diffraction pattern. XRD can provide information about lattice parameters, crystal symmetry, and 
the presence of specific crystalline phases. In addition, the layer spacing is calculated using XRD data 
according to Bragg’s law. Optical spectroscopy techniques such as UV-Vis absorption spectroscopy and 
photoluminescence spectroscopy are used to study the optical properties of 2D materials. They can reveal 
information about the material band gap, exciton properties, and light-matter interactions. X-ray 
photoelectron spectroscopy (XPS) is used to analyze the chemical composition and electronic states of 2D 
materials. It involves irradiating the surface of a material with X-rays and measuring the energy of the 
emitted electrons. XPS can provide information about elemental composition, chemical bonding, and the 
presence of impurities or functional groups. Raman spectroscopy is used to analyze the vibrational modes of 
2D materials. It involves shining a laser on the material and measuring the scattering spectrum. Raman 
spectroscopy provides insight into the crystal structure, composition, and strain of material and identifies 
different types of 2D materials. Atomic Force Microscopy (AFM) is a powerful technique for imaging the 
morphology and surface properties of 2D materials. It uses a sharp probe to scan the entire surface of a 
material, detecting force changes between the probe and the sample. AFM can provide information about 
the height, roughness, and mechanical properties of a material at high spatial resolution. Scanning electron 
microscopy (SEM) provides high-resolution images of the surface/sectional morphology of 2D materials. It 
uses a focused electron beam to scan the surface of a material, generating detailed images that reveal 
features such as the size, shape, and arrangement of thin sheets or layers of material. Transmission electron 
microscopy (TEM) is used to study the internal structure and atomic-level features of 2D materials. It 
involves the transmission of an electron beam through a thin sample to image the atomic structure and 
defects of the material. TEM can provide information about crystal structure, grain boundaries, stacking 
sequences, and even individual atomic arrangements.

Among other things, these characterization techniques allow researchers to gain a comprehensive 
understanding of the structural, morphological, chemical, and optical properties of 2D materials. By 
combining multiple techniques, a complete characterization of 2D materials can be achieved, facilitating 
their optimization and utilization in a variety of applications. The development of advanced 
characterization techniques, such as cryoelectron microscopy and in-situ Raman, will provide researchers 
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with more reliable means and opportunities to explore the deeper mechanisms of structure and separation 
and purification of 2D-material-based membranes[95-98].

REGULATING NANOCHANNELS
The transport of nanofluids through nanochannel membranes based on 2D materials predominantly takes 
place within the interlayer space. It is within this space that the transport behavior is influenced by various 
physical and chemical factors. Moreover, addressing issues such as nanochannel instability, instability at the 
2D-material interface, and swelling can be effectively tackled by adjusting the physicochemical factors of the 
2D-material-based nanochannels. Therefore, rational regulation of the nanochannels is of utmost 
importance. Controlling the physical factors of channel size, channel length, and channel morphology can 
primarily modulate nanofluidic transport by achieving precise sieving, shortening the transport distance, 
and reducing the transport resistance. Regulating the chemical factors of the surface chemistry effects can 
specifically facilitate nanofluidic transport through various permeant-channel interactions. Many efforts 
have been devoted to carefully designing precise geometries and favorable chemical features of 
nanochannels for realizing fast and selective molecular/ionic transportation. This section presents typical 
provisions for the physicochemical properties of nanochannels in 2D-material-based membranes. Based on 
experimental and theoretical studies, various effects and in-depth structure-property relationships of 
nanofluid transport are also discussed.

Regulating size of nanochannels
In 2D-material-based nanochannel membranes, nanofluidic transport occurs in interlayer capillaries and 
wrinkles formed by adjacent 2D nanosheets and inter-edge gaps and intrinsic pores formed on planar 2D 
nanosheets interconnect with each other to create numerous nanochannels. Firstly, the channel size 
[Figure 6], one of the most prominent characteristics of nanochannels, firmly decides the entry of 
nanofluids. Joshi et al. found that the interlayer spacing of a GO membrane was ~ 0.9 nm[16], allowing any 
ion or molecule with a hydrated radius of 0.45 nm or less to enter the nanochannels and permeate at a speed 
order of magnitude faster than would occur through simple diffusion, while all species larger than this are 
sieved out. Such sharp size cutoff determined by the interlayer spacing has significant implications on a 
myriad of occasions. By adjusting the channel size through diverse methods, such as confinement, 
reduction, cross-linking, and intercalation, a broad range of different-sized nanochannels can be designed to 
sieve target ions and molecules from the bulk solution precisely.

Due to the inevitable swelling effect when immersed, hydration would increase the size of nanochannels and 
deprive their sieving capability. Achieving a small channel size for the 2D laminates immersed in solvents 
has been a challenging task. Abraham et al. described a physical confinement method [Figure 6A] to control 
the interlayer spacing from ~ 9.8 Å to ~ 6.4 Å to obtain accurate and tunable ion sieving[99]. GO laminates 
were stored at different relative humidities to yield controllable interlayer spacing attributed to 
incorporating water molecules into various sites between GO nanosheets. Subsequently, epoxy was used to 
encapsulate stacked GO laminates for preparing physically confined GO membranes since the epoxy 
mechanically restricts laminate swelling upon water exposure. As ions and water permeate along the GO 
nanochannel, the permeation rate for Na+ and K+ showed an exponential dependence, decreasing by two 
orders of magnitude as interlayer spacing decreased from 9.8 Å to 7.4 Å. However, the water permeation 
rate showed only a slight variation, reducing by a factor of ~ 2 within the same range of interlayer spacing. 
The former is related to the partial clogging of graphene capillaries, and the latter is attributed to a low 
barrier and a large slip length for water in graphene capillaries. Similarly, Li et al. reported an external 
pressure regulation method for controlling the interlayer spacing of GO laminates against swelling[100].
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Figure 6. Regulating the size of nanochannels. (A) Physical confinement. (B) The stable, optimized geometries of Na+-(H2O)6@GO 
clusters from density functional theory computation[101]. Copyright 2017, Springer Nature. (C) The fabrication procedure of free-
standing rGO membranes using reduction control[104]. Copyright 2015, John Wiley & Sons, Inc. (D) Original GO membrane (left) and 
the composite GO-framework prepared by p-phenylenediamine cross-linking GO membrane (right)[105]. Copyright 2014, American 
Chemical Society. (E) Graphene/carbon nanotube composite membranes are prepared by assembling refluxed GO (rGO) and multi-
walled carbon nanotubes[120]. Copyright 2015, American Chemical Society.

Apart from channel size regulation based on external forces, cationic control is a representative method of 
channel size regulation based on internal forces. Chen et al. demonstrated cationic control of the interlayer 
spacing of GO membranes with angstrom precision using K+, Na+, Li+, Ca2+, or Mg2+ ions [Figure 6B][101]. The 
confinement of interlayer spacing is mainly due to the interaction between hydrated cations and aromatic 
rings (cation-π interactions) on the GO nanosheet and the interaction between hydrated cations and the 
oxygenated groups on the GO nanosheet. As a result, the interlayer spacing controlled by one type of cation 
can efficiently and selectively exclude other cations with larger hydrated volumes. Especially the K+-
controlled GO membranes can even reject K+ itself owing to the comparable interaction energy between K+ 
and GO nanosheets concerning the dehydration energy of K+.

Reduction is another effective method to control the small channel size for the solvated 2D laminates. These 
2D nanosheets possess abundant functional oxygenated groups that open the interlayer spacing between 
adjacent nanosheets and allow solvent molecules to intercalate into 2D laminates. Partially removing these 
oxygenated functional groups through various thermal or chemical reductions can enhance interlayer π-π 
interactions, thereby producing narrowed and stabilized nanochannels. Qiu et al. reported that 
hydrothermal treatment could readily control the reduction of GO nanosheets in water[102]. Meanwhile, Han 
et al. obtained an rGO dispersion by base-refluxing to generate moderate holes and create a large number of 
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permeation “gates”, ultimately increasing the permeability of the rGO membrane[103]. However, the pre-
treatment of reduction may lead to the worse dispersion of nanosheets that is not conducive to uniformly 
assembling them into well-stacked laminates. Liu et al. prepared a GO membrane beforehand and placed it 
above a hydrogen iodide (HI) solution [Figure 6C][104]. The HI steam acts as a reducing agent, which reduces 
GO and triggers the initial delamination between the rGO membrane and substrate. Fumagalli et al. found 
that GO laminates reduced using thermal, HI, and VC reductions are highly impermeable to strong 
chemicals and salt solutions, owing to a high degree of graphitization of the laminates, causing 
nanochannels collapse during the reduction process[79].

The enlarged channel size can be achieved by cross-linking or intercalating cross-linkers, such as specific 
molecules, polyelectrolytes, or nanomaterials, to reinforce transport efficiency. The most commonly used 
cross-linkers for GO membranes are diamines[105], including ethylenediamine (EDA), butylenediamine 
(BDA), and phenylenediamine (PDA), which can chemically bond with adjacent GO nanosheets through 
condensation and nucleophilic addition reactions [Figure 6D]. The spatial configuration of amine 
monomers primarily determines the channel size of cross-linked GO membranes in a dry state, whereas the 
bonding strength of amine monomers within the GO laminate likely determines their channel size in a wet 
state[106]. Other molecules holding characteristic terminal groups, such as dicarboxylic acids[107], tannic 
acid[108], borate[109], isophorone diisocyanate[110], porphyrins[111], and polybenzimidazole[112], have also been 
proved to cross-link 2D-material membranes to address 2D channel size control chemically. Yang et al. 
demonstrated the preparation of thiourea covalently linked GO membrane where thiourea bridged GO 
laminates periodically through the reactions of amino and thiocarbonyl groups with the functional groups 
of GO, leading to mechanically stable and structurally well-defined 2D channels[113]. These molecule cross-
linkers usually yield covalent bonds through a limited number of active sites. In contrast, polyelectrolytes 
possess long polymer chains with abundant functional groups, which can serve as polymer cross-linkers to 
be incorporated into 2D laminates through sufficient active sites to produce a dense composite structure. 
The commonly used polymer cross-linkers are polyvinyl amine (PEI)[114,115], polyvinyl alcohol (PVA)[116], 
polyethylene glycol (PEG)[117], and so on. Ran et al. utilized imidazolium-functionalized brominated poly 
(2,6-dimethyl-1,4-phenylene oxide) (Im-PPO) and sulfonated poly (2,6-dimethyl-1,4-phenylene oxide) 
(S-PPO) to connect neighboring GO nanosheets via non-covalent π-π, electrostatic, and hydrogen bonding 
interactions[118]. These cross-linking strategies may pave the way to access highly stable and efficient 
transport of 2D lamellar membranes.

Besides cross-linking, intercalating nanomaterials of specific sizes is another means to significantly improve 
the permeability of 2D-material membranes, as it effectively creates large amounts of broadened pathways 
for nanofluidic transport. Carbon-based nanomaterials, metal oxide nanoparticles, MOFs, and COFs are 
among the representative intercalated nanomaterials. By embedding carbon nanodots of controllable sizes, 
Wang et al. were able to tune the permeability of GO membranes[119]. Han et al. expanded the interlayer 
spacing of GO membranes by intercalating multi-walled carbon nanotubes (CNTs) [Figure 6E][120]. Goh et 
al. further proposed that intercalating of CNTs of different diameters can effectively inhibit the restacking 
(or aggregation) of GO nanosheets and thus create plenty of nanochannels for water transport while 
retaining the molecular sieving capability of the ensuing membranes. Moreover, CNTs can also act as 
anchors to interact and interconnect with the adjacent GO nanosheets due to the perfect compatibility of 
carbon-based materials to reinforce the membrane stability[121]. Intercalation of metal oxide nanoparticles is 
another general and scalable approach to expand 2D nanochannels significantly. Zhang et al. prepared 
nanoparticles@GO membranes using a simple in-situ solvothermal synthesis method, where size- and 
density-controllable nanoparticles were uniformly grown on GO nanosheets through coordination[122]. 
Compared to the membrane produced by filtering GO solutions mixed directly with nanoparticles, the in-
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situ fabricated nanoparticles@GO membrane uniformly introduced nanoparticles within GO laminates 
without damaging their initial ordered stacking structures and hence exhibited ultrahigh water permeance 
and excellent rejections for various solutes in water, as well as good stability under high pressure and cross-
flow operation. This general concept of intercalation can also be demonstrated by several kinds of 
nanoparticles such as TiO2

[123], silica[124], and hydroxy sodalite nanocrystals[125], endowing nanoparticles 
intercalated GO membranes with additional multifunctions. Compared with nonporous metal oxide 
nanoparticles, intrinsically porous nanocrystals are more beneficial for fast nanofluidic transport when they 
are intercalated into 2D nanochannels. By incorporating MOFs[126,127], COFs[128,129], and biomimetic water 
channels[130] with extra internal pathways through sub-nano-sized apertures as the microporous fillers into 
2D laminates, both the size and the number of nanochannels are increased, leading to greatly enhanced 
nanofluidic transport performance. Li et al. described a route for fabricating MOFs channeled graphene 
composite membranes with molecular sieving properties using in-situ crystallization. A series of MOFs, 
including ZIF-8, ZIF-7, CuBTC, and MIL-100, were showcased to be impregnated into interlayers of GO 
laminates, which firmly anchored and bolstered up GO laminates by coordination bonds to form a highly 
porous architecture with uniform nanochannels[127].

Khan et al. created a hybrid laminar membrane by assembling COFs and GO nanosheets[128]. The 
incorporation of COFs nanosheets provides a large number of pores that shorten the transport pathway 
while retaining the interlayer distance. Similarly, Sui et al. also intercalated rigid 2D COFs into GO 
laminates to realize a robust GO/COF laminar membrane[129]. The atomically thin 2D COFs with pores serve 
as a nano spacer to increase the interlayer spacing between GO nanosheets and provide direct transfer 
channels, thereby reducing water transfer resistance. On the other hand, the COFs enhance the self-
supporting capacity of GO networks on a substrate with large pores. As a result, this strategy led to a 
significant increase in the water permeance of the optimized GO/COF laminate membrane compared to the 
pristine GO membrane without compromising its rejection rates to organic dyes. Mao et al. embedded 
imidazole-ureido bola-amphiphile-imidazole compound as biomimetic imidazole-quartet water channels 
into assembled GO laminates to enhance water transport selectivity over butanol benefiting from the 
hydrophilic water-preferential nanochannels along the imidazole-ureido molecular scaffolds[130].

As the GO membrane is a showpiece that provides flexible platforms for developing versatile novel 2D-
material membranes, the methods mentioned above for regulating channel size are adaptable for other 2D-
material membranes. For example, Wang et al. related the performance of MoS2 membranes to the size of 
their nanochannels in different hydration states[131]. They found that the water-impermeable behavior of the 
dry MoS2 nanochannel, which has a 0.62 nm interlayer spacing, is caused by the irreversible nanosheet 
restacking during a drying process. In comparison, the fully hydrated MoS2 membrane possesses a stable 
1.2 nm interlayer spacing, leading to high water permeability and moderate-to-high ionic and molecular 
rejection. Meanwhile, the MoS2 nanochannel has a much stronger van der Waals attraction force than the 
GO nanochannel, which prevents the interlayer spacing from increasing, thereby ensuring the aqueous 
stability of MoS2 membranes. Inspired by the structural characteristics of GO membranes, where oxidized 
zones act as spacers to provide a relatively large interlayer distance to accommodate water molecules, Ran et 
al. incorporated appropriate acid spacers between g-C3N4 interlayers to enlarge the width of the 2D 
channels[132]. The intercalation molecules successfully break up the tightly stacked structure of g-C3N4 
laminates. Accordingly, the modified g-C3N4 membranes give rise to two orders of magnitude higher water 
permeance without sacrificing the separation efficiency. In a similar route, Wang et al. devised a method to 
partially exfoliate dg-C3N4 nanosheets with artificial nanopores and unstripped fragments as self-supporting 
spacers and assemble them into 2D laminar membranes for water purification[19]. The artificial nanopores 
and the spacers between the partially exfoliated g-C3N4 nanosheets provide numerous nanochannels for 
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nanofluidic transport with ultralow friction while effectively retaining larger molecules. Wang et al. also 
demonstrated a strategy for stabilizing the Ti3C2Tx laminar architecture by alginate hydrogel pillars formed 
between the adjacent nanosheets[133]. After pillared by different alginate hydrogel pillars, the nanochannel 
diameters are effectively fixed at ~ 7.4 Å, and the resulting membrane exhibited significantly enhanced the 
ion-sieving property with distinct ions permeation cutoff depending on the multivalent cations cross-linked 
with alginate molecules.

Regulating the length of nanochannels
Another physical factor influencing nanofluidic transport through 2D-material-based nanochannel 
membranes is channel length, which largely depends on the membrane thickness and porosity. Nanoporous 
2D materials of single- or few-atom thickness are the ultimate building blocks for constructing ultrathin 
membranes with minimal resistance to maximize permeance.

As a straightforward way to shorten the channel length, many theoretical and experimental studies have 
demonstrated the ultrafast permeation performance of ultrathin 2D-material membranes. For example, 
Cohen-Tanugi et al. predicted that ultrathin nanoporous graphene membrane could have water 
permeability several orders of magnitude higher than conventional membranes thanks to the chemical 
functionalization, which may have a valuable role to play in water purification [Figure 7A][134]. Han et al. 
fabricated ultrathin (~ 22-53 nm) graphene nanofiltration membranes on microporous substrates for 
efficient water purification[103]. Liu et al. prepared free-standing ultrathin rGO membranes with thickness 
down to ~ 20 nm by HI vapor and water-assisted delamination[104]. Yang et al. reported highly laminated 
GO membranes of only several layers in thickness (~ 8 nm), exhibiting outstanding sieving properties 
accompanied by ultrafast solvent permeation[135]. Li et al. described a reproducible facile filtration method to 
produce ultrathin GO membranes down to 1.8 nm in thickness, which exhibited superior gas separation 
performance[136]. Furthermore, single-layer 2D-material membranes for practical use have also been 
attempted. For example, Heiranian et al. showed that a single-layer nanoporous MoS2 effectively allowed 
water transport at a high rate associated with permeation coefficients, energy barriers, water density, and 
velocity distributions in the pores [Figure 7B][137].

Although the ultrathin 2D-material membranes exhibit exceptional permeation performances, the limited 
mechanical strength of these membranes over large areas remains a hindrance to their widespread use. To 
overcome this limitation, Yang et al. reported the production of an atomically thin nanoporous membrane 
with a single-layer graphene nanomesh (GNM) supported by an interwoven network of single-walled 
carbon nanotubes (SWNT)[138].The monolayer GNM featuring high-density subnanometer pores 
[Figure 7C] allows efficient transport of water molecules with minimum resistance while effectively 
blocking solute ions or molecules to enable size-selective separation. The mechanically strong, 
interconnected SWNT network, acting as the microscopic framework, separates the GNM into microsized 
islands, thus ensuring the structural integrity of the atomically thin GNM. The resulting large-area, ultrathin 
GNM/SWNT hybrid membrane showed high water permeance and excellent size selectivity combined with 
excellent anti-fouling characteristics, making it highly attractive for energy-efficient and robust water 
treatment.

Regulating morphology of nanochannels
The morphology of the channel in ultrathin 2D-material membranes plays a crucial role in determining the 
distance traveled by nanofluids. Inter-edge gaps [Figure 8A] and intrinsic pores [Figure 8B] are crucial 
elements that influence this distance[135,136]. Ibrahim et al. proposed using nanofluidic pathways in laminar 
GO membranes, where permeation occurs through pinholes within GO flakes and capillaries between 
them[139]. Utilizing small and porous nanosheets to assemble membranes can efficiently introduce more 
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Figure 7. Regulating length of nanochannels. (A) side view of the computational system of ultrathin graphene membrane in the 
desalination process[134]. Copyright 2012, American Chemical Society. (B) The simulation box consists of a single-layer MoS2 sheet 
(molybdenum in blue and sulfur in yellow), water (transparent blue), ions (in red and green), and a graphene sheet (in gray)[137]. 
Copyright 2015, Springer Nature. (C) The fabrication process of density pores on graphene-nanomesh/carbon-nanotube hybrid 
membranes using O2 plasma[138]. Copyright 2019, Science Publishing Group.

Figure 8. Regulating morphology of nanochannels: inter-edge gaps (A), intrinsic pores (B), and nanowrinkles (C).

inter-edge gaps and intrinsic pores, enabling nanofluids to take shortcuts to perform ultrafast transport. A 
few works have developed simple methods for the lateral size fractionation of 2D nanosheets using 
techniques such as sonication[140], filtrations[141], differential centrifugation[142], and controlled directional 
freezing[143]. It is found that when the dimension of nanosheets within the membrane is changed from 
microsize to nanosize, the amount of nanofluidic pathways formed within the GO membrane is increased 
significantly, resulting in the enhancement of trans-membrane transportation in the case of nanosized 2D-
material membranes[144]. Nie et al. exploited this concept of lateral dimension control to engineer shorter 
and less tortuous transport pathways for solvent molecules, leading to the development of small-flake GO 
membranes that achieved ultrafast selective molecular transport[145]. The methanol permeance in these 
membranes reached up to 2.9-fold higher than its large-flake GO counterpart, with high selectivity towards 
organic dyes[145]. Section 2.2 has described various perforation techniques to produce nanopores on 2D 
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nanosheets[15,19,58-71]. The creation of nanopores can provide a greater number of transport nanochannels for 
nanofluids and sharply reduce the average transport distances. Ying et al. reported GO membranes with 
introduced in-plane mesopores by a reoxidation process, demonstrating 2-3 folds enhancement of water 
permeance as that of the pristine GO membranes[146]. Li et al. also proposed thermally reduced nanoporous 
GO membranes through a combination of mild H2O2 oxidation and moderate thermal treatment, increasing 
the water permeability by 26 times[147]. Those intrinsically porous 2D materials are more attractive as 
building blocks to assemble 2D laminar membranes. Their uniform nanopores consisting of angstrom-sized 
windows and nanometer-sized cavities can provide numerous cross-layer shortcuts and ensure precise size 
exclusions. Peng et al. reported ultra-permeable and super selective molecular sieve membranes made of 2D 
MOF nanosheets, which achieved H2 permeance of up to several thousand GPU with H2/CO2 selectivity 
greater than 200[37,148]. Shinde et al. demonstrated ultrathin 2D COF membranes with a well-defined ordered 
porous structure[149]. These membranes displayed remarkable permeabilities for polar and nonpolar organic 
solvents, which were approximately 100 times higher than the amorphous polymer membranes[149].

Besides the tortuous transport pathways through internal nanochannels of 2D laminar membranes 
extending in horizontal and vertical directions, nanowrinkled morphologies [Figure 8C] also exist in 2D 
laminar membranes, whose effects in transmembrane transport should not be neglected. Xi et al. proposed 
an rGO membrane with 2D nanochannels uniformly confined with a space size of ~ 8 Å[150]. The mild 
reduction avoids the hydrothermal corrugation of GO nanosheets and thus enables the creation of highly 
parallel 2D nanochannels for precise sieving of mono-/multi-valent metal ions[150]. Li et al. also 
demonstrated a mild-thermal annealing for preparing rGO membrane for nanofiltration since the mild 
reduction condition might favor the formation of a more ordered and better-controlled transport 
nanochannel[151]. Contrary to these efforts to eliminate nanowrinkles, Saraswat et al. hypothesized that the 
imperfect stacking in the 2D laminates could lead to voids, wrinkles, and disordered microstructures that 
could provide alternative non-ideal transport pathways for nanofluids, resulting in a higher effective 
permeance[152]. Kang et al. further revealed the roles of nanowrinkles in mass transport across GO 
membranes[153]. They found nanowrinkles by themselves serve as fast transporting ways while their 
connection with narrow interlayer channels can form a selective network[153]. Huang et al. developed a 
nanostrand-channeled GO membrane, whose permeance offered a 10-fold enhancement without sacrificing 
the rejection rate compared with that of pristine GO membrane, attributing to the generation of more 
nanofluidic channel networks in the membrane[154]. The nanostrand-channeled concept is also extendable to 
other 2D laminar membranes, such as MXene[17] and WS2 membranes[155], for increased permeability. These 
findings corroborate that nanowrinkles serve as fast tracks for nanofluids to enhance membrane 
permeability. Considering nanowrinkles broadly existing within flexible 2D nanosheets, they are expected to 
show critical transportcontroling effects in nanofluidic transport in 2D-material membranes.

Regulating surface physicochemical properties of nanochannels
The 2D-material nanosheets have abundant functional groups. During the filtration process, the 2D 
material-based membrane is prone to swelling effect, resulting in the collapse of nanochannels and loss of 
sieving performance. Targeted modification of 2D-material surfaces is, therefore, significant, and a number 
of methods have been developed for modifying the chemical properties of membrane surfaces [Figure 9]. 
One commonly used strategy is the Chemical intercalation of cross-linking agents (e.g., ions, small 
molecules, or macromolecules), which enhances the interlayer force and improves the mechanical stability 
of 2D nanosheet membranes. At the same time, this strategy modulates the affinity of water/ions to the 
nanosheet surfaces, thereby regulating their mobility as they pass through the channels.
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Figure 9. Regulating surface physicochemical properties of nanochannels. (A) Intercalating metal ions. [a] A snapshot of the ab initio 
molecular dynamics simulation at 27 ps. [b] The interaction energy between hydrated cations and graphene oxide sheets [labeled 
cation-(H2O)6@GO] and the hydration energy of the cation [labeled cation-(H2O)6]. [c–e] The most stable optimized geometries of 
cation-(H2O)6@GO clusters from density functional theory computation, where the cations are Na+, K+, and Li+ [101]. Copyright 2017, 
Springer Nature. (B) A GO polymer cross-linked network composite membrane for forward osmosis desalination[158]. Copyright 2017, 
The Royal Society of Chemistry. (C) Restacked Ti3C2Tx-based membrane by introducing reduced GO as the spacer[160]. Copyright 2019, 
Springer Nature. (D) Oxidation process from graphite to graphene oxide[161]. Copyright 2021, MDPI.

Modifying the surface of 2D materials with a small number of metal ions, such as Mg2+ and Ca2+, is 
considered an effective strategy to improve the membrane performance significantly. This enhancement is 
mainly due to the electrostatic bonding between metal ions and functional groups on the surface of 2D 
materials[156]. To further understand this mechanism, Chen et al. modified the GO membrane with hydrated 
Na+ ions and found, through DFT calculations, that the hydrated ions were adsorbed through hydrogen 
bonds in the region where the oxidized groups and aromatic rings coexisted, effectively adjusting and fixing 
the interlayer distance[101]. The interlayer distance is proportional to the hydration radius of the 
corresponding Li+ > Na+ > K+ class ions [Figure 9A]. Ding et al. effectively reduced the d-spacing to 
~ 1.5 nm. They effectively suppressed the swelling effect by intercalating Al3+ into the Ti3C2Tx MXene film 
combined with abundant surface termini (such as ¼O, eOH, and eF functional groups) within the 
nanosheets[157]. Cross-linking 2D materials by organic molecules is another effective strategy to tune and fix 
the interlayer distance in layered films. Epoxy, a commonly used chemical raw material, is employed to 
modify the surface of 2D-material nanosheets. This strategy successfully prevented the swelling of GO and 
produced nearly 97% NaCl repulsion[99]. Hung et al. cross-linked GO with EDA monomer to make the 
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nucleophilic substitution condensation reaction between the oxygen-containing groups of amine and GO to 
form a CeN covalent bond, which effectively suppressed the swelling effect[105]. In-situ polymerization on the 
surface of 2D materials to generate twins is also a commonly used strategy[72-75]. Kim et al. using N,N’-
methylenebisacrylamide (MBA) as the cross-linking agent, N-isopropylacrylamide (NIPAM) as the 
monomer, and then ammonium persulfate (APS) as the initiator, successfully synthesized the GO@polymer 
twins[158]. The prepared membranes have excellent anti-swelling properties and desalination ability[158,159] 
[Figure 9B].

The potential interaction of functional groups on the surfaces of different 2D materials makes the 
superimposition of different 2D materials a possible strategy for modifying the surface chemistry of 
materials [Figure 9C]. Xie et al. reported a Ti3C2Tx MXene-based membrane whose microstructure was 
optimized by inserting rGO between the layers[160]. The surface of the membrane was progressively 
hydroxylated to increase the accessibility of Ti3C2Tx, thus improving the wettability of the film and 
enhancing the adsorption and reduction of heavy metal ions.

Oxidation and reduction processes are commonly used to modify and prepare 2D materials, so surface 
properties are often modified during the preparation process. For example, using a modified Hummers 
method (i.e., oxidation procedures), Alkhouzaam et al.[161] prepared a GO membrane with more active 
surface properties than a graphene membrane, which facilitates its functionalization to meet the request 
[Figure 9D].

The properties of nanochannel membranes based on 2D materials, including swelling resistance and water 
permeability and retention, are closely related to the transport control effects of nanochannels and the 
interleaving of surface properties. These factors play a key role in determining the overall performance and 
functionality of the membranes. Therefore, it becomes imperative to thoroughly evaluate and consider the 
effects of various modification methods on the nanochannels. This careful evaluation enables researchers to 
select and optimize the most suitable 2D-material-based membranes for specific applications. By 
understanding and exploiting the complex relationship between nanochannels and surface properties, 
researchers can unlock the full potential of these membranes in areas as diverse as water purification to 
energy storage.

APPLICATIONS OF 2D-MATERIAL-BASED NANOCHANNEL MEMBRANES
By rationalizing the structural and functional characteristics, 2D-material-based nanochannel membranes 
can achieve many features, such as ultrafast transmission, selective sieving, sensitive sensing, controlled 
gating, and rectification, among others. This section summarizes typical developments in liquid molecular 
separation, gas separation, and ion sieving using state-of-the-art 2D-material-based nanochannel 
membranes [Figure 10].

Liquid molecular separation
Membranes are highly susceptible to swelling effects when applied in liquid environments (i.e., liquid 
molecular separations, including liquid solvent-molecular solute separations and liquid-liquid separations), 
leading to the collapse of nanochannels, reduced selectivity, and shortened membrane lifespan. Therefore, it 
is imperative to improve the swelling resistance of membranes in liquid environments compared to 
membranes in other conditions.

A series of anti-swelling MXene nanochannel membranes were synthesized by Xing et al. using the 
interaction forces generated by introducing negatively charged polymers into positively charged MXene 
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Figure 10. Liquid-molecule separation performance in representative applications. (A) Rejection rates of various dyes (i.e., Liquid 
solvent-Molecular solute separation) on an anti-swelling MXene-based membrane[162]. Copyright 2022, John Wiley & Sons, Inc. (B) 
Separation performance of various alcohols to H2O (i.e., Liquid-liquid separation) on a 2D-interspacing-narrowed graphene oxide 
membrane[163]. Copyright 2017, Springer Nature. Gas separation performance in representative applications. (C) Simulation diagram of 
highly efficient gas separation on MXene molecular sieving membranes[164]. Copyright 2018, Springer Nature. (D) Highly efficient CO2 
capture performance on ultrathin graphene oxide-based hollow fiber membranes with brush-like CO2-philic agent[165]. Copyright 2017, 
Springer Nature. Ion sieving performance in representative applications. (E) Ultrafast water flux of a graphene desalination membrane 
with 99.99% NaCl rejection rate at different feed temperatures[167]. Copyright 2021, Elsevier B.V. (F) Fast and selective lithium-ion 
transport performance on an oriented UiO-67 Metal-Organic Framework membrane[170]. Copyright 2022, John Wiley & Sons, Inc.

membranes[162]. And by tuning the ratio of polymer and MXene, different sizes of nanochannels can be 
obtained for separating different hydrated molecules [Figure 10A]. Xing et al. reported a separation 
membrane that can adjust the size of nanochannels by operating pressure, which can retain 99.9% of 
hydrated dye molecules under a small operating pressure and 51.8% of the hydrated ions under a large 
operating pressure[14]. Liquid-liquid separation plays a pivotal role in chemical production. Qi et al. reported 
a GO-based nanochannel membrane with an interlayer channel size between water and methanol 
molecules, which can effectively separate methanol-water mixtures with a high separation efficiency of 
99.89 wt.% [Figure 10B][163]. For a better comparison of related membranes, a summary of liquid molecular 
separation membranes is shown in Table 2.

Gas separation
Unlike other separations, gas separation is more sensitive to adsorption and desorption on membrane 
surfaces, requiring smaller nanochannels than other separation systems used throughout many industries, 
such as methane reforming, CO2 capture, and hydrogen purification. Therefore, Controlling the 
nanochannel size and modifying the surface is essential.

The preparation of high-performance hydrogen purification membranes has become critical for 
constraining hydrogen energy to replace fossil dyes in catalytic hydrogen production processes. Ding et al. 
prepared a two-position separation membrane with a nanochannel size ~ 0.35 nm, which possesses H2 
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Table 2. Summary of liquid molecular separation membranes

Membrane Base material Assembly method Interlayer spacing Molecular Dye rejection (%) Permeate flux 
(L·m-2·h-1·bar-1)

uGNMs[103] Graphene Vacuum filtration sub-1-nm DR 8, > 99 21.8 

PRGO/HNTs[182] Graphene oxide Solvent evaporation 8.87 Å RB 5, 97.9 11.3 

GO(120) NFMs[183] Graphene oxide Electro spraying 0.818 nm EB, 99.99 11.13 

c-GO/PAN[14] Graphene oxide Vacuum filtration 7.6/7.15 Å DR 80, > 99 78.5-117.2 

MCM0.6-75[184] MXene Suction filtration 1.41 nm Methylene blue, 100 44.97

HGM30[185] Graphene oxide Vacuum filtration 0.77 nm rhodamine B (RhB), 99.30 89.6

MXene/GO-B[186] MXene & graphene oxide Vacuum filtration 5 Å Brilliant blue, 100 0.23

GO/MXene[187] Graphene oxide & MXene Filtration 7.3 Å-14.5 Å Chrysoidine G, ~ 97 71.9

MXene/GO[188] MXene & graphene oxide Vacuum filtration 12.7 Å Methylene blue, 98.56 16.69

10%MXene@CA[189] MXene)/cellulose acetate Casting ~ 6.68 Å Rhodamine B, 92 256

21% Ag@MXene[190] MXene Vacuum filtration 2.1 Å Rhodamine B, 79.93 420

permeability of > 2,200 Barrer and H2/CO2 selectivity of > 160, demonstrating excellent eventual commercialization potential [Figure 10C][164]. Carbon 
neutrality has become a hot topic in recent years. The separation of CO2/N2 is a prerequisite for CO2 capture, leading to the successful synthesis of organic 
matter from CO2. Zhou et al. cross-linked piperazine with GO, resulting in a membrane with a high affinity for CO2, thus significantly improving the 
separation efficiency of CO2/N2 [Figure 10D][165]. The separation of hydrogen isotopes is vital for medical diagnosis and treatment. Lozada-Hidalgo et al. 
reported that graphene monolayers and BN membranes could separate hydrogen ion isotopes with a separation factor of about 10[166]. For a better comparison 
of related membranes, a summary of gas separation membranes is shown in Table 3.

Ion sieving
Recently, researchers have paid increasing attention to high-performance ion sieve membranes in addition to traditional separation methods. Membranes with 
various properties are required to meet the different needs of ion sieve membranes for applications such as water desalination, microcurrent, hydrogen 
production, and energy storage.

In seawater desalination, stringent channel dimensions are necessary, with nanochannels often needing to be sub-nanometers in size to achieve ultra-high 
desalination efficiency. Chen et al. reported a graphene desalination membrane with sub-nanopores that achieved 99.99% NaCl rejection with an ultrafast 
water flux combined with evaporation methods [Figure 10E][167]. In energy storage applications, ion sieve membranes are often used as diaphragms, where 
excellent ionic conductivity and electrical insulation are required. Ghazi et al. synthesize a MoS2/celgard separator with outstanding lithium ion passage and 
polysulfide retention capacity, which can effectively inhibit the shuttle effect in lithium-sulfur batteries, significantly improving the battery performance[168]. 
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Table 3. Summary of gas separation membranes

Membrane Base material Assembly method Pore size Gas Selectivity

Graphene/NPC/MWNT[191] Graphene Spin-coating 20-30 nm H2/CH4 11-23

pCN[192] Carbon nitride Low-pressure chemical vapor deposition N/A H2/CO2 6.58

Zn/Co-HDS[193] Bimetallic MOF nanosheet Vapor phase transformation 0.21 nm H2/CO2 54.1

β-ketoenamine-type COF membrane[194] β-ketoenamine-type COF Hot-drop coating 0.6 nm H2/CO2 22

(LDH/FAS)n-PDMS hybrid membranes LDHs Vacuum filtration/layer-by-layer assembly N/A H2/CO2 43

BN membrane[195] Boron nitride Vacuum filtration 0.33 nm Ethylene/Ethane 128

Printed GO-based membranes[196] GO Printing 0.89 nm CO2/N2 70

Yang et al. prepared a metal-organic framework as a multifunctional ionic sieve membrane for aqueous zinc–iodide batteries, greatly extending the battery 
lifespan[169]. The recovery of rare metals has become increasingly popular due to the rising popularity of electric vehicles and electronic products. Efficient 
screening of metal ions is the key to recovering rare metals. Xu et al. developed a special lithium ion sieving UiO-67/AAO membrane, which achieved an ultra-
high Li+ permeability of 27.01 mol m-2 h-1 and a Li+/Mg2+ selectivity of up to 159.4 [Figure 10F][170]. For a better comparison of related membranes, a summary of 
ion sieving membranes is shown in Table 4.

Important factors to consider when selecting a 2D nanochannel membrane for separation are the object to be separated, expected performance, ideal structure, 
cost-effectiveness, and environmental impact. In various application scenarios, choosing the appropriate membrane fabrication and modification process is the 
precondition for the membrane to ensure the ideal performance. Taking these factors into account can lead to the successful development of efficient and 
environmentally friendly separation processes.

CONCLUSION AND OUTLOOK
In summary, the emergence of a family of 2D materials with atomic-level thickness and excellent physical and chemical properties has brought significant 
development opportunities to nanochannel membranes. Over decades of development, 2D-materials-based membranes have made a preliminary 
breakthrough from raw materials to laboratory-level applications.

A s  o u t l i n e d  i n  Figure 11, t h i s  r e v i e w  s u m m a r i z e d  i n  d e t a i l  s t r a t e g i e s  f o r  c o n s t r u c t i n g  n a n o c h a n n e l s  i n  s e c t i o n  
CONSTRUCTING NANOCHANNELS WITH 2D NANOSHEETS. The extensive research on the swelling mechanism of 2D-material-based membranes has 
provided effective guidance for researchers to synthesize 2D nanosheets with ideal properties via “top-down” and “bottom-up” strategies, i.e., from a “clay” to 
“bricks” process. The appearance of various types of perforation methods (e.g., focused ion beam, plasma etching, chemical etching, etc.) has facilitated the 
transition from “bricks” to “porous bricks”, providing more options for the next step of nanochannel formation. The membrane assembly process is analogous 
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Table 4. Summary of ion sieving membranes

Membrane Base material Assembly method Pore size Ion/Ion Selectivity

COF (TpBDMe2) 
membrane[197]

COF Interfacial growth strategy 1.4 nm K+/Mg2+ 765

COF-300/PS membrane[198] COF-300 and polystyrene 
(PS)

N/A 1 nm K+/Li+ 31.5

GOM[199] GO Vacuum filtration 13.9 Å Lanthanides/actinides ~ 400

C@TM[200] Ti3C2Tx Suction-filtered 4.8 ± 0.1 Å Li+/Mg2+ 30

EDA–GO[201] GO Vacuum filtration 5.82 Å-6.04 
Å

K+/Na+ 1.5-5

s-MOF-801 polycrystalline[202] MOF-801 Secondary growth method 6.2 Å H/V 194

COF-based membrane[203] COF Interfacial polymerization 2.34 nm Li+/Mg2+ 64

GPETNC[204] graphene Asymmetric track-etching 
technique

K+/ions 4.6

KCl-controlled GO 
membranes[205]

GO Vacuum filtration 10.7 Å Na+/Mg2+ 30.6

Figure 11. Conclusion and outlook of the development of the 2D-material-based membranes from the preparation of starting materials 
2D nanosheets, the strategies of constructing nanochannels, the strategies of regulating the characteristics of nanochannels (channel 
size, channel length, channel morphology, and channel surface physicochemical properties), and the outlook to eventual 
commercialization.

to the process of “bricks” to “house”, and the selection of assembly strategy (e.g., pressure/vacuum filtration, 
spin coating, etc.) is crucial, as a suitable assembly method often leads to the right membrane.

A well-renovated and furnished “house” holds great value. Modifying the nanochannel of the membranes is 
similar to the “renovation” process. We comprehensively summarized the regulation strategies from four 
modifiable nanochannel properties, i.e., channel size, channel length, channel morphology, and the surface 
chemical property, in Section "REGULATING NANOCHANNELS". The appropriate regulating strategy 
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allows the membrane to obtain the desired properties (e.g., defined size nanochannels, specific ionic or 
electronic conductivity, etc.) to meet the requirements for the corresponding applications.

Although researchers have tried a variety of membranes for liquid molecular separation, gas separation, and 
ion sieving applications (e.g., wastewater treatment, desalination, CO2 capture, ion recovery, etc.), as we 
summarized in section APPLICATIONS OF 2D-MATERIAL-BASED NANOCHANNEL MEMBRANES, 
the vast majority of these applications are only at the laboratory level (“trial residence” stage), and the 
research and development of high-performance 2D-material-based nanochannel membranes are still at an 
early stage with both opportunities and challenges. To speed up the eventual commercialization of 
membranes and make them better serve the development of society, we propose an outlook on the future 
development of membranes from the following three aspects.

(1) Transport Mechanism. The current research has well explained the mechanism of the swelling problem 
and the construction and modification of nanochannels. Moreover, there is a large amount of work using 
theoretical calculations and simulations to try to make theoretical explanations for the differences in the 
filtration performance of various membranes. However, mechanisms during filtrations (e.g., the behavior 
mechanism of nanofluid in the channel, the rejection and passage mechanism of nanochannel to various 
filtrates, the force mechanism of nanochannel, the interaction mechanism between nanochannel and 
various filtrates, etc.) still need to be studied in depth. The emergence of various advanced characterization 
tools (e.g., cryoelectron microscopy, in-situ electron microscopy, in-situ Raman, etc.) provides new 
possibilities to investigate these mechanisms in depth. Mechanistic studies of the dynamic behavior of 
nanochannel membranes (including nanofluids and membranes themselves) will significantly advance 
mechanical innovation in the membrane field and accelerate the development of the new generation of 
high-performance membranes and industrial applications.

(2) Large-scale preparation. Rapid advances in chemistry and materials science have given rise to thousands 
of 2D materials. Yet, the mainstream “top-down” and “bottom-up” strategies are often only suitable for 
small-scale production in the laboratory. While there have been reports of kilogram-scale yields, this 
remains insufficient to meet the industrial demand of tens or even hundreds of kilograms. To overcome this 
challenge, it is crucial to develop new reliable methods for the preparation of 2D materials and reliable 
related manufacturing equipment. Notably, corresponding membrane assembly and modification 
technologies are also growing rapidly. Similarly, most methods, such as vacuum filtration, spin coating, and 
cross-linking, are more suitable for small-scale laboratory production and modification. Therefore, large-
scale preparation is inevitable to apply advanced nanochannel membranes in the industry successfully. This 
calls for deep collaboration between the scientific and industrial communities to develop simple and 
scalable membrane fabrication methods, and relevant pilot experiments are necessary.

(3) Applications. Although almost all studies reported outstanding application performance, such as high 
selectivity, high permeability, and long membrane lifespan, these properties may be overestimated due to 
the limited membrane operating area, mild test conditions, and relatively short test durations in the 
laboratory. To truly reflect membrane capabilities, scaled-up application experiments under harsh 
conditions close to real-world applications (e.g., the effects of biochemical contaminants, sudden changes in 
water temperature and flow rate, etc.) are needed, which may pose additional challenges to researchers but 
will significantly facilitate the eventual commercialization of the membranes.

By addressing these challenges, the development of membranes with optimized nanochannels has the 
potential to transcend the limitations of traditional separation methods. Advances in membrane technology, 
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including selective ion, molecular, and particle transport, have important implications for energy-efficient 
operation, resource conservation, carbon capture, biogas purification, green hydrogen production, and 
energy storage. This avenue of research offers great promise for shaping a cleaner, more sustainable world.
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Abstract
The high consumption of fossil energy has led to increasing concentrations of carbon dioxide (CO2) in the 
atmosphere, making carbon capture and separation a research hotspot in this century. As novel porous materials, 
metal-organic frameworks (MOFs) are widely used for CO2 capture due to their unique structures and tunable 
properties. Currently, several relatively mature strategies have been applied to synthesize MOFs for CO2 capture. 
Herein, we investigate strategies for tuning the pore windows, pore sizes, open metal sites, and post-synthesis or 
pre-synthesis modifications of MOFs from the perspective of CO2 capture performance. Furthermore, we 
summarize the relevant CO2 capture technologies and research advances and describe the application of different 
strategies in the synthesis of CO2 capture-oriented MOFs.

Keywords: Metal-organic frameworks, carbon capture and separation, CO2 capture strategy

INTRODUCTION
Since the Industrial Revolution, the extraction and consumption of fossil fuels have caused a remarkable 
expansion of greenhouse gases in the atmosphere. The Earth's climate is undergoing major changes 
characterized by global warming, according to numerous authoritative studies[1-4]. Compared to other 
greenhouse gases, carbon dioxide (CO2) has a weaker greenhouse effect, but it has the highest proportion in 
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the atmosphere, with its warming effect accounting for about 60% of the total warming effect among all 
greenhouse gases[5,6]. Therefore, it is urgent to work out an environment-friendly CO2 capture technology to 
alleviate the greenhouse effect[7,8].

In recent years, the development of carbon capture and separation (CCS) technology has attracted social 
attention. Adsorbents that can be used for CO2 capture include activated carbon, zeolite, alumina, metal 
oxides (CaO, MgO, K2O, Li2O), metal-organic frameworks (MOFs), and other surface-modified porous 
media[9-12]. Compared to traditional inorganic porous materials, MOFs have many advantages and show 
great application potential in CO2 adsorption and sequestration. One is the modifiability of its secondary 
building units (SBUs) and organic ligands. Through the modification of inorganic/organic nodes on 
functionality groups, the fine-tuning of the pore size and channel environment in MOFs can be precisely 
achieved, and then MOFs oriented to CO2 capture can be synthesized[13-15]. On the other hand, due to their 
high density of active sites, high stability, and rich topological structures, MOFs have distinct advantages, 
such as mild reaction conditions and easy adsorption and sequestration of CO2

[16-18].

A large number of relevant papers and reviews have been published[19,20]. In contrast to the published 
reviews, this paper presents the current CO2 capture technology and related adsorbents. Then, the 
parameters for evaluating the performance of CO2 capture adsorbents are presented to achieve the best 
capture capacity and reduce costs and energy expenditure. In addition, recent advances in MOF-based CO2 
capture methods and ways to improve the capture performance of the materials are explored. The strategies 
and methods described in this review will not only provide new propositions for the construction of 
CO2-oriented capture MOFs but also contribute to the mitigation of industrial consumption to achieve 
carbon neutrality and thus slow down the process of global warming.

CO 2 CAPTURE
In September 2020, the “Address at the General Debate of the 75th Session of the United Nations General 
Assembly” and the “Address at the United Nations Biodiversity Summit” proposed that China should aim 
to achieve CO2 peak emissions by 2030 and carbon neutrality by 2060. In addition, many countries around 
the world have enacted policies or legislation to advance the goal of carbon neutrality. So far, 29 countries 
and regions have pledged to be carbon neutral[21]. The prevailing view is that CCS may be the cheapest 
technology to reduce emissions in the long term and will gain time to develop new technologies such as 
alternative energy sources[22,23].

CO2 capture technology
CCS technology refers to the separation of CO2 from industrial and energy-related production activities and 
its long-term sequestration in natural underground reservoirs in order to reduce CO2 emissions to the 
atmosphere[24,25]. There are three main components to CCS technology: (1) CO2 capture from fixed carbon 
sources (e.g., power plants); (2) CO2 compression and transport; and (3) CO2 storage.

In terms of the capture process, there are three main types of CO2 capture technologies: pre-combustion 
capture, post-combustion capture, and oxy-fuel combustion[26] [Figure 1]. Pre-combustion capture uses new 
gasification technology to convert fossil fuels into H2 and CO2, which are then captured before combustion. 
Compared with direct coal combustion, this technology has higher fossil fuel utilization, less waste disposal, 
and less water consumption. In addition, due to high CO2/H2 gas pressure and CO2 concentration, the 
energy consumption of pre-combustion CO2 capture is only 10%-16% of the total energy consumption, 
which is about half of the energy consumption of post-combustion capture. However, the high energy 
consumption of the fuel conversion step limits its further development[27-29]. Oxy-fuel combustion is based 
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Figure 1. Three basic routes (post-combustion capture, pre-combustion capture, and oxy-fuel combustion) of CO2 capture in industry.

on burning fossil fuels in oxygen-rich gases to obtain high concentrations of CO2, which is direct 
sequestration and utilization. Due to the removal of N2 in the air, the volume of combustion gas is reduced, 
so the volume of flue gas produced after combustion is reduced to 1/5-1/3 of that of conventional coal-fired 
boilers. Meanwhile, the concentration of CO2 in the flue gas is high, making the cost of capturing CO2 
lower. However, this technology is not ideal for CO2 capture due to its high energy consumption and 
investment costs[30,31]. Post-combustion capture means capturing CO2 in the flue gas from the combustion 
emissions. Since the partial pressure of CO2 after capture is low, it is necessary to pressurize the CO2 before 
storage, which increases the operating cost. Even so, post-combustion capture has the following advantages 
over other capture techniques: (1) A wide range of applications. Post-combustion capture technology can 
not only separate CO2 from flue gas but also capture NOX and SOX to achieve the purpose of denitrification 
and desulfurization; (2) Strong applicability. The trapping device is installed in the flue gas tail of the power 
plant, which has no influence on the existing power generation equipment and; (3) Relatively mature 
development and flexible operation[32-34]. Therefore, post-combustion capture is a common CO2 capture 
technology.

In addition, CO2 capture technology can be classified based on different capture methods, including 
chemical absorption[35], membrane separation[36-38], biological immobilization[39], adsorption[40-43], and other 
approaches. Among them, the adsorption method is the most competitive CO2 capture technique.

CO2 capture adsorbent
Adsorption is the uptake of molecules or ions from the surrounding liquid or gas by the surface of a solid 
substance. The adsorption method has been widely studied by scholars for its advantages of low cost and 
simple operation[44]. However, its practical application requires the design and synthesis of an easily 
regenerated and durable adsorbent material. Generally speaking, a suitable CO2 adsorbent needs to have 
high selectivity and adsorption capacity, adequate adsorption/desorption kinetics, stability after several 
adsorption/desorption cycles, and good chemical and mechanical stability.

Among many CO2 adsorbents, porous solid adsorbents have good application prospects because of their low 
adsorption enthalpy and easy recycling. The traditional porous adsorbents for CO2 capture mainly include 
activated carbon, zeolite, silica gel, activated alumina, and so on[45-48]. Zeolite, a common solid adsorbent, is a 
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porous silica-aluminate material with a pore size between 5 Å and 12 Å[49-51]. Among them, zeolite 13X is the 
most widely studied adsorbent, with a specific surface area of 726 m2 g-1, a pore volume of 0.25 cm3 g-1, and a 
CO2 adsorption capacity of 16.4 wt% (0.8 bar) at room temperature, which can be used as a benchmark for 
solid adsorbents[52,53].

Another class of solid adsorbents is carbon-based adsorbents, including activated carbon, carbon molecular 
sieves, and carbon nanotubes, which have been used for different forms of CO2 separation. The common 
activated carbon has an inorganic porous structure, high surface area, and high CO2 adsorption capacity, 
and it can be generated through resin and other pyrolysis processes, which is a low-cost and highly available 
adsorbent[54,55]. Even in an environment with water vapor, activated carbon can maintain its structure 
without being destroyed and has high adsorption stability. However, activated carbon has lower CO2 
adsorption capacity at low pressures and poor adsorption selectivity for different gases due to the absence of 
an electric field generated by cations on the activated carbon surface. To sum up, these traditional 
adsorption technologies and adsorbents need to be further improved to enhance their ability of CO2 capture 
and separation.

MOFs are the most representative new porous materials and promising adsorbents, which have attracted 
extensive attention in gas separation applications[56,57]. As a porous adsorbent with a framework structure 
formed by organic ligands bridging metal ion nodes, the MOF has a very high surface area, ultra-high 
porosity, flexibility of the porous structure, and diversity of surface functional groups due to the presence of 
organic ligands and is easy to be chemically modified. These advantages make MOFs exhibit great potential 
for CO2 capture and storage[58-60].

CO2 capture performance parameters
Compared with other solid materials, the greatest advantage of MOFs lies in their ability to precisely fine-
tune their pore size through the modulation of ligand size. At the same time, the pore environment can be 
modified by modifying the functional groups on the metal ions (clusters) or ligands to enhance the 
interaction force with the guest molecules, thus achieving the separation of different gas molecules[61-64]. 
There have been several reviews on MOFs for gas separation applications, and they have made great 
progress in adsorptive separation applications in the past few years. However, there are still some 
limitations. To address the limitations of MOFs, a series of studies have been conducted in recent years on 
improving their adsorption and separation capacities, expanding new structures, novel functionalization 
pathways, and adopting hybrid systems and techniques[65]. In addition, studies exploring the adsorption 
mechanism of MOFs and the improvement of their adsorption capacity in moist environments have 
gradually become the focus of attention[14,66]. An adsorbent suitable for capturing CO2 from flue gas should 
consider the following performance parameters.

The adsorption capacity of CO2

This is a key criterion for evaluating the performance of solid sorbents and represents the quantity of 
sorbent required for a given load, as well as the adsorbent bed size, which is deemed to be a key factor in 
determining the energy requirement in the regeneration step. In addition, the amount of CO2 adsorbed is 
related to its partial pressure in the gas phase. The specific adsorption of CO2 indicates the ability of the 
MOF material to adsorb CO2

The selectivity of CO2

It represents the adsorption ratio of the adsorbent for CO2 to other gases (usually used for post-combustion 
capture and natural gas upgrading). The sorption selectivity of a gas mixture for CO2 can be estimated 
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quantitatively by means of a single-component gas sorption isotherm or ideal adsorption solution theory
(IAST). The CO2 selectivity of materials is primarily due to the following aspects (the relevant parameters
are shown in Table 1): (1) Selectivity based on pore size screening (molecular sieve effect). Due to the
different kinetic diameters of gas molecules of each component in the gas mixture, CO2 can be effectively
separated from the gas mixture by precisely adjusting the pore size of the material; (2) Selectivity based on
adsorption (thermodynamic separation), i.e., separation based on the interaction forces between different
gas molecules and the material surface and; (3) Selectivity based on diffusion effects, i.e., to separate the gas
mixture according to the different diffusion rates of different gases in the material[5,67].

The adsorption enthalpy of  CO2

Adsorption enthalpy is another key parameter for evaluating the performance of the storage of CO2 by
physical adsorption. It represents the strength of the interaction between the adsorbent and the adsorbate
molecules. Moreover, it is an indicator of the energy required to regenerate a solid adsorbent, and the
magnitude of the adsorption enthalpy clearly affects the cost of the adsorbent regeneration process. If the
adsorption enthalpy is too high, the material binds CO2 too strongly, requiring a large amount of energy to
break the framework-CO2 interaction, thereby increasing the regeneration cost. Conversely, very low
adsorption enthalpy is undesirable. While regeneration costs will be lower, the captured CO2 will be less
pure, resulting in lower adsorption selectivity and a larger adsorption bed size[68-70]. Typically, the adsorption
enthalpy of MOFs is in the range of 20-50 kJ mol-1, which is comparable to other physical adsorbents (such
as zeolites). Table 2 shown some MOF-based sorbents with their CO2 uptake capacity and Qst.

The experimental adsorption enthalpy (Qst) was applied to assess the strength of the bond between the
adsorbent and the adsorbate and was defined as:

The adsorption enthalpy, Qst, is determined using the pure component isotherm fits using the Clausius-
Clapeyron equation, where T(K) is the temperature, p(kPa) is the pressure, and R is the gas constant.

The stability of the CO2 adsorbent
In order to reduce operating costs and operational difficulties, solid adsorbents must be able to be used in a
wide range of industrial environments and show good stability under fume conditions, under adsorption
operating conditions, and during multi-cycle adsorption regeneration. Particular attention must be paid to
the stability of the adsorbent in the presence of water vapor. In addition, chemical and mechanical stability
are equally important[71].

The adsorption/desorption kinetics of CO2

Sorption-regeneration cycle times are largely dependent on the kinetic properties of the CO2 adsorption-
desorption curves measured in breakthrough experiments. The ability to effectively reduce the cycle time
and the amount of adsorbent, thereby lowering the cost of CO2 separation, is the first parameter to be
considered in selecting the CO2 adsorbent. Adsorbents that adsorb and desorb CO2 in a relatively short
period of time become the preferred choice.

The cost of adsorbent material
This is an essential ingredient in choosing an adsorbent material. Owing to the high preparation cost, many
adsorbents with excellent adsorption properties are not successfully used in industry. Therefore, the
preparation of materials with good adsorption properties at low cost is considered to be the main goal of
researchers in the field of CO2 capture.
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Table 1. Physical properties of common gas molecules coexisting with CO2

Gas molecules Dynamic diameter (Å) Size (Å) Boiling point (K) Polarity (10-25 cm3)

N2 3.64 - 77.35 15.3

H2 2.89 - 20.38 -

H2O 2.65 - 373 14.8

CO2 3.3 3.18 × 3.33 × 5.36 194.75 29.11

C2H2 3.3 3.32 × 3.34 × 5.70 188.4 33.3-39.3

CH4 3.76 3.83 × 3.94 × 4.10 111.6 25.93

Table 2. MOF-based sorbent and related CO2 uptake capacity at 298 K

Materials BET surface area (m2/g) Pressure (bar) Capacity (mmol g-1) Q st 
(kJ mol-1) Ref.

Fe-dbai 1,280 1 6.4 23.5 [100]

Cu(adci)-2 805 0.15 2.01 27.5 [110]

NKU-521 1,100 1 6.21 41 [119]

MUF-16(Mn) 214 1 2.31 37 [113]

MUF-16(Ni) 204 1 2.25 32 [113]

ZnDatzBdc 303 1 2.05 - [125]

NJU-Bai52 1,908 0.0004 0.013 18.1 [128]

NJU-Bai53 1,844 0.0004 0.64 17.5 [128]

Based on the above elaboration of CO2 capture performance parameters, the quantitative assessment of the 
CO2 capture capacity of adsorbents mainly refers to the following data: (1) The adsorption capacity of CO2 
at 15 kPa is greater than 50 STP cm3 g-1; (2) IAST selectivity (CO2/N2 = 15/85) is greater than 500; (3) Good 
thermal stability, the structure will not collapse before the temperature is higher than 300 °C; (4) Good 
chemical stability, the structure remains stable in most organic solvents; (5) Qst < 40 kJ mol-1

.

Research progress of MOFs for CO2 capture
As novel porous materials, MOFs were initially proposed by Prof. Omar M. Yaghi and have been 
extensively researched by scientists[72-77]. They are formed from inorganic metal ions or clusters and organic 
ligands that are connected through coordination bonds with varying degrees of connectivity. In contrast to 
conventional inorganic porous materials, such as porous silicates and molecular sieves, MOFs possess a 
remarkably adaptable structure. Different structures and characteristics of MOFs are built by choosing 
metal nodes with varying activities and a diverse range of organic ligands[78-80]. Furthermore, they enable 
specific function-oriented compositions. By utilizing various trapping mechanisms, including molecular 
sieve separation, host-guest interaction, and kinetic diffusion, MOFs with distinct pore sizes ranging from 
micropore to mesopore can be conveniently synthesized by modifying the length of ligands or 
functionalizing inorganic nodes and ligands, resulting in MOFs with unique properties. As novel crystalline 
porous materials, MOFs possess significantly higher specific surface area and porosity compared to other 
porous materials (with a specific surface area of up to 10,000 m2 g-1 and porosity of 90%), providing 
substantial scope for the development in gas storage[81,82], adsorption and separation[83], catalysis[84], sensor[85], 
and other areas.
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The ability of MOFs to capture CO2 from varying gas mixtures depends on their inherent properties and the 
attributes of the gas mixtures. Over the past two decades, diverse topological structures and function-
oriented MOFs have been synthesized, leading to the formation of various branches of materials, including 
iso-reticular MOFs (IRMOFs), zeolitic imidazolate frameworks (ZIFs), materials of institute Lavoisier 
frameworks (MILs), and porous coordination networks (PCNs), etc.[86-89]. Different branches possess specific 
characteristics to cater to distinct applications. Currently, several relatively mature strategies [Figure 2] have 
been applied to synthesize CO2 capture-oriented MOFs[90-92].

Functionalized modification strategy
The -NH2 functional group is widely utilized in various adsorbent materials due to its strong attraction of 
CO2 to the amine group, which gives the amine molecule higher adsorption and selectivity for CO2. 
Moreover, numerous polar functional groups, including halogen atoms, hydroxyl, carboxyl, cyano, and 
nitro, have been demonstrated to influence the adsorption ability of CO2 in MOFs[93-95].

Diamine-functionalized MOFs in the form of diamine-Mg2(dobpdc) (dobpdc4- = 4,4′-dioxidobiphenyl-3,3′-
dicarboxylate) offer the most potential for carbon capture applications due to their adjustable, stair-like 
profiles for CO2 adsorption. In view of this, Dinakar et al. reported that MOFs containing dmen-Mg2

(dobpdc) (dobpdc = 1,2-diamino-2-methylpropane) composition [Figure 3] can capture CO2 from coal-
fired flue gas at moderate pressure[96]. Further, using Mg2(pc-dobpdc) (pc-dobpdc = 3,3′-dioxobiphenyl-4,4′-
dicarboxylate) with higher structural symmetry to avoid sub-stability during CO2 adsorption, dmen-Mg2

(pc-dobpdc) demonstrates carbon capture capabilities under similar conditions in a simulated coal-fired 
power plant, achieving a complete CO2 adsorption effect.

It has been shown that some specific sites of MOFs can effectively capture CO2, including unsaturated metal 
sites (UMSs) and Lewis base sites (LBSs), such as amines, pyridines, sulfones, and amides. UMSs are capable 
of establishing potent electrostatic interactions with CO2 and have a high CO2 capture capacity. However, 
the ubiquitous water molecules tend to coordinate with UMSs in a competitive manner, resulting in a 
significant reduction in the ability of CO2 adsorption. Regarding LBSs, compared with -NH2, the amide 
functional group exhibits a robust attraction towards CO2 due to the existence of two binding sites, carbonyl 
(CO-) and amine (NH-), leading to superior CO2 adsorption and selectivity[97-99]. In addition, MOFs 
modified by amide functional groups tend to be more stable.

Fe-dbai (dbai = 5-(3,5-Dicarboxybenzoylamino) isophthalic acid) combines two specific functional sites, 
UMSs and amide functional groups. Its CO2 adsorption capacity is measured at 6.4 mmol g-1, while its 
CO2/N2 selectivity is 64 (298 K, 1 bar), surpassing multiple other reported MOFs[100]. Importantly, in the 
breakthrough experiments, the CO2 adsorption capacity of Fe-dbai at 60% RH (Relative Humidity: the 
percentage of water vapor pressure in air to the saturated water vapor pressure at the same temperature) 
was able to maintain 94% of its capacity under dry conditions. Molecular simulation results showed that the 
amide CO-group, with its electronegative properties, exhibits a strong affinity towards CO2 and enhances 
the interaction between Fe-UMS and CO2 [Figure 4]. The outstanding CO2 capture efficiency of Fe-dbai 
suggests its potential suitability for real-world implementation of CO2 capture.

Amino acid (AA)-modified MOFs also show great potential for CO2 capture applications. Modification of 
MOF-808 with 11 different AAs resulted in a series of MOF-808-AA structures [Figure 5]. Under fume 
conditions, MOF-808 functionalized with glycine and DL-lysine (MOF-808-Gly and MOF-808-DL-Lys) was 
observed to exhibit the greatest CO2 adsorption capacity. The increased CO2 capture efficiency in the 
presence of water was detected and analyzed by single-component adsorption isotherms, CO2/H2O 
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Figure 2. Schematic representation of MOF performance parameters and state-of-the-art CO2 capture strategies.

Figure 3. Depiction of the formation of ammonium carbamate chains in diamine-Mg2(dobpdc) upon cooperative CO2 adsorption.
Reproduced with permission from Dinakar et al.[96]. Copyright 2021 American Chemical Society.

Figure 4. Adsorption behavior and experimental column breakthrough curves of Fe-dbai. Reproduced with permission from Tu et al.[100]. 
Copyright 2023 American Chemical Society.
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Figure 5. Structure of MOF-808-AA and structural schemes of the coordinatively loaded amino acids. Reproduced with permission
from Lyu et al.[101]. Copyright 2022 American Chemical Society.

dichotomy isotherms, and dynamic breakthrough measurements. This study enhances our comprehension 
of CO2 capture in MOFs by uncovering the mechanism in which amine groups, firmly attached to the MOF 
structure, generate molecules within the pores that facilitate the adsorption and desorption of CO2 at 
relatively low temperatures without requiring any heating[101].

Among physisorption materials, anion-functionalized MOFs are novel porous materials composed of metal 
moieties, organic linkers, and inorganic anions[102,103]. In recent years, anionic-functionalized MOFs have 
gradually made their presence felt in the field of CO2 capture. The reticular design approach can effectively 
regulate the pore chemistry of anionic-functionalized MOFs by utilizing molecular building units. As 
previously reported by Bhatt et al., NbOFFIVE-1-Ni and SIFSIX-3-Cu exhibit CO2 adsorption capacities of 
1.3 and 1.2 mmol g-1 at a low concentration of 400 ppm and 298 K, respectively[104]. Their study also shows 
that reducing the pore size of the porous adsorbent facilitates enhanced interaction between the CO2 
molecules and the main framework, resulting in high CO2 uptake at lower pressures.

ZU-16-Co is an anion-functionalized MOF with fine-tuned pore chemistry featuring one-dimensional (1D) 
pores modified by enriched F atoms that can effectively trap CO2 at concentrations of 400-10,000 ppm. 
Highly organized Lewis basic sites of anions limited to the ultramicroporous pores substantially enhance the 
ability to bind CO2 [Figure 6]. This work clarifies the structure-function relationship of ZU-16-Co in 
capturing CO2 and demonstrates its suitability for decarbonization at low concentrations[105].

Two polar sulfonated oxygen-rich 3D MOFs, {[Zn2(TPOM)(3,7-DBTDC)2] 7H2O·DMA}n (1) and 
{[Cd2(TPOM)(3,7-DBTDC)2]·6H2O·3DMF}n (2) (TPOM = tetrakis(4-pyridyloxymethylene)-methane), were 
synthesized by a solvothermal approach by Chakraborty et al.[106]. Structural diversity was achieved by 
changing the metal centers. Due to the strong quadrupole interaction between the sulfone moiety and CO2 
molecules, the adsorption of CO2 on 1 and 2 is highly selective over the adsorption of N2 and CH4

[106,107]. 
Furthermore, both frameworks exhibit high chemical and water stability and cyclic regeneration [Figure 7]. 
This work provides an effective route for the development of functionalized MOFs with high selectivity for 
CO2 capture.

The pore windows and pore sizes of MOFs are made up of both organic and inorganic structural blocks. 
Therefore, the pore size of MOFs can be adjusted by changing the type of organic and inorganic structural 
blocks, allowing the pore structure of MOFs to vary considerably in size, which is one of the key reasons for 
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Figure 6. (A) Schematic representation of the construction and the pore structure of ZU-16 (TIFSIX-3) materials with pyrazine linker; 
(B) CO2 adsorption isotherms on various anion-functionalized ultramicroporous materials at 298 K; (C and D) CO2/N2 (1/99, flow rate: 
5 mL min-1) and CO2/CH4 (50/50, flow rate: 4 mL min-1) conducted on ZU-16-Co. Reproduced with permission from Zhang et al.[105]. 
Copyright 2021 Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature.

Figure 7. Single-crystal X-ray structure of 1 (A) and 2 (B). Reproduced with permission from Chakraborty et al.[106]. Copyright 2020 
American Chemical Society.

the wide variety of MOF materials currently available. Due to the wide range of pore sizes of MOFs, they 
show great potential for different kinds of gas capture applications[108,109]. Selective adsorption of CO2 can be 
achieved by using large linkers, short ligands, interpenetrating networks, and smaller metal molecules.

A novel copper-based ultramicroporous MOF, Cu(adci)-2 (adci = 2-amino-4,5-dicyanoimidazole), was 
proposed by Jo et al.[110]. This MOF is a CO2 capture-oriented physical adsorbent synthesized by two 
strategies: performing aromatic amine functionalization and introducing ultramicropores. The Cu(adci)-2 
structure has one-dimensional square channels where all of the auxiliary ligands, particularly the NH2 group 
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at the 2 position of the imidazole ring, are oriented in the identical direction in each channel so that pairs of 
NH2 groups face away from each other along contrary sides of the channel walls. cu(adci)-2 shows higher 
CO2 adsorption capacity (2.01 mmol at 298 K and 15 kPa g-1) but a lower adsorption enthalpy at zero 
coverage (27.5 kJ mol-1). It showed good selectivity and easy regeneration under both dry and humid 
conditions [Figure 8].

CALF-20 consists of 1,2,4-triazole-bridged zinc(II) ion layers supported by oxalate ionic pillars forming a 
3D lattice and a 3D pore structure [Figure 9]. The crystallographically unique zinc center is five-coordinate 
with a distorted triangular bipyramidal geometry. The competitive separation on CALF-20 shows not only 
preferential physisorption of CO2 below 40% RH but also inhibition of water adsorption by CO2, which is 
confirmed by computational modeling. Furthermore, CALF-20 facilitates industrial-scale CO2 capture in a 
cost-effective and reliable manner[111]. This shows that the reasonable addition of anionic column bracing 
can effectively inhibit water adsorption, which, in turn, makes the adsorbent exhibit an excellent CO2 
capture capacity.

Efficient and sustainable CO2 capture can be achieved by porous physical adsorbents with high void fraction 
whose sizes and electrostatic potentials complementary to CO2 molecules[112]. Qazvini et al. proposed a 
strong, recoverable, and affordable adsorbent called MUF-16 [Figure 10][113]. MUF-16(Co), MUF-16(Ni), 
and MUF-16(Mn) were prepared by mixing 5-amino-m-m-phthalic acid (H2aip), a cheap, commercially 
available ligand, with cobalt (II), nickel (II), or manganese (II) salts in methanol. Through static adsorption 
curves, IAST, and density functional theory calculations, it is determined that the one-dimensional channel 
of MUF-16 can capture CO2 with high affinity while demonstrating weaker affinities for other competitive 
gases such as CH4, C2H2, C2H4, C2H6, C3H6, and C3H8. Therefore, MUF-16 has high CO2 adsorption 
selectivity. The selectivity of MUF-16 to CO2/CH4 and CO2/C2H2 is measured at 6,690 and 510, respectively.

Open metal site modification strategy
Besides the functionalization of MOFs, metal sites have an important impact on enhancing the capacity and 
selectivity of CO2 relative to other gases. UMSs are usually partially positively charged, and these sites show 
an affinity for larger quadrupole moments and greater polarizability for CO2 compared to N2. It is these 
open sites that lead to high CO2 uptake. Furthermore, the difference in intensity between CO2 and other gas 
molecules is the driving force for CO2 capture[114-116].

MIL-101 has two dissimilar mesopores and distinct metal sites in a single local pore. Shin et al. 
demonstrated by adsorption isotherm combined with in situ crystallographic analysis that substrate-
adsorbate interactions influence the initial adsorption and pore coalescence steps[117].

Unsaturated alkali metal sites have been reported to be anchored in MOFs by tetrazolium-based patterning 
to improve gas affinity[118]. In NKU-521 (NKU denotes Nankai University), Li et al. effectively embedded K+ 
cations into the trinuclear Co2+-tetrazolium coordination pattern[119]. The embedded K+ sites were exposed in 
the pores of NKU-521 by dehydration, and the Qst of CO2 increased to 41 kJ mol-1. The K+ cations actually 
act as gas traps and increase the CO2-framework affinity, as measured by the Qst, by 24%. Furthermore, the 
effect of unsaturated alkali metal sites in MOFs on hydrocarbon separation was investigated. IAST 
calculations and breakthrough experiments showed that the exposed K+ sites greatly improved the CO2 
capture and separation performance of this MOF [Figure 11].

UMSs and adsorbent polarity play an important role in CO2 adsorption. MIL-88 was selected as the 
prototyping framework to verify the above strategy[120]. By introducing the C3 symmetry of the second 
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Figure 8. (A) Rietveld plot of desolvated Cu(adci)-2; (B) Perspective views of the refined structure of Cu(adci)-2 along the c (left) and b 
(right) axes; (C) Top and side views of a 1D channel of Cu(adci)-2. Reproduced with permission from Jo et al.[110]. Copyright 2022 
American Chemical Society.

Figure 9. (A-C) Single-crystal structure of CALF-20; (D) Powder X-ray pattern simulated from the single-crystal structure (top) and 
obtained experimentally. Reproduced with permission from Lin et al.[111]. Copyright 2021 American Association for the Advancement of 
Science.

ligand 2,4,6-tri(4-pyridyl)-1,3,5-triazine (tpt), the initial hexagonal 1D pore of the MIL-88 is split into 
numerous hexagonal cages of a certain length. As a direct result, MIL-88 loses metal vacancies and is 
replaced by split ligands. Moreover, the framework becomes more rigid, and there is no respiration effect 
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Figure 10. (A-D) Synthesis and structure of MUF-16 materials; (E) Volumetric adsorption (filled circles) and desorption (open circles) 
isotherms of CO2 at 293 K and for MUF-16 (black), MUF-16(Mn) (red), and MUF-16(Ni) (blue); (F) Adsorption enthalpy (Qst) 
calculated for CO2 binding to MUF-16 (black), MUF-16(Mn) (red), and MUF-16(Ni) (blue) as a function of CO2 uptake. Reproduced 
with permission from Qazvini et al.[113]. Copyright 2021 Springer Nature.

Figure 11. Structural change of the embedded K+ from H2O coordinated state to the exposed state as CO2 traps for the preferential 
binding of CO2. Reproduced with permission from Li et al.[119]. Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

before and after gas adsorption. The introduction of the second ligand (tpt) not only provides more action 
sites but also enhances the interaction area between objects. In addition, the group also modifies the 
terephthalic acid that constitutes the framework, introduces -OH and -NH2 groups, and increases the 
interaction sites between gas molecules and the framework. The CO2 adsorption test shows that CPM-33b 
with tpt and -OH introduced has the highest CO2 adsorption value compared to the existing MOFs without 
metal vacancies, which is comparable to the adsorption effect of MOF-74-Ni [Figure 12]. This study 
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Figure 12. (A and B) Illustration of pore space partition through symmetry-matching regulated ligand insertion; (C-F) Gas sorption 
study on compounds CPM-33a and CPM -33b. Reproduced with permission from Zhao et al.[120]. Copyright 2015 American Chemical 
Society.

provides a new idea for MOFs to improve gas adsorption performance and is expected to achieve greater 
breakthroughs in fuel molecule adsorption.

Other functionalization
In addition to these common CO2 capture strategies, scientists have also explored other ways to efficiently 
capture CO2. In a typical Langmuir-type isotherm, bulk CO2 adsorbents cannot be regenerated during 
desorption because the adsorption gain decreases with increasing temperatures. Instead, adsorbents with S-
shaped CO2 isotherms are preferable. Some flexible MOFs can display such S-shaped CO2 equivalent due to 
the structural switch from the CP (close-phase) state to the OP (open-phase) state[121-123]. Furthermore, as an 
individual guest molecule has its own gate opening pressure, this difference allows for high selectivity in gas 
mixtures, i.e., the target molecule can open the gate while others cannot[124]. Therefore, flexible MOFs with 
S-shaped isotherms can be used as potential carbon capture adsorbents with good operability and high 
selectivity for CO2.

ZnDatzBdc (Datz = 3,5-diamine-1,2,4-triazolate, Bdc = 1,4-benzenedicarboxylate) is a flexible MOF for 
highly selective capture of CO2 [Figure 13]. X-ray diffraction studies confirmed a convertible structure 
conversion between its OP and CP states. Importantly, ZnDatzBdc exhibits an S-shaped CO2 isotherm, 
yielding appreciable CO2 workability of 94.9 cm3 cm-3 under typical PVSA operations at 273 K, superior to 
most reported flexible MOFs[125].

Mechanochemistry at the chemical reaction level mainly refers to the application of mechanical energy to 
condensed substances, such as solids and liquids, by means of shear, abrasion, impact, and extrusion to 
induce changes in their structure and physicochemical properties and to induce chemical reactions. Unlike 
ordinary thermochemical reactions, mechanization, the driving force of the reaction, is mechanical energy 
rather than thermal energy; thus, the reaction can be completed without high temperature, high pressure, 
and other harsh conditions. It has been developing rapidly. This approach not only provides a green and 
energy-efficient route for chemical transformations but also offers more possibilities for the expanded 
preparation of materials[126]. Ultramicroporous MOFs with negatively charged anionic columns, such as 
SiF6

2- and TiF6
2-, often exhibit promising applications in gas separation and CO2 capture. As shown in 

Figure 14, a GeF6
2- pillared ultramicroporous MOF, ZU-36-Ni (also known as GeFSIX-3-Ni, 
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Figure 13. (A) Single-component CO2 isotherms on ZnDatzBdc up to 100 kPa and varied temperatures; (B) adsorption isotherms of 
CO2, N2, and CH4 up to 100 kPa at 273 and 298 K; (C) CO2 working capacities for the step-shaped isotherm of ZnDatzBdc and the 
simulated Langmuir isotherm from the CO2 adsorption data in the open phase, for a cycle of adsorption at 100 kPa and desorption at 
20 kPa (273 K); (D) comparison of CO2 uptakes and working capacities of ZnDatzBdc and other flexible MOFs with S-shaped CO2 
isotherms. Reproduced with permission from Peng et al.[125]. Copyright 2022 American Chemical Society.

GeFSIX = GeF6
2-), was prepared for the first time by sphere mill auxiliary conversion methodology by 

Zhang et al.[102]. The strong binding affinity of GeF6
2- and the comparatively long Ge-F bond distance 

(1.83 Å) lead to increased electronegativity and pore size contraction, resulting in high capacity and 
enhanced selectivity for trapping trace amounts of CO2 (1.07 mmol g-1 at 400 ppm).

A winning path to high levels of connectivity MOFs was proposed by Cairns et al. in 2007 by using metal-
organic polyhedra (MOPs) as supramolecular building blocks (SBBs)[127]. NJU-Bai52 and NJU-Bai53, 
prepared by a pure-supramolecular-linker (PSL) approach, are two kinds of high-connected isomeric MOFs 
with a rare (3,3,6,6)-c topology[128]. Among them, TPBTM acts as a 12-connected supramolecular linker 
connected by the M3O cluster, forming two height-connected linkers. The equilibrium charge on these M3O 
clusters was delicately tuned from Cl- ions to monodentate hydroxide anions, resulting in a significant ~50-
fold increase in the CO2 uptake for NJU-Bai53 (2.74 wt%) compared to NJU-Bai52 (0.74 wt%) at 298 K and 
0.4 mbar. At 298 K and 0.15 bar, the CO2 uptake of NJU-Bai53 (7.67 wt%) was greatly increased compared 
to NJU-Bai52 (0.057 wt%), which is the highest among the reported amide-functionalized MOFs 
(AFMOFs). In addition, NJU-Bai53 exhibited higher selectivity and chemical stability [Figure 15].

CONCLUSIONS
In conclusion, a great deal of CO2 capture research has been performed on MOFs in the past few decades. 
This is due to their special properties, such as large pore volume, high surface area, maintainability, 
structural diversity, etc. This review systematically describes several strategies that can be applied to design 
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Figure 14. (A and B) Adsorption isotherms of CO 2, CH 4, and N2 on ZU-36 materials at 298 K. (C) Comparison of the CO2 uptake on 
various materials at 400 ppm. (D) IAST selectivity of CO2/N2 (15/85) and CO2/CH4 (50/50) on ZU-36 materials; (E) Qst value of CO2 
on ZU-36 materials. (F) DFT calculated binding site of CO2 in ZU-36-Ni. Reproduced with permission from Zhang et al.[102]. Copyright 
2020 Royal Society of Chemistry.

Figure 15. (A) TPBTM6- ligand self-assembles into PSL by strong π-π stacking and H-bonds, together with Fe3O clusters to construct
NJU-Bai52, in which the P-isophthalates form metallamacrocycles and the C-isophthalates bridge these metallamacrocycles; (B) N2

adsorption and desorption isotherms at 77 K of NJU-Bai52 and NJU-Bai53; (C) CO2 adsorption isotherms at 298 K of NJU-Bai52 and
NJU-Bai53; (D) CO2 adsorption enthalpies of NJU-Bai52 and NJU-Bai53; (E) breakthrough curves at 298 K of NJU-Bai52 and
NJU-Bai53. Reproduced with permission from Song et al.[128]. Copyright 2019 American Chemical Society.

and synthesize CO2 capture-oriented MOFs, such as tuning the pore size window, functional group 
modification, and active site insertion. The emergence of these synthetic strategies offers enormous 
possibilities for the use of MOFs in practical applications in the area of CO2 capture and separation. 
Regardless of these strategies, it is imperative that certain characteristics of the original MOF are considered 
during the design phase, including the original functional groups, crystal structures, and acid and base 
properties of the MOF.
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Abstract
In thin samples, such as membranes, kinks inside ferroelastic domain walls interact through “dipolar” interactions 
following a 1/d2 decay, where d is the distance between the walls. Simultaneously, the samples relax by bending. 
Bending is not possible in thick samples or can be suppressed in thin films deposited on a rigid substrate. In these 
cases, wall-wall interactions decay as 1/d, as monopoles would do. In free-standing samples, we show a wide 
crossover regime between “dipolar” 1/d2 interactions and “monopolar” 1/d interactions. The surfaces of all samples 
show characteristic relaxation patterns near the kink, which consists of ridges and valleys. We identify the sample 
bending as the relevant image force that emanates from kinks inside walls in thin samples. When samples are 
prevented from bending by being attached to a substrate, the dipolar force is replaced by “monopolar” forces, even 
in thin samples. These results are important for transmission electron microscopy imaging, where the typical 
sample size is in the dipolar range while it is in the monopolar range for the bulk.

Keywords: Kink interactions, Crossover regime for kink interactions, Ferroelectricity, Finite size dependent scaling
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INTRODUCTION
Ferroelectric and ferroelastic materials spontaneously split into domains where the order parameter 
(spontaneous polarisation or spontaneous strain, respectively) is uniform. The boundaries between these 
domains are called domain walls. They move in response to an applied external field (electric field or stress 
field)[1-6]. They also exhibit emergent properties that do not exist in bulk, such as a spontaneous polarisation 
in ferroelastics[7] or anomalous electrical conductivity in ferroelectrics[8-11].

Landau theory predicts that domain walls are smooth with a hyperbolic tangent profile. However, 
experimental observations demonstrate a different behaviour, showing that domain walls can exhibit 
complex profiles with meanders and atomic steps called kinks[12-15]. This phenomenon is particularly evident 
in various materials such as membranes[16], ceramics[17,18] and thin films[19]. This internal structure has direct 
consequences on the emergent properties of domain walls. In lithium niobate, scanning transmission 
electron microscopy images on a lamella cut from a bulk single crystal revealed kinks and antikinks (i.e., 
atomic steps in the opposite direction compared to kinks) at domain walls. It was proposed that these kinks 
and antikinks lead to localised electric charges that influence the dielectric response of the material[20].

Kinks are also essential elements that form during switching under an applied external field[21-23]. Clear 
experimental evidence supports the notion that kink formation and local bending constitute the first stage 
of domain wall motion[24]. As such, the collective motion of domain walls in avalanche-like processes is 
triggered by kinks[25]. Kinks seem to play an even more important role in switching along non-polar 
directions or in non-polar materials. In lithium niobate, switching on non-polar cuts is governed by the 
generation and propagation of charged kinks[13]. Simulations also indicate that kink movements dominate 
the switching mechanism of polar domain walls in non-polar ferroelastic[26]. In addition, the movement of 
kinks has been predicted to be supersonic, opening possibilities for materials applications at GHz 
frequencies[27].

In samples with high densities of domain walls, interactions between walls are governed by their 
junctions[28,29]. In simpler but not uncommon configurations of parallel domain walls separated by distances 
larger than the boundary thickness, the interactions may arise from kinks[30] that are known to lead to 
enhanced areas of strain[18]. For nanoscopic sizes, the interaction energy between domain walls was found to 
be dipolar, i.e., to decay as 1/d2 where d is the distance between the walls[30], which agrees well with the 
energy decay of surface steps[31,32]. For large samples, the interaction energy was found to decay as 1/d[33].

In this work, using reasonable interatomic potentials, we show that a crossover between “dipolar” 1/d2 
interactions and “monopolar” 1/d interactions in free-standing samples occurs at lateral sizes in the order of 
1,000 l.u. (l.u. = lattice unit), which corresponds to around 0.5 μm for a unit cell parameter of 0.5 nm. This 
behaviour changes greatly if the sample is clamped on one side, such as in thin films, since we find that the 
kink-kink interactions stay monopolar even for very thin films (~ 100 l.u.). Our findings are important for 
understanding the organisation of domain walls and their response to an applied external field in 
membranes, transmission electron microscopy lamellae, ceramics, and thin films.

METHODS
Ferroelastic domains and confined atomic kinks residing inside domain walls are described by a model for 
ferroelastic transitions based on a Landau-type double-well potential[34], as schematically shown in 
Supplementary Figure 1. The potential energy U(r) contains three terms: the harmonic first nearest atomic 
interactions U(r) = 20(r - 1)2 (black springs), the anharmonic second-nearest interactions U(r) = -25(r - √2)2 
+ 20,000(r - √2)4 (yellow springs) along diagonals in the lattice unit and the fourth-order third-nearest 
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interactions U(r) = 8(r - 2)4 (green springs), where r is the distance between atoms. The first- and third-
nearest interactions are related to the elastic interactions and constitute the elastic background in 
ferroelastic materials. The model parameters are inspired by SrTiO3 with the energy scale determined by Tc 
= 105 K and typical ferroelastic shear angle of 2°. The atomic mass is M = 50 amu. The relevant strain 
components εxx, εyy, and εxy are calculated from the appropriate interatomic distances relative to those of the 
monodomain. The sample was relaxed for ca. 105 computational steps. All simulations were performed 
using the LAMMPS program[35], which minimises the potential energy of the total system. Although our 
formulated interatomic potential is simple, the main elastic properties of ferroelastic materials have been 
considered such that the simulated results can successfully reveal the elastic interactions between kinks, 
which would also be predicted by advanced methods, such as analytical potentials[36] and DFT calculations, 
where more parameters and physical processes are considered. Two different boundary conditions are used 
in our simulations. The first one is the open or Dirichlet boundary condition applied in both x and y 
directions, where sample relaxations, including shape changes and rotations, are allowed. The initial lattice 
parameters in x and y directions are set to a = 1 l.u. and relax to 1.0001297 l.u. and 0.9995027 l.u. in x and y 
directions, respectively. A single domain wall with a kink residing at its centre was constructed to 
investigate the size dependence of tilt angles and self-energies of the kink [Figure 1A and B]. Two parallel 
domain walls containing one kink in each wall, i.e., a kink-kink pair and a kink-antikink pair [Figure 1A] 
with various separations [Figure 1C] were constructed to investigate the effect of the sample size on the kink 
interactions.

The second boundary condition was constructed with the bottom layer fixed while all other surfaces were 
free to relax. This configuration represents an extreme case of hard interfacial bonding without any lattice 
defect between the sample and the substrate. This situation is encountered in thin films on “hard” 
substrates. All other parameters were identical to the first case of open boundary conditions. The kinks were 
initially created inside domain walls, and the system was then relaxed using a conjugate gradient method 
followed by 5 × 106 (5 × 103 ps) molecular dynamics (MD) simulation steps to obtain the full ferroelastic 
domain structure. Ferroelastic domain structures were obtained by averaging structural snapshots every 
1,000 MD steps (1 ps). To avoid the movement of kinks in the domain wall, the temperature was kept very 
low at T = 0.001 K using a Nosé-Hoover thermostat[37]. All simulations were performed using the LAMMPS 
code. The atomic configurations were displayed using the OVTIO software[38].

RESULTS AND DISCUSSION
Free standing sample (membrane, lamella)
We first construct a single domain wall with a stable kink located at the centre within a cell with open 
boundary conditions with a constant lateral size (Lx) of 1,601 l.u. in the x direction and variable vertical sizes 
(Ly) between 101 l.u. and 1,601 l.u. in the y direction (sample thickness indicated by Δ in Figure 2A). The 
kink-induced distortion is observed in the strain ɛxx map, as shown in Figure 2A. The strain fields generated 
by the kinks manifest obvious compressive and tensile regimes on the top and bottom of the kink, similar to 
those of dislocations[39]. A local bending near the kink, together with a macroscopic tilt of the domain wall 
on the left and right sides of this kink, is observed in Figure 2A and B. Such local bending can also be 
discussed under the framework of the Helfrich model[40]. The tilt angle is defined as the macroscopic angle 
between the domain wall and the horizontal direction, with the angles θ1 and θ2 shown in Figure 2B. All 
atomic layers from the bottom (green lines in Figure 2A) to the top surface (blue lines in Figure 2A) show 
similar tilt angles. Figure 2C shows the tilt angles as a function of the sample thickness. Both θ1 and θ2 
decrease as the system thickness increases, following θ ~ Δ-1. All these results are in agreement with our 
previous results on kink interactions[30].
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Figure 1. Domain wall configurations for kink interactions. (A) Domain wall configurations containing one or two kinks. The structural 
details of the atomic kinks, kink pairs and strain fields near the kinks are shown in (B and C). The strain maps in (A-C) are colour-coded 
by the atomic-level strain: ɛxx. Green dashed lines in (A) indicate the position of domain walls. Red solid lines in (A) indicate the atomic 
steps of the kink structures.

We then calculate the self-energy of kinks in domain walls with different sample thicknesses. The self-
energy of kinks is calculated as the energy difference between samples with and without kinks inside the 
wall. The self-energy is dependent on the sample thickness, as shown in Figure 2D. In analogy with 
dislocations, the self-energy of kinks consists of two components, namely the core energy of the kink and 
the elastic energy around the core. The core energy is found to be 0.17 eV, similar to values found for kinks 
in dislocations in silicon (~0.12 eV)[41]. The evolution of the total energy with the sample thickness Δ follows 
a logarithmic size dependence for thicknesses > 1,000 l.u [Figure 2D]. At lower distances, the energy is lower 
and follows a power law Ekink = Ecore - A/Δ with Ecore = 0.17 eV and A = 6 eV l.u. The kink energy per unit cell 
is defined as Ekink divided by the total number of unit cells in the sample and decays with a power law 
dependence from 10-7 eV/unit cell in the smallest sample with Δ = 150 l.u. to 2 × 10-8 eV/unit cell for a 
sample with a thickness of Δ = 1,601 l.u.

The size dependence of kink-kink and kink-antikink pair interactions is then investigated. Two parallel 
domain walls with one kink or one antikink in each wall are created [Figure 1A and C]. The two walls were 
initialised at symmetric positions with respect to centre of the sample, with a kink (or an antikink) at the 
centre of each wall. The samples range from small (Lx = 201 l.u., Ly = 200 l.u.) to large sizes (Lx = 1,601 l.u., Ly 
= 1,600 l.u.). To calculate the interaction energy of the kink-kink configuration, the total potential energy is 
reduced by the potential energy of two noninteracting kinks Ekink-kink = Etotal - 2Ekink. Figure 3 shows the 
sample size dependence of kink-kink interactions. For small sample sizes, the kink-kink interaction energies 
(black symbols and fitted lines in Supplementary Figure 2) are similar to Lu et al., and the wall-wall 
interaction shows an atypical “dipolar” character with a scaling exponent of -2 [Figure 3A][30]. As the sample 
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Figure 2. Dependence of the kink-induced wall tilt and kink self-energy on the sample thickness Δ. (A) Strain distribution induced by the 
kink for a sample with a thickness Δ of 101 l.u. (B) Bending of the local lattice with tilt angles θ1 and θ2. The green and blue lines indicate 
the bottom and top surfaces, respectively. (C) The variation of macroscopic tilt angles as a function of sample thickness Δ. The data 
points in (C) are fitted by θ = a + b × Δc with a ~ 0 for θ1 and θ2, b = 2.246 for θ1 and b = -2.246 for θ2, and c = -1 for θ1 and θ2. The fitted 
line in (C) shows the scaling exponent of -1 between the sample thickness and the tilt. (D) Relationship between kink self-energy and 
sample thickness Δ. The data points in (D) are fitted by Ekink = Ecore - A × ΔB with Ecore = 0.17 eV, A = 6 eV l.u. and B = -1. The fitted line in 
(D) shows a scaling of ~1/Δ while logarithmic scaling equally fits the data for thicknesses > 1,000 l.u.

Figure 3. Interaction energies of kink-kink configurations residing inside two parallel walls as a function of the wall-wall distance d. (A) 
Interaction energy on logarithmic scales with the fitted scaling exponents. (B) Scaling exponents as a function of sample sizes. The 
thickness scaling changes from d-2 for thin samples to d-1 for thick samples.

size increases, the scaling exponents decrease and “monopolar” interactions with an exponent of -1 are 
reached when the sample size is larger than 1,001 l.u. This “monopolar” wall-wall interaction is consistent 
with previous theoretical predictions[42]. Our energy scaling for the sample thickness reveals a wide 
crossover regimen, which had not been found before, that occurs near thicknesses of 1,000 l.u [Figure 3B]. 
To explore further the physical processes leading to this crossover, lattice profiles [Figure 4A-D] and strain 
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Figure 4. Lattice profiles and strain maps of kink-kink configurations with different system sizes and wall-wall distance d. (A-D) Lattice 
profiles for the bottom surfaces, top surfaces, lower walls and upper walls of samples with d = 10 l.u., 82 l.u. and 200 l.u. Strain maps in 
(E) are colour-coded according to the atomic-level normal strain: ɛxx with a wall-wall distance of d = 200 l.u. The sample sizes for (A-D) 
are 301 l.u. × 300 l.u., 501 l.u. × 500 l.u., 701 l.u. × 700 l.u., 901 l.u. × 900 l.u., 1,001 l.u. × 1,000 l.u., 1,201 l.u. × 1,200 l.u., 1,401 l.u. × 
1,400 l.u., and 1,601 l.u. × 1,600 l.u. The black lines indicate the bottom surface, lower wall, upper wall, and top surface.

maps [Figure 4E] are analysed. Strong strain deformations observed near the surfaces of small-sized sample 
[Figure 4E(a-c)] decay when the system size increases [Figure 4E(d-f)] and almost disappear when the size 
is over 1,400 l.u [Figure 4E(g and h)]. The simulated energies as a function of the wall-wall distances are 
power laws for all thicknesses. They do not represent superpositions of two power laws of more complex 
functions, which could have represented the intermediate range between the surface-dominated and bulk-
dominated interactions. The evolution of this size-dependent surface strain is, thus, seen as the change of 
exponents of the wall-wall interaction in Figure 3B. The top layers bend nearly parabolically in opposite 
directions so that the negative displacement of the bottom layer [Figure 4A] is the same as the positive 
bending of the top layer [Figure 4B]. Small samples bend very strongly, while thick samples are more rigid. 
The lower and upper domain walls show more local deformations at the kink positions. The same thickness 
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dependence is found for interactions between kinks and antikinks [Supplementary Figure 3].

The change of the interaction energy exponent from -2 for small samples to -1 for thick samples extends 
over an interval of sample thicknesses between 700 l.u. and 1,400 l.u. In real materials, the interval extends 
from 350 nm to 700 nm for a lattice unit of 0.5 nm. The weaker wall-wall interactions could lead to a higher 
concentration of domain walls.

Sample on a substrate (thin film)
A thin film on a substrate cannot bend on the fixed surface but can relax the free surface. To explore the 
effect of a fixed boundary on the kink interactions, we simulate this scenario by clamping the lower surface 
in the limit of hard interfaces with no lattice misfit. The model has a sample size of 601 l.u. in the x direction 
and 100 l.u. in the y direction [Figure 5A]. Similar to the cases of samples with free boundaries, the two 
parallel domain walls are symmetric with respect to the centre of the sample, and the kink is stabilised at the 
centre of each domain wall. We then relaxed the entire sample. The resultant strain fields are shown in 
Figure 5A. The strain fields do not extend to the bottom surface, while strain fields deform the top surface. 
Figure 5B shows the local displacements of the fixed bottom surface, lower wall, upper wall and top surface 
of samples with wall-wall distances of d = 10 l.u., 22 l.u., and 42 l.u. The bottom surface remains flat, while 
the top surface shows local ridge-and-valley deformations. These local deformations are in the order of 
0.02 l.u. or 2% strain for d = 42 l.u. The local deformations of the domain walls are of the same order of 
magnitude, with a sharp singularity at the kinks. The upper wall exhibits a larger deformation than the 
lower wall.

The fundamental difference between the clamped and the free samples is that no macroscopic bending can 
occur under clamping conditions, while the local deformations are visible in both cases. The decay of the 
valley structure away from the centre is exponential and extends over some 50 l.u. The decay resembles the 
deformation caused by intersections between domain walls and surfaces[43,44].

The interaction between the two kinks, and hence between the walls, is shown in Figure 5C. The scaling 
function is a power law with an exponent of -1 [Figure 5D]. In straight samples without any macroscopic 
bending, the scaling E ~ d-1 holds even though only one surface is clamped and the opposite surface is free 
to deform. Similar results were found for the kink-antikink interactions, as shown in 
Supplementary Figure 4.

CONCLUSIONS
Kink-kink interactions in bulk samples interact as “monopoles” with a d-1 dependence when they are 
separated by the distance d. As the sample size decreases, the interaction for thin samples decays following a 
characteristic d-2 trend similar to that of dipoles. This behaviour of any singularity (dielectric, dislocations, 
interstitials, etc.) is commonly described analytically by the concept of “image force”. The construction is 
based on the calculation of the surface relaxation as having the same energy as if a fictitious image force was 
placed outside the sample. Such image forces have also been used to describe the dynamics of dislocation 
movements[45]. Our results clarify the role of the crossover regime near d = 1,000 l.u., which is rather wide.

Detailed investigations of wall profiles are often attempted by transmission electron microscopy where the 
typical sample thickness is 50 l.u., well within the “dipolar” range. We demonstrate the role of image forces 
that are responsible for the dipolar relaxation by comparing the relaxation patterns of free-standing samples 
and thin films. They are closely related to the bending of the sample and much less to the bulging of the 
surface to form ridge-and-valley structures. This corresponds not only to substrate effects but also to thin 
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Figure 5. Interaction energies of kink-kink configurations with a clamped bottom surface. (A) Strain fields of the thin film with a 
thickness of Δ = 100 l.u. and wall-wall distances of d = 42 l.u. The strain map was colour-coded according to the atomic-level strain ɛxx. 
(B) Lattice displacements of fixed bottom surface, lower wall, upper wall, and top surface due to the kink-kink interactions. (C) The 
variation of interaction energies as a function of wall-wall distance. The data points in (C) are fitted by using the equation Ekink-kink = E0 - 
A × dB with E0 ~ 0 (noninteracting kinks), A = 0.832 eV l.u. and B = -1. The scaling exponent of -1 is shown in (D).

wedges in transmission electron microscopy investigations where the imaged part of the sample is very thin 
but constrained by the thicker part of the specimen. Still, even in clamped samples, such as thin films on 
rigid substrates, rather large surface structures, such as ridges and valleys, are observed in our simulation 
and could be detected experimentally.

Our simulated results provide a comprehensive understanding of the elastic interactions between kinks in 
ferroelastic and ferroelectric domain walls. The existence of a wide crossover regime in free-standing 
samples indicate that their domain structures should organise differently and exhibit abnormal behaviours 
in response to external fields, leading to unusual functionalities (e.g., superelasticity). Future research on 
membranes with in-situ TEM or dynamic piezoresponse force microscopy should provide valuable insights 
and investigations on novel nanomaterials.
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Abstract
Researchers often improve the energy storage performance of NaNbO3 ceramics through doping with Bi-based
composites. Recent studies have shown that rare-earth elements, such as La and Sm, can suppress remanent
polarization. In this study, a (1-x)NaNbO3-xSm(Mg0.5Zr0.5)O3 ceramic system was designed. Doping with
Sm(Mg0.5Zr0.5)O3 (SMZ) increases the resistance, activation energy, and bandgap of NaNbO3 ceramics, improves
the breakdown field strength, and optimizes the energy storage efficiency of NaNbO3 ceramics. In this study,
0.92NaNbO3-0.08 SMZ achieved an energy storage density of 4.3/cm3 and an energy storage efficiency of 85.6%
at 560 kV/cm. When x = 0.15, the sample exhibited an ultrahigh breakdown field strength and energy storage
efficiency (720 kV/cm and 91%, respectively). In addition, the 0.08 SMZ sample had an ultrafast release rate of
t0.9 (57 ns), high current density (777.1 A/cm2), and high power density (69.93 MW/cm3). It has practical
application prospects in high-performance energy storage capacitors.

Keywords: NaNbO3, energy storage density, rare-earth modification
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INTRODUCTION
NaNbO3-based energy storage dielectric ceramics have excellent electrical properties, such as
antiferroelectric (AFE) properties, high polarization strength, and relative breakdown resistance. They are
lightweight and have a wide working temperature range, which is beneficial for practical applications and
has attracted the attention of many researchers[1,2]. By using NaNbO3 as the base and adding a variety of
structural compounds to form solid solutions with different properties, energy storage dielectric ceramics
with excellent performance can be obtained[3,4]. However, as an AFE material, NaNbO3 decreases the energy
storage efficiency owing to the large polarization hysteresis caused by the inevitable field-induced
AFE-relaxor ferroelectric (FE) phase transition while obtaining a high energy density[5,6].

Researchers often adjust the relaxation behavior of ceramics, reduce the average grain size, stabilize the AFE
type, and delay the AFE-FE transition by incorporating doping Bi-based composite perovskites to improve
the energy storage performance of NaNbO3-based ceramics. For instance, NaNbO3 doped with
Bi(Ni0.5Zr0.5)O3 exhibits a breakdown field strength of 500 kV/cm, an energy storage density of 4.90 kV/cm3,
and an efficiency of 73%[7]. An energy storage density of 3.70 J/cm3 and an energy storage efficiency of 77%
were obtained through doping with Bi(Mg2/3Nb1/3)O3 ceramics with a breakdown field strength of
460 kV/cm[1]. Good results have been achieved, but the challenge of achieving low energy storage
efficiencies persists. Notably, there is still a lack of research on rare-earth-based composite perovskites.

Ye studied 0.96Na0.88La0.12NbO3-0.04CaSnO3
[8], and a 2.1 /cm3 recoverable energy storage density (Wrec) and

62% energy storage efficiency (η) were obtained. Although the energy storage performance was general,
doping with La inhibited Pr. The ceramics doped with La(Mg0.5Zr0.5)O3 in a Sr0.7Bi0.2TiO3 matrix studied by
Chen achieved an energy storage density of 1.22 J/cm3 and an ultrahigh energy storage efficiency of 98.2%[9].
The energy storage density was low, but η was high. Yang[10] obtained a 6.5 J/cm3 Wrec and 96% η by adding
Sm3+ and Ti4+ to NaNbO3. This shows that the energy storage efficiency of the matrix can be changed by
doping with rare-earth elements.

In studies of NaNbO3, BaTiO3, and Sr0.7Bi0.2TiO3 ceramics, doping with Bi (Mg0.5Zr0.5)O3 helped maintain
good performance stability[9,11,12]. Based on the above research, Sm(Mg0.5Zr0.5)O3 (SMZ) was introduced into a
NaNbO3 matrix, and (1−x)NaNbO3−xSm(Mg0.5Zr0.5)O3 (x = 0.05, 0.08, 0.12, and 0.15) (NN-SMZ) ceramics
were designed. The electrical properties, such as energy storage performance, temperature stability,
frequency stability, and resistance, were analyzed and studied. It is concluded that the energy storage
performance of the matrix can be improved by doping Sm3+ ions at the A site of the perovskite structure,
and the performance stability of the ceramics can be improved.

EXPERIMENTAL PROCEDURE
NN-SMZ was prepared using a conventional solid-state reaction. Na2CO3 (99.8%), Nb2O5 (99%), Sm2O3 
(99.99%), ZrO2 (99%), and MgO (98.5%) were stoichiometrically weighed and ball-milled with Zr balls in 
ethanol for 5 h. After drying, the mixed powders were calcined at 900 °C for 5 h and ball-milled again for 
5 h. Polyvinyl alcohol (5%) was added as a binder to press the dried powder into a disk with a diameter of 
8 mm and thickness of 1 mm. The disks were calcined at 550 °C for 4 h for glue extrusion. Finally, the 
samples were embedded in a precursor powder of the same composition and sintered at 1,340 °C for 2 h. 
The test instrument information during the experiment is added to the support material. The thicknesses 
and silver electrode areas of the samples used for P-E testing are listed in Supplementary Table 1.

https://oaepublishstorage.blob.core.windows.net/4b623cc5-91f8-4cb6-a3ed-f2492c1344ef/microstructures3019-SupplementaryMaterials.pdf
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RESULTS AND DISCUSSION
The X-Ray diffraction analysis (XRD) patterns of the NN-SMZ ceramics are shown in Figure 1A. Enlarging 
the characteristic peak clearly shows that with the addition of SMZ, the (200) characteristic peak shifts to a 
lower angle, indicating that the sample lattice has expanded[13,14]. After doping with SMZ, Sm3+(1.24 Å) 
partially replaces Na+ (1.39 Å) at the A site, and Mg2+ (0.72 Å) and Zr4+ (0.72 Å) replace the smaller Nb5+

(0.64 Å) at the B site[15]. The results show that the lattice expansion of the sample was mainly affected by the 
introduction of Mg2+ and Zr4+ at the B site[7]. To explore the reason for this phenomenon, the NN-SMZ 
component  samples  were  ref ined.  The ref ined resul ts  are  shown in Figure 1B-E and 
Supplementary Figure 1. The NaNbO3 ceramic exhibited an orthorhombic phase at room temperature; with 
the increase in SMZ doping, the sample gradually changed from the orthorhombic phase (Pnma) to the 
pseudocubic phase (Pm3m). When x = 0.05 and 0.08, the sample exhibited a two-phase coexistence 
phenomenon. Supplementary Figure 2 shows the refinement results for the NN-SMZ at 35°-45°. The 
refinement result for the sample was good. As the sample gradually changed to the pseudocubic phase, the 
intensity of the superlattice diffraction peak gradually decreased.

The Raman spectra of each component sample are shown in Figure 2A. The gradually widened peak width 
and gradually decreased peak intensity indicate that the complexity of the sample and the disorder of ions 
increased owing to the nonequivalent substitution of ions with different radii at the A and B sites[16,17]. To 
study further the effect of adding SMZ to the system, Peakfit software was used to analyze the Raman 
spectra of each component sample. The center position, peak intensity, and peak half-width of the vibration 
modes v1 and v5 fitted by each Raman component are shown in Figure 2B and C. With an increase in the 
SMZ content, the peak intensities of vibration modes v1 and v5 gradually decreased, and the half-width and 
height gradually increased, which proved that the complexity of the sample and the disorder of the ions 
increased. The vibration mode v5 moved to a high-wavenumber position, and a blue shift occurred. The red 
shift of the vibration mode v1 may be caused by the phase transition of the sample, which corresponds to the 
XRD refinement results in this study[18].

Scanning electron microscopy (SEM) images of the NN-SMZ components under the natural surface and the 
average grain size fitted by the Gaussian function are shown in Figure 3A. The surfaces of the NN-SMZ 
ceramic component samples were dense and had no obvious defects, and the average grain size generally 
increased. The grain sizes of 0.08 SMZ and 0.12 SMZ significantly increased. According to the XRD 
refinement results, the appearance of the pseudo-cubic phase is one reason for this phenomenon. According 
to the formula Eb∝G−1/2, the grain size (G) is negatively correlated with the breakdown field strength (Eb). 
The grain size of each component is smaller than that of pure NaNbO3 (generally tens of micrometers)[19,20], 
which helps the samples obtain a higher Eb

[21]. The energy dispersive spectrometry (EDS) mapping of the 
0.08 SMZ ceramic is shown in Figure 3B. Each element was uniformly distributed without enrichment, 
indicating that the SMZ was uniformly dissolved in the NN lattice[22]. An atomic force microscopy analysis 
was performed on the samples after hot corrosion. The test results are shown in Supplementary Figure 3. 
The surface of each component sample was dense, without obvious pores or defects. The sintering densities 
of the NN-SMZ samples are shown in Supplementary Table 2. The incorporation of the SMZ reduced the 
sintering temperature, improved the density of the ceramics, and helped the samples obtain a higher 
breakdown field strength.

A Transmission Electron Microscope test can effectively observe the domain morphology and phase 
structure of FE materials. The domain morphology of pure NaNbO3 ceramics is shown in Figure 4A and 
clearly shows the existence of a 180° domain. The domain morphology of the 0.08 SMZ sample is shown in 
Figure 4B, and the larger domain cannot be clearly observed, which is related to the gradual transition of the 

https://oaepublishstorage.blob.core.windows.net/4b623cc5-91f8-4cb6-a3ed-f2492c1344ef/microstructures3019-SupplementaryMaterials.pdf
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Figure 1. XRD patterns of NaNbO3-xSm(Mg0.5Zr0.5)O3 ceramics (0.05 ≤ x ≤ 0.15) (A), (B) XRD refinement of 0.05 SMZ component,
(C) XRD refinement of 0.08 SMZ component, (D) XRD refinement of 0.12 SMZ component, and (E) XRD refinement of 0.15 SMZ
component.

Figure 2. Raman Test Diagram of NaNbO3-xSm(Mg0.5Zr0.5)O3 ceramics (0.05 ≤ x ≤ 0.15) (A) and the Raman vibration modes v1 (B) and
v5 (C) of NN-SMZ components are plotted.

phase structure of the sample to the weak polar pseudocubic phase[23]. In NaNbO3 ceramics, due to the 
presence of large-sized domains, when the polarization direction changes, the direction of the domain will 
be irreversible, which greatly deteriorates the energy storage performance of the ceramics. The domain sizes 
of the 0.08 SMZ ceramic sample were smaller, which was beneficial to the sample to obtain a faster 
polarization response in the charge and discharge test, reduced the polarization loss, and achieved the 
purpose of improving the energy storage performance of the sample[24]. Figure 4C and D depicts selected 
area electron diffraction (SAED) images of 0.08 SMZ samples taken in the [100]c and [111]c directions. The 
presence of (eoo)/2 and (oee)/2 in the [100]c direction and the presence of (ooe)/2 superlattice diffraction 
spots in the [111]c direction (o and e are odd and even, respectively) proved the existence of octahedral 
distortion, indicating that this was a commensurate modulation phase structure with two-fold unit cell. The 
SEAD images also proved the perovskite structure of the 0.08 SMZ sample again[25].

To investigate the change in the dielectric constant of NN-SMZ ceramics with temperature, the dielectric 
constant of NN-SMZ was tested at -160 °C to 180 °C. The temperature spectra of the components are 
shown in Figure 5A-D, where the dielectric peaks of the components near 0 °C formed because of the 
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Figure 3. SEM images (A) and EDS mapping images of the NN-SMZ ceramic (B).

Figure 4. (A) Domain morphology of NN ceramics, (B) domain morphology of 0.08 SMZ ceramics. Lattice fringes and SAED patterns of 
0.92 NN-0.08 SMZ ceramics along (C) [100]c and (D) [111]c.
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Figure 5. Temperature dependences of dielectric constant and loss of NN-SMZ ceramics: (A) x = 0.05, (B) x = 0.08, (C) x = 0.12, 
(D) x = 0.15. Fitting analysis of ln(1/εr-1/εm) versus ln(T-Tm) for NN-SMZ ceramics at 500 kHz: (E) x = 0.05, (F) x = 0.08.

interference of ice during the temperature change. They are not phase transition peaks[26]. The figure shows 
that the 0.05 SMZ sample had an obvious dielectric peak; the Curie temperature was near -120 °C, and the 
dielectric peak of the 0.08 SMZ sample appeared at -175.6 °C. The dielectric peaks of the 0.12 SMZ and 
0.15 SMZ samples were not obtained in the test. This may have resulted from the addition of SMZ, which 
caused the dielectric peak of the sample to shift to a lower temperature. The Curie temperature of the 
0.12 SMZ and 0.15 SMZ samples was lower than the test temperature. As the amount of SMZ doping 
increased, the dielectric peak of the material gradually disappeared. The T-εr curve of the material gradually 
becomes a flattened, somewhat straight line, showing the dielectric temperature spectrum characteristics of 
the linear dielectric material[27].

The dispersion coefficients of 0.05 SMZ and 0.08 SMZ samples fitted according to the dielectric peak are 
shown in Figure 5E and F. The increase in the SMZ content reduces the dispersion coefficient of the sample. 
This means that the relaxation and the polar microregion of the sample are reduced, which is consistent 
with the Raman and XRD results. The frequency stability of the dielectric constant of the NN-SMZ ceramics 
is shown in Supplementary Figure 4. The samples of each component can maintain the stability of the 
dielectric constant over a wide frequency range of 103-106[28].

The P-E curve obtained by the FE test of the sample provides direct evidence for evaluating the energy 
storage performance of the sample, and the relevant energy storage performance calculation formula is 
provided in the supporting materials[6]. The test results for the NN-SMZ component samples at a field 
strength of 400 kV/cm are shown in Figure 6A-C. With an increase in x, the maximum polarization 
intensity Pmax of the sample decreased, the residual polarization intensity Pr decreased, and the obtained 
energy storage efficiency increased from 71.1% to 93.1%. This is because, with the incorporation of SMZ, the 
phase of the NN-SMZ sample gradually transformed into a weakly polar pseudocubic phase, which reduced 
the Pmax and Pr of the sample, leading to the gradual reduction of domains in the sample[23]. The results are 
consistent with the results of the Raman test and dielectric-constant-frequency test, proving that the doping 
of rare-earth-based composite perovskites can significantly increase the energy storage efficiency of the 
sample. Figure 6D-F shows the maximum breakdown field strength FE test diagrams of the component 
samples of NN-SMZ. As the figure shows, the breakdown field strength of the sample increased with the 
increase in the ratio. When x = 0.08, the sample exhibited the best energy storage performance. The 
breakdown field strength of the sample was 560 kV/cm, the energy storage density was 4.3 J/cm3, and the 

https://oaepublishstorage.blob.core.windows.net/4b623cc5-91f8-4cb6-a3ed-f2492c1344ef/microstructures3019-SupplementaryMaterials.pdf
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Figure 6. For NN-SMZ ceramics: at the electric field of 400 kV/cm: Unipolar P-E hysteresis loops (A), the corresponding energy 
storage properties (B) and polarization (C) at various content of SMZ. Unipolar P-E hysteresis loops (D), the corresponding energy 
storage properties (E), and polarization (F) at all content of SMZ. 0.08 SMZ unipolar P-E hysteresis loops (G), the corresponding 
energy storage properties (H) and polarization (I) at 0.08 SMZ.

energy storage efficiency was 85.6%. When x = 0.15, the breakdown field strength of the sample reached 
720 kV/cm, indicating that the addition of SMZ significantly improved the Eb of the sample. Figure 6G-I 
shows the FE test results for the 0.08 SMZ samples under different field strengths. With an increase in the 
field strength, the Pmax of the sample increased, and the number of domains that could not be flipped 
increased, resulting in an increase in Pr. In summary, the addition of the SMZ increased the energy storage 
efficiency and breakdown field strength of the samples[29].

The frequency stability of the P-E curve of the 0.08 SMZ ceramics is shown in Figure 7A-C. At an electric 
field of 350 kV/cm and different frequencies, the 0.08 SMZ ceramics exhibited a stable energy storage 
density of 1.9 ± 0.02 J/cm3 and a stable energy storage efficiency. This shows that 0.08 SMZ ceramics have 
excellent frequency stability and practical application prospects[30,31]. The temperature stability of the 
0.08 SMZ ceramics is shown in Figure 7D-F. At a frequency of 10 Hz and an electric field of 350 kV/cm, the 
energy storage performance of the sample decreased with increasing temperature. The Pmax and Pr of the 
samples increased with an increase in temperature, which may have been caused by the deterioration of the 
leakage current and boosted mobility of the domain walls at high temperatures[23].

To study the intrinsic mechanism of high Eb in NN-SMZ ceramics, we discussed the non-intrinsic factors 
and intrinsic factors with the sample[31]. We used the phase field method to simulate the electrical 
breakdown behavior of pure NaNbO3 ceramics and 0.08 SMZ ceramic samples. The initial geometric model 
of the simulation was extracted from the SEM test results, and the simulation results of the final breakdown 
path are shown in Figure 8; the calculation formula used to simulate electrical breakdown has been provided 
in the support material[32]. Figure 8A1-A3 is the simulation result of pure NaNbO3 ceramics. There was 
almost no obvious electrical tree branch phenomenon observed. With the increase of time, pure NaNbO3 
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Figure 7. Unipolar P-E hysteresis loops (A and D), the corresponding energy storage properties (B and E), and Pmax, ΔP, and Pr (C and F) 
for 0.08 SMZ ceramics at different frequencies and temperatures under different electric fields.

Figure 8. Breakdown paths for (1-x)NN-xSMZ samples under various times. x = 0: Figure 8A1-A 3, x = 0.08: Figure 8B1-B3.

ceramics experienced a rapid electrical breakdown. The breakdown simulation of the 0.08 SMZ sample is 
shown in Figure 8B1-B3, and the electrical tree branch phenomenon of the sample can be clearly observed. 
The reason for this difference is that the average grain sizes of 0.08 SMZ ceramics were much smaller than 
those of pure NaNbO3 ceramics. The smaller grain sizes were beneficial to generate more energy dissipation 
regions to suppress the breakdown behavior, which was manifested as the phenomenon of electrical tree 
branches. Usually, the more branches indicated that the material was more difficult to be broken down, 
which can also be proved by the marking time.
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To understand further the intrinsic reason for the high Eb of the doped SMZ sample, impedance tests were 
conducted on the NN-SMZ sample. Because the impedance test pattern curve was semicircular and there 
was almost no difference between the grain boundary and the grain response, a set of RQC structures was 
used to fit the resistance of the NN-SMZ sample[33,34]. The test and fitting results are shown in Figure 9A-D. 
In Supplementary Figure 5, the curve of the imaginary part changing with frequency has only a single peak, 
which also proves this point. Supplementary Figure 6 shows the relationship between the AC conductivity 
of the NN-SMZ sample and the frequency change. The incorporation of SMZ reduced the conductivity of 
the sample, which was beneficial for obtaining a higher breakdown field strength.

Figure 9E shows that under the test condition of 560 °C, the resistance of the sample increased gradually 
with the incorporation of SMZ. When x = 0.15, the resistance of the sample reached a maximum value of 
70,515 Ω. According to the activation energy calculation formula, the activation energy of each component 
is shown in Figure 9G. The activation energy of the sample increases with increasing SMZ doping. In 
general, the higher the activation energy of the sample, the larger its energy barrier, the more energy it needs 
to break down, and the higher its breakdown field strength[34,35]. To study the bandgap of the NN-SMZ 
ceramics further, ultraviolet test results of the samples are shown in Figure 9F. The Tauc equation was used 
to estimate the Eg value[36]. The Eg values of the NN-SMZ samples were 3.31, 3.37, 3.42, and 3.45 eV, which 
also indicated that the bandgap of the samples gradually increased[37]. This may have been caused by the 
incorporation of Sm2O3 and ZrO2, which had large bandgaps. In summary, due to its significantly smaller 
grain size, the NN-SMZ sample obtained a higher breakdown field strength than the pure NN sample. 
Although the average grain sizes of each component increased with the increase of SMZ doping amount, the 
resistance and conductivity of each component increased. In terms of intrinsic factors, the band gap of the 
sample was increased, which helped the sample to obtain a high Eb.

The charge-discharge test of the sample was helpful for exploring its actual energy storage capacity. The 
data for the NN-SMZ samples under different electric fields at room temperature are shown in 
Figure 10A and B. In the environment of 2-18 kV, the Imax of the sample gradually increased to 54.9 A, the 
current density of the sample increased from 172.7 A/cm2 to 777.1 A/cm2, and the power density of the 
sample increased to 69.93 MW/cm3[35,38]. The charge-discharge test of samples was performed in the range of 
30 °C-100 °C under a field strength of 16 kV/mm. The results are shown in Supplementary Figure 7. The Imax 
value of the sample was 48.93 ± 3 A, the current power was 692 ± 40 A/cm2, and the change rate of the test 
results was within 5%, indicating that NN-SMZ can maintain stable performance under working 
environments with different temperatures[38,39].

To judge the feasibility of the practical application of the NN-SMZ ceramics, a 210-Ω resistor was connected 
to perform an overdamped charge-discharge test on the sample. As shown in Figure 10C and D and 
Supplementary Figure 8A, when the applied electric field of the 0.08 SMZ sample gradually increased to 
18 kV/cm at 30 °C, the current increased to 11.5 A, the discharge energy density Wd increased to 0.33 J/cm3, 
and an ultrafast stable discharge time (t 0.9) of 57 ±  5 ns was obtained. As shown in 
Supplementary Figure 8B-D, when the temperature of the 0.08 SMZ sample increased from 30 °C to 100 °C 
under the condition of 16 kV/cm, the current remained at a stable value of 10.185 A ± 1%, and the value of 
t0.9 was stable at 55 ± 3 ns. This shows that 0.08 SMZ can maintain stable performance under working 
conditions with different temperatures and meet the needs of actual pulse capacitors[40-42].

CONCLUSION
In this study, NN-SMZ was prepared by solid-phase sintering. The crystal phase of NN-SMZ gradually 
changed from the orthorhombic phase (Pnma) to the pseudocubic phase (Pm3m) with increasing SMZ 
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Figure 9. Impedance diagram of NN-SMZ ceramics. (A) x = 0.05, (B) x = 0.08, (C) x = 0.12, and (D) x = 0.15. (E) Impedance diagram of 
NN-SMZ components at 560 °C, (F) Band gap energy for NN-SMZ ceramics, (G) The fitted activation energy of NN-SMZ.

Figure 10. (A) Underdamped discharge waveform of 0.08 SMZ ceramics at room temperature. (B) The changes of Imax, CD, and PD at 
room temperature. (C) Over-damped discharge current curves of 0.08 SMZ ceramics at different temperatures. (D) The changes of 
Imax, CD, and PD under different conditions.

doping. Meanwhile, an increase in the SMZ significantly reduced the residual polarization intensity of the 
system and improved the breakdown field strength, resistance, and activation energy of the system. In 
addition, 0.92NaNbO3-0.08 SMZ achieved a 4.3 J/cm3 energy storage density and 85.6% energy storage 
efficiency at 560 kV/cm. Finally, the 0.08 SMZ ceramics showed excellent dielectric stability in charge and 
discharge tests, indicating their potential for practical applications. In summary, rare-earth-based composite 
perovskites can be used to optimize the energy storage performance of NaNbO3 ceramics.
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Abstract
BiFeO3-BaTiO3 (BF-BT)-based lead-free ceramics are promising piezoelectric materials exhibiting high Curie 
temperatures and excellent electrochemical properties. In this study, 0.70Bi1+xFeO3-0.30BaTiO3 (B1+xF-BT, x = -0.01, 
0.00, 0.01, 0.02, 0.03, 0.04) lead-free piezoelectric ceramics were successfully fabricated via the conventional 
solid-phase reaction process. Crystallographic structure, microstructure, dielectric, impedance, ferroelectric, and 
piezoelectric properties among different compositions were comprehensively investigated. The X-ray diffraction 
analysis confirmed that all compositions exhibited a typical perovskite structure with a cubic-rhombohedral phase 
mixture. The grain size of ceramics tends to increase as the Bi2O3 content rises. In particular, the backscattered 
electron images and energy dispersive analysis revealed prominent core-shell microstructure within grains. 
Notably, the BF-BT ceramic containing 1% excess Bi displayed the maximum d33 ~217 pC/N and        ~243 pm/V
accompanied by a high Curie temperature of 515 °C. The findings demonstrate the potential feasibility of BF-BT
ceramics in the field of lead-free piezoelectric ceramics.

Keywords: Piezoelectric ceramics, lead-free, BF-BT, bismuth, nonstoichiometric
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INTRODUCTION
Piezoelectric ceramics are extensively employed in electronic devices, such as sensors, actuators, filters,
ultrasonic devices, etc., which are realized through the mutual conversion between mechanical and electrical
energies[1-3]. Over decades, Pb(ZrxTi1-x)O3-based piezoelectric ceramics have been used dominantly in
commercial devices. However, the toxicity of lead (Pb) can cause irreversible damage to human health and
the environment, which promotes research hotspots on lead-free materials[4-6]. Among the lead-free
materials, (K,Na)NbO3 (KNN)-based and Bi1/2Na1/2TiO3 (BNT)-based piezoelectric ceramics are considered
to be promising candidates for lead-based piezoelectric ceramics[7-10]. Despite the high piezoelectric
coefficient (d33 > 500 pC/N), KNN ceramics suffer from certain drawbacks, such as the K and Na
volatilization, unstable phase structures near room temperature, and low Curie temperatures (TC)
~200 °C[1,11-13]. BNT-based ceramics used to exhibit high TC, but the volatilization of Bi and Na
elements leads to unstable chemical compositions and a high coercive field; consequently, superior
polarization is difficult to achieve[14-17].

In recent years, BiFeO3-xBaTiO3 (BF-xBT) piezoelectric ceramics have emerged as competitive candidates in
lead-free materials[2,18-20]. As a kind of multiferroic material, BF has a rhombohedral phase perovskite
structure (ABO3), which has attracted significant attention because of its high TC (830 °C) and excellent
spontaneous polarization (Ps = 90-100 μC/cm2)[21,22]. Recent studies of BF single crystal[23-25], polycrystalline
thin film[26-29], and epitaxial thin film[30-34] have also been conducted, which has given researchers additional
ideas for exploring and application. However, the synthesis of pure BF is usually accompanied by the
generation of impurities, where excess Fe2O3 exceeding 5 mol % leads to the formation of pyrochlore
Bi2Fe4O9 and gamma-Fe2O3

[35]. Additionally, the volatilization of Bi and the valence reduction of Fe3+ to Fe2+

at high temperatures cause high leakage currents, resulting in challenges for practical applications[36-38]. BT is
a traditional ferroelectric material exhibiting a tetragonal phase structure at room temperature and
possesses a low TC of ~120 °C[39]. It has been found that the sintering of BF-xBT solid solution can effectively
suppress the generation of secondary or impurity phases and reduce the leakage current. Specifically, a
morphotropic phase boundary (MPB) can be constructed when x approaches 0.30 ~ 0.35, which contributes
to enhanced dielectric, piezoelectric, and ferroelectric properties while maintaining a high TC

[40-42].

However, one of the notable disadvantages in BF-xBT-based piezoelectric ceramics is the Bi2O3

volatilization during the sintering process, resulting in poor electrical resistivity and piezoelectric
performance. The volatilization of Bi2O3 can be described by the following defect Equation (1)[43]

The volatilization of Bi2O3 leads to the generation of Bi vacancies ( ) and O vacancies ( ) within the 
ceramics. Various strategies have been attempted to solve the problem. One of the most common strategies 
is using nonstoichiometric (excess) Bi to compensate for the loss of Bi during high-temperature sintering, as 
listed in Table 1.

In this study, a series of 0.70B1+xF-0.30BT (x = -0.01, 0, 0.01, 0.02, 0.03, 0.04) ceramics were fabricated using 
the conventional solid-state reaction method. The influence of Bi2O3 compensation on the phase structure, 
microstructure, dielectric, ferroelectric, and piezoelectric properties of ceramics are systematically 
investigated.
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Table 1. Summary of ferroelectric and piezoelectric properties of BF-BT system piezoelectric ceramics with excess Bi2O3

Composition d33/ Pr (μC/cm2) TC (°C) References

0.70B1.02F-0.30BT 183 pC/N 21.38 480 [44]

0.69B1.04F-0.31BT 207 pC/N - - [45]

0.70B1.02F-0.30BT 211 pm/V 19.6 421 [46]

0.65B1.05F-0.35BT 270 pm/V 27.61 432 [47]

0.70B1.02F-0.30BT 214 pC/N 19.61 528 [48]

0.54B1.01F-0.36BT-0.10BZ 197 pC/N 20 445 [49]

0.70B1.02FMT-0.30BT 198 pC/N - 497 [50]

0.70B1.05F-0.30BT 180 pC/N - 506 [43]

0.75B1.01F-0.25BT 114 pC/N 34.4 508 [51]

0.71B1.04F-0.29BT 142 pC/N - 452 [52]

MATERIALS AND METHODS
0.70Bi1+xFeO3-0.30BaTiO3 (B1+xF-BT, x = -0.01, 0.00, 0.01, 0.02, 0.03, 0.04) piezoelectric ceramics were 
fabricated using a solid-state reaction process. Bi2O3 (99%, Sinopharm, China), Fe2O3 (99.9%, Aladdin, 
China), BaCO3 (99%, Sinopharm, China), and TiO2 (98%, Sinopharm, China) powders were employed as 
raw materials. All powders were weighed according to stoichiometric ratios and ball-milled for 24 h using 
zirconia balls in ethanol. The mixed slurry was dried and calcined at 750 °C in a sealed alumina crucible for 
2 h, followed by a secondary ball-milling process for 12 h. The calcined powder was mixed with a 10 wt% 
polyvinyl alcohol (PVA) binder, and the green pellets with a diameter of 10 mm were formed under a 
pressure of 127 MPa. The green pellets were kept at 600 °C for 2 h to burn out PVA and then sintered into 
ceramics at 1,010 °C for 3 h to obtain ceramics. Silver paste was sintered on parallel ceramic surfaces to form 
electrodes for electrical measurements.

The crystal structure and morphology were probed by the X-ray powder diffraction (XRD, D8 Advance X, 
Bruker, Germany) with Cu-Kα radiation and the scanning electron microscope (SEM, Apreo 2, Thermo 
Scientific, United States) equipped with an energy-dispersive spectroscopy (EDS) detector, respectively. The 
dielectric and impedance properties were measured via a precision LCR meter (E4980A, Agilent 
Technologies, United States) connected to a high-temperature dielectric test system (DMS-1000, Balab 
Technology, China). The ferroelectric hysteresis (PE) loops and fieldinduced strain (SE) curves were 
collected by a ferroelectric tester station (PK-10E, PolyK Technologies, United States). The piezoelectric 
coefficient (d33) is recorded by a quasi-static d33 meter (SA1303A, PolyK Technology, United States).

RESULTS AND DISCUSSION
The XRD results reveal that all B1+xF-BT compositions exhibit a perovskite structure with a phase mixture 
consisting of cubic (Pm m) and rhombohedral (R3c) phases, as shown in Figure 1A. The impurity of 
Bi25FeO40, a common occurrence in the BF-BT system[37], is appeared when x ≥ 0.03. The enlarged (111) and 
(200) peaks show insignificant peak shifts with varying Bi2O3 content. The refined results for each 
component are displayed in Figure 1B and Table 2. The cubic phase gradually decreases as the Bi2O3 content 
increases and tends to stabilize at x ≥ 0.01, according to this Table. This demonstrates that the phase 
structure changes from the Bi2O3-deficient to the Bi2O3-excess tends to change from the cubic phase to the 
rhombohedral phase, while the excess Bi2O3 phase structure has little effect, which is also reflected in the 
lattice parameter.
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Table 2. The rietveld refinement data of the observed XRD patterns for B1+xF-BT ceramics

Phase fraction (%) Rhombohedral Cubic

x Rhombohedral 
(R3c)

Cubic 

(Pm m) a (Å) c (Å) V (Å3) a (Å) V (Å3) Rwp X2

-0.01 38 62 5.6454 13.8319 381.781 3.9989 8.063.948 1.41

0.00 54 46 5.6437 13.8376 381.704 3.9991 63.958 9.3 1.73

0.01 66 34 5.6393 13.8590 381.689 4.0045 64.281 8.8 1.49

0.02 65 35 5.6396 13.8614 381.805 4.0084 64.407 8.6 1.52

0.03 77 23 5.6389 13.8669 381.854 4.0063 64.303 9.5 1.74

0.04 74 26 5.6389 13.8654 381.812 4.0075 64.363 9.2 1.67

Figure 1. (A) XRD patterns of the B1+xF-BT ceramics, (B) the Rietveld refinement results for x = 0.01.

Figure 2 shows the surface morphology of the B1+xF-BT ceramics in different compositions. The ceramic
surface exhibits a compact morphology with clear grain boundaries and seldom pores. The calculated
relative density is higher than 95% for all compositions [Supplementary Figure 1], which is consistent with
the observations from SEM results. Statistical analysis of the grain size distributions reveals that the grains
tend to increase with enriching the Bi2O3 content. The ceramic grain size increases from 4.01 μm of x = -0.01
to 9.62 μm of x = 0.04. It is evident that the excess Bi2O3 not only compensates for volatilization but also acts
as a sintering aid promoting grain growth, which is consistent with the literature[46,47].

Figure 3 shows the backscattered electron (BSE) images of the polished surface of B1+xF-BT ceramics with
the corresponding elemental mapping results by EDS. A BSE image is used to see the dark and bright
contrast, showing the light and heavy element distributions to evidence the core-shell structure in grains,
and EDS helps further identify the exact elements in the core and shell regions. The images reveal a non-
uniform distribution of elements inside the ceramic, leading to a distinct core-shell microstructure, which is
caused by immiscibility of the dominantly ionically bonded BT and covalently bonded BF phases and the
microscopic segregation of elements that forms during the slow cooling process of sintering[3,53-56].
Murakami et al. synthesized the 0.05BiScO3-(0.95-x)BaTiO3-xBiFeO3 ceramics without a discernible core-
shell microstructure[53]; it is proven that the BF-BT lattice can be replaced by dopants in the narrow range of
the ionic radius (RSc3+: 0.745; RTi4+:0.605; RFe3+:0.645Å)/electronegativity (ESc3+:1.3; ETi4+:1.5; EFe3+:1.8) difference
so as to prevent phase separation during slow cooling processes. Notably, there is a noticeable contrast
between light and dark regions in Figure 3. The core, enriched with Bi and Fe, appears brighter, while the
shell, enriched with Ba and Ti, appears relatively darker. In addition, the BSE images of x = -0.01 and 
x = 0.03 and the distribution of EDS elements are shown in Supplementary Figure 2 
and Supplementary Figure 3.

202334-SupplementaryMaterials.pdf
202334-SupplementaryMaterials.pdf
202334-SupplementaryMaterials.pdf
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Figure 2. SEM images and grain size distribution in B1+xF-BT ceramics with x = (A) -0.01, (B) 0.00, (C) 0.01, (D) 0.02, (E) 0.03, and (F) 
0.04.

Figure 3. BSE images of B1+xF-BT ceramics: x = (A) -0.01, (B) 0.00, (C) 0.01, (D) 0.02, (E) 0.03, (F) 0.04, and EDS elemental mapping 
results (G) Bi, (H) Fe, (I) Ba, (J) Ti, and (K) O, (L) the scanned points in a core and a shell region and scanned line, EDS data of points 
and line scan on the core-shell in B1.01F-BT ceramic.
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Figure 4A presents the temperature-dependent behavior of relative permittivity (εr) and dielectric loss (tanδ) 
at 10 kHz. It reveals that as the Bi2O3 content increases, the dielectric peak becomes narrower, and the 
maximum relative dielectric constant (εr) gradually increases, indicating a reduction of diffuse behavior. It is 
evident from the spectra that the dielectric peaks of the ceramics exhibit asymmetry, which is related to the 
presence of a core-shell structure within the ceramic grains. As plotted in Figure 4A, the tanδ of ceramics 
exhibits an abrupt increase around the Tm (temperature exhibiting the maximum εr), suggesting that there is 
a transition from the diffuse ferroelectric to the paraelectric phase [Figure 4B]. Figure 4C illustrates the 
relaxation factor (γ) calculated at 10 kHz, which demonstrates that the value of γ decreases as the x content 
increases, ranging from γ = 1.79 at x = -0.01 to γ = 1.27 at x = 0.04. Figure 4D displays the variation of ΔTm 
between 1 kHz and 1 MHz for each component in the temperature spectrum. It is evident that ΔTm tends to 
decrease with increasing x content, which reveals that the ferroelectricity of the ceramic becomes more 
prominent, aligning with the decreasing γ depicted in Figure 4C.

The complex impedance (Z*) plots of B1+xF-BT ceramics at 400 °C are shown in Figure 5A, where Z' and Z'' 
represent the real part and imaginary part of Z*, respectively[57]. At 400 °C, the total impedance initially 
increases from 36.5 kΩ·cm at x = -0.01 to 44.4 kΩ·cm at x = 0.01 and then decreases with incorporating more 
Bi2O3 content, which indicates that the composition of x = 0.01 is the most electrically resistive. The Z" and 
M"/ε0 plots of x = 0.01 at 300 °C are plotted in Figure 5B, illustrating the electrical heterogeneity associated 
with various conductive components. Three peaks are found in the plots corresponding to the three 
conductive components. Z" exhibits a single peak related to the grain boundary response (component 1), 
while M"/ε0 shows a strong peak in the low-frequency region and a weak peak in the high-frequency region, 
which is ascribed to the electrical heterogeneity from the core-shell structure. In this study, the strong peak 
represents the shell response (component 2), whereas the weaker peak is considered as the core response 
(component 3). The resistance (R) and capacitance (C) of all conductive components at 325 °C were 
calculated based on the peaks of Z" and M"/ε0 [Table 3]. The R values of components 1 and 2 reach the 
maximum in the composition of x = 0.01. However, the R value of component 3 did not change significantly 
with the increase of Bi2O3 content. Additionally, the resistance of components 1 and 2 is two orders of 
magnitude higher than that of component 3, which matches the frequency of the peaks of the three 
components in Figure 5B. It is worth noting that component 3 exhibits a capacitance that is an order of 
magnitude higher than components 1 and 2, indicating the formation of an electrically conducting core and 
a nonconductive shell. Figure 5C shows the Arrhenius plots of the grain shell, core, and boundary, and the 
calculated activation energy calculated by fitting is shown in Figure 5D. The activation energy of the shell 
(1.06-1.14 eV) is generally lower than that of the core (1.15-1.28 eV) and grain boundary (1.09-1.16 eV).

Figure 6A illustrates the PE loops of the B1+xF-BT ceramics at 60 kV/cm under a frequency of 1 Hz, and the 
corresponding Pr and EC are plotted in Figure 6B. The PE loops show typical ferroelectric features without 
observations of leakage characteristics at high field amplitudes. However, when x = -0.01, 0.00, the loops 
demonstrate the phenomenon of leakage conduction, resulting in relatively high values of Pr and EC, which 
is mainly attributed to the formation of Bi and O vacancies caused by the Bi2O3 volatilization[43]. When 
x ≥ 0.01, the leakage conductivity of BF-BT is significantly reduced, leading to stable values of Pr and EC. The 
electric SE loops of ceramics measured at 60 kV/cm are shown in Figure 6C. It can be seen that the strain 
value increases as x increases from -0.01 to 0.01, reaching a maximum value of 0.146% at x = 0.01, and then 
the strain value decreases. The strains are calculated by averaging the positive strains obtained at ±60 kV/cm 
and used for deriving the  values, as plotted in Figure 6D. Notably, the highest  = 243 pm/V and 
d33 = 217 pC/N are achieved at x = 0.01, evidencing that the suitable amount of compensation of Bi2O3 is 
effective in improving the piezoelectric properties of the BF-BT ceramics. In addition, the inset image of 
Figure 6D depicts the temperature dependence of d33 for x = 0.01. It demonstrates that the d33 value has a 
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Table 3. The values of R and C for each component at 325 °C derived based on the Z" and M"/ε0 peak values for -0.01 ≤ x ≤ 0.04

Component 1 (grain boundary) Component 2 (shell) Component 3 (core)
Composition R = 2 Z'' 

(kΩ·cm)
C = 1/(4πfZ'') 
(F cm-1)

R = M''/(ε0πf) 
(kΩ·cm)

C = ε0/(2M'') 
(F cm-1)

R = M''/(ε0πf) 
(kΩ·cm)

C = ε0/(2 M'') 
(F cm-1)

-0.01 (325 °C) 346 5.73 × 10-10 281 4.65 × 10-10 0.82 1.42 × 10-9

0.00 (325 °C) 393 6.07 × 10-10 315 4.77 × 10-10 1.08 1.30 × 10-9

0.01 (325 °C) 474 3.48 × 10-10 378 2.88 × 10-10 0.95 1.06 × 10-9

0.02 (325 °C) 438 5.45 × 10-10 329 4.16 × 10-10 1.12 1.14 × 10-9

0.03 (325 °C) 314 5.25 × 10-10 230 3.93 × 10-10 0.99 1.08 × 10-9

0.04 (325 °C) 334 5.41 × 10-10 245 4.03 × 10-10 1.07 1.09 × 10-9

Figure 4. Temperature-dependent εr and tanδ of (A) -0.01 ≤ x ≤ 0.04 measured at 10 kHz, (B) the Tm at 10 kHz, (C) the relaxation 
coefficient γ at 10 kHz, (D) the ΔTm from 1 kHz to 1 MHz for the B1+xF-BT ceramics.

great temperature sensitivity and decreases above 300 °C as a result of the gradual depolarization at high 
temperatures.

CONCLUSIONS
In this work, a series of 0.70B1+xF-0.30BT-based lead-free piezoelectric ceramics were systematically studied. 
The addition of Bi2O3 to 0.70BF-BT ceramics plays a crucial role in compensating for the volatilization of Bi 
elements during high-temperature sintering, leading to enhanced dielectric and piezoelectric performance. 
The phase structure of the ceramics is barely influenced while varying the Bi2O3 content, where all 
compositions exhibit a typical perovskite structure with a rhombohedral-cubic phase mixture. The 
microscopy results indicate an increasing trend of grain size as more Bi2O3 content is incorporated into the 
composition. The BSE images and element mappings reveal core-shell microstructures in the ceramics, 
which are attributed to the segregation of elements during the sintering process. Moreover, the higher Bi2O3 
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Figure 5. (A)Temperature-dependent Z* plots for B1+xF-BT ceramics at 400 °C, (B) Combined Z" and M"/ε0 spectroscopic plots at 
300 °C for x = 0.01, (C) Arrhenius plots and (D) the activation energy for the B1+xF-BT ceramics.

Figure 6. Ferroelectric properties of (A) PE loops at 60 kV/cm and associated (B) Pr and EC of the B1+xF-BT ceramics. (C) SE loops at 60 
kV/cm and (D) d33 and d*

33 as a function of x concentration for the B1+xF-BT ceramics; the inset image shows the temperature 
dependence of d33 for x = 0.01.
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content leads to narrower dielectric peaks, higher maximum εr, and diminished relaxation factor, indicating 
a deteriorated relaxor behavior. The ferroelectric properties of the ceramics, as demonstrated by PE loops, 
show that the excess of Bi2O3 helps improve the leakage conductivity while stabilizing the Pr and EC. The 
piezoelectric properties of the ceramics are optimized at x = 0.01 with d33 ~217 pC/N and  ~243 pm/V, 
but it has a great temperature sensitivity. The nonstoichiometric optimization of the Bi2O3 content in BF-BT 
was investigated in this work. The findings can be utilized as a foundation for further research into the BF-
BT system.
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Abstract
Precession electron diffraction (PED) is a powerful technique for revealing the crystallographic orientation of 
samples at the nanoscale. However, the quality of orientation indexing is strongly influenced by the quality of 
diffraction patterns. In this study, we have developed a novel algorithm called Auto-CLAHE (automatic contrast-
limited adaptive histogram equalization), which automatically enhances low-intensity diffraction pattern signals 
using contrast-limited adaptive histogram equalization (CLAHE). The degree of enhancement is dynamically 
adjusted based on the overall intensity of the diffraction pattern, with greater enhancement applied to patterns 
with fewer spots (i.e., away from zone axes) and little or no enhancement applied to patterns with many spots (i.e., 
at a zone axis). By improving the visibility of low-intensity diffraction spots, Auto-CLAHE significantly improves the 
template matching between experimentally acquired and simulated diffraction patterns, leading to orientation 
maps with dramatically higher quality and lower noise. We anticipate that Auto-CLAHE provides an efficient and 
practical solution for preprocessing PED data, enabling higher-quality crystal orientation mapping to be routinely 
obtained.

Keywords: Precession electron diffraction (PED), orientation mapping, contrast-limited adaptive histogram 
equalization (CLAHE), magnesium, nanoindentation
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INTRODUCTION
Precession electron diffraction (PED) is a powerful characterization technique used to obtain high-
resolution crystal structure/orientation[1-3] and elastic strain[4-6] information about materials at the nanoscale 
level. Some notable PED applications include characterizing thin film microstructures[7-10], nanocrystalline 
grain growth behavior[11,12], material deformation behavior at large strains[13,14], and submicron and nanoscale 
martensite variants[15,16]. When applying PED, the electron beam in the transmission electron microscope 
(TEM) is converged to a small probe (~1-3 nm) and rasters on the specimen. Precession (typically 0.3°-0.8°) 
is applied to excite higher-order reflections and reduce the dynamical effect[1,17,18]. The experimentally 
acquired diffraction patterns from each pixel are compared to the simulated diffraction patterns in a 
database to determine the crystal structure and orientation. The information is then used to create phase 
(crystal structure) and orientation maps. The PED-based orientation mapping is also termed automated 
crystal orientation mapping (ACOM)[2,3,8,10]. Compared to electron backscatter diffraction (EBSD, another 
widely used orientation mapping technique, typical resolution ~20-50 nm), PED offers superior spatial 
resolution (~3 nm resolution in conventional field-emission gun TEM). In addition, PED offers a larger 
field of view compared to high-resolution TEM (HRTEM). HRTEM typically allows examination of lattice 
fringes to deduce crystal orientation in a field of view up to 50 × 50 nm², while PED can provide a field of 
view up to 6 × 6 μm². Hence, the PED-based orientation mapping fills the length-scale gap between HRTEM 
and EBSD.

The quality of PED orientation mapping depends heavily on the quality of the diffraction pattern. Various 
factors can affect the diffraction pattern signal, including sample thickness and crystal orientation. 
Generally, thinner samples are preferred as longer rel-rods intersect with the Ewald sphere, resulting in 
more diffraction spots and accurate template matching between the experimentally acquired and simulated 
diffraction patterns[19]. Diffraction patterns acquired at or close to zone axes are also preferable since they 
offer more diffraction spots for template matching. Conversely, diffraction patterns acquired far away from 
zone axes have fewer spots, and the intensity of the spots that are not at the exact Bragg condition 
diminishes rapidly, potentially leading to poor orientation indexing. While sample thickness can be 
controlled by the researcher, it is difficult to control the exact diffraction condition of individual grains in 
polycrystalline or deformed single-crystal samples. Therefore, there is a need for a robust and efficient 
algorithm to enhance diffraction spot information when it is not ideal for template matching.

Previous work from various research groups has reported that preprocessing PED data is critical to realizing 
the full potential of the subsequent algorithms. For example, Bergh et al. demonstrated the importance of 
binning and center beam alignment before background removal and diffraction spot identification to 
resolve overlapping diffraction patterns[20]. Zhao et al. effectively reduced noise in PED raw data through 
various filters (e.g., Gaussian, non-local means, and Wiener) to enable precise diffraction spot position 
identification and strain mapping[4]. Folastre et al. employed sub-pixel adaptive image processing and linear 
filtering to enhance pattern matching for crystal orientation determination and phase recognition[21]. 
However, none of these data preprocessing techniques were specifically designed to amplify the signals of 
low-intensity diffraction spots.

In this study, we introduce a new algorithm called “Auto-CLAHE” for enhancing diffraction data in PED. 
The name is short for “automatic contrast-limited adaptive histogram equalization”. Auto-CLAHE is based 
on a popular image processing technique called CLAHE (contrast-limited adaptive histogram 
equalization)[22-24], which applies histogram equalization to small regions of an image independently to 
prevent over-enhancement of local contrast. The amount of enhancement is controlled by a clip limit, with 
higher clip limits corresponding to greater enhancement. In our method, the clip limit for each diffraction 
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pattern is automatically assigned based on its average intensity. Our results show that Auto-CLAHE 
significantly improves the signal-to-noise ratio of low-intensity diffraction spots, particularly those from 
patterns acquired away from zone axes. This improvement in diffraction pattern quality enables better 
template matching, resulting in less noise and more accurate orientation mapping.

MATERIALS AND METHODS
An indented pure magnesium (Mg) TEM specimen was used as the model system to test the Auto-CLAHE 
algorithm. The bulk sample was a hot-rolled commercially pure Mg purchased from MetalMart 
International Inc. The sample was annealed at 500 °C for two hours under an argon flow atmosphere to 
homogenize the microstructure and remove most of the dislocations, then mechanically polished to 1,200 
grit SiC abrasive sandpaper and chemically polished in a 10% nitric acid in methanol before 
nanoindentation. Nanoindentation was carried out using a KLA iMicro nanoindentation testing system 
(KLA Instruments) equipped with a Berkovich tip. Nanoindentation was performed on a grain close to the 
[0001] direction so the indentation is approximately parallel to the c-axis of the crystal. The indentation 
depth was 600 nm. The focused ion beam (FIB, Helios G4, ThermoFisher, 30 kV Ga+ beam) lift-out method 
was used to prepare the cross-sectional TEM specimen to investigate the microstructure under the indent 
impression. The TEM characterizations were performed in an FEI Tecnai TEM operated at 200 keV and 
equipped with a NanoMEGAS ASTAR system with a Stingray CCD camera for PED experiments. The 
precession angle was 0.3° and the step size was 20 nm when acquiring the map. The 0.3° precession angle 
was selected because it offers a good combination of reduction in the dynamical effect and retaining a 
decent beam spot size (~3 nm). One precession per pixel was used, and the diffraction pattern rate was 
approximately 0.06 s per pixel.

The Auto-CLAHE method was developed as a Python program, utilizing several scientific libraries to 
handle data. The source code can be found in our GitHub repository linked under the “Availability of data 
and materials” section. In the code, the HyperSpy and PixSTEM libraries are used to open and read the PED 
raw data .blo files. The average intensity of each diffraction pattern is calculated. The diffraction patterns are 
recorded as 8-bit images. The pixel intensity ranges from 0 (dark) to 255 (bright). Next, each diffraction 
pattern is processed with CLAHE (from the OpenCV library). The clip limit value is calculated using the 
equation:

There is an inverse relationship between the clip limit value and the average intensity of the diffraction 
pattern. If the diffraction pattern is at or close to a zone axis, many diffraction spots are excited. The average 
intensity of the pattern is high, the clip limit is small, and little enhancement is required. In contrast, if the 
diffraction pattern is far away from zone axes, a few diffraction spots are excited. The average intensity of 
the pattern is low, the clip limit is large, and signal enhancement is applied.  In the equation, the numerator 
coefficient of 10 in the Auto-CLAHE algorithm was determined by a combination of trial and error and 
visual inspection to ensure optimal quality of the enhanced diffraction patterns. It is worth noting that if the 
average intensity of a diffraction pattern is too high, the “10/Average_intensity” term may round down to 0. 
Using it alone as the clip limit can cause the CLAHE algorithm to default to non-CLAHE, which will 
produce erroneous results. To address this issue, another coefficient of 1 was introduced to help preserve 
image information when processing bright diffraction patterns. With this setup, we have successfully 
applied this approach to generate enhanced diffraction patterns in various datasets, but users can adjust the 
coefficients based on their own PED datasets.
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The user interface of the algorithm is described as follows. First, the user selects a PED dataset. Next, an 
analysis window containing a virtual bright-field image of the selected dataset appears. The virtual bright-
field image is created by taking the average intensity of the direct beam in the diffraction patterns of each 
pixel. The user can click on any point on the virtual bright-field (VBF) image to preview the raw and 
enhanced diffraction pattern at that pixel. Finally, the entire dataset is enhanced with Auto-CLAHE and 
exported as a new .blo file, which can be further analyzed using the NanoMEGAS commercial software.

RESULTS AND DISCUSSION
Figure 1 shows the cross-sectional VBF image of the indented Mg specimen as the model system. The 
indent impression is apparent at the top. The region under the indent impression is plastically deformed, 
and the diffraction contrast is complex. The plastic zone is tilted to the  zone axis. Since plastic 
deformation under the indent can change the crystal orientation[25], the exact orientation will vary from 
pixel to pixel. Three diffraction patterns were selected within the dataset to represent various diffraction 
“quality levels”, which decrease going down the right-side column of the figure. Here, we consider 
diffraction patterns that contain more diffraction spots as good quality as they facilitate more accurate 
template matching. The first diffraction pattern (marked with a green dot) was taken at the  zone axis. 
It has many highly visible diffraction spots, and its average intensity is high. As a result, it does not require 
enhancement. The second diffraction pattern (marked with a blue dot) is slightly away from the  zone 
axis. It can be regarded as a medium-quality pattern, as many of the diffraction spots are obscured. 
However, some diffraction spots are clearly visible, and the crystal symmetry information is still retained. 
This type of diffraction pattern requires some enhancement for more diffraction spots to be visible. The 
third diffraction pattern (marked with a red dot) is regarded as a low-quality pattern. Nearly all diffraction 
spots aside from the center spot are obscured, and the average intensity is low. The pattern requires a high 
level of enhancement to properly reveal the diffraction spots. From these observations, it can be deduced 
that the level of image enhancement should have an inverse relationship with the original average intensity 
of the diffraction pattern.

Prior to investigating the effect of CLAHE, we first explored the use of conventional image processing 
techniques to enhance diffraction information, focusing on brightness, contrast, and gamma adjustment[26] 
on selected diffraction patterns from the indented Mg dataset, as depicted in Figure 2. While brightness 
adjustment uniformly increases the intensity of each pixel and uncovers previously obscured spots, it also 
raises the brightness of the background and lowers contrast, making it less suitable for analysis. Contrast 
adjustment also uncovers obscured spots but creates excessive contrast between the spots, resulting in 
overcorrection of bright spots in the original diffraction patterns, which appear overly saturated and 
enlarged. Gamma correction performs better than the other techniques by revealing hidden diffraction 
spots while maintaining a dark background and consistent brightness between spots. However, the low-
intensity spots are still a bit dim after the gamma correction, and it is challenging to further enhance them 
without making the diffraction patterns grainy. Moreover, gamma correction operates uniformly on the 
entire image, which means that it cannot adapt to local contrast variations[26]. This can lead to suboptimal 
results in images with significant variations in contrast across different regions (e.g., bright direct beam 
spots vs. dim diffracted beam spots in the low “quality” diffraction patterns). Hence, a more advanced 
enhancement method is needed for more effective data processing.

The CLAHE algorithm demonstrated remarkable signal enhancement in the diffraction patterns, and the 
results of applying different clip limits to the selected Mg diffraction patterns are shown in Figure 3. 
Increasing the clip limit consistently improved the visibility of low-intensity diffraction spots across all 
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Figure 1. A virtual bright-field TEM image of the indented Mg specimen, along with the selected diffraction patterns. The patterns 
shown on the right generally decrease in “quality” going down the column.

Figure 2. Selected diffraction patterns processed using brightness, contrast, and gamma adjustments.

patterns. However, as the clip limit increased, the radii of all diffraction spots also increased, including those 
with originally high intensity, which became even brighter. In comparison to conventional image processing 
techniques described in the previous paragraph, CLAHE better preserves a dark background and avoids 
over-saturation in the originally bright spots while allowing weak diffraction spots to be well-illuminated 
without sacrificing the overall quality of the diffraction pattern.
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Figure 3. Selected diffraction patterns processed with CLAHE. Different clip limit (CL) values are applied. For Auto-CLAHE, the 
algorithm automatically selects the clip limit values. The orientation indexing quality (IQ) of the raw data and the Auto-CLAHE 
processed data is also shown in the figure.

The Auto-CLAHE algorithm automatically calculates the clip limit for each diffraction pattern, only 
applying necessary levels of signal enhancement for diffraction pattern indexing. For example, in Pattern 1 
in the figure, CLAHE with the calculated clip limit of 2 produces a good result. Greater clip limit values tend 
to degrade the diffraction pattern quality by augmenting the size of diffraction spots and by leading to the 
merging of spots. In Pattern 2, a clip limit of 4 was calculated by the algorithm. Lower clip limit values 
(e.g., 2) may not bring out enough diffraction pattern signal, whereas higher clip limit (e.g., 10) results in 
excessive spot size augmentation. In Pattern 3, the calculated clip limit of 8 appears to produce a decent 
result in that many obscured spots are now visible and the crystal symmetry information is revealed. One 
unique advantage of using Auto-CLAHE to preprocess the PED data is that the signal enhancement is 
dynamic. For high-quality diffraction patterns, little correction is needed; thus, a lower clip limit is 
automatically selected. As the diffraction pattern “quality” and overall brightness decrease, a higher clip 
limit is applied, allowing hidden spots to be effectively revealed.

Next, we quantify the efficacy of Auto-CLAHE in improving the orientation indexing via template 
matching using the NanoMEGAS commercial software. It is important to note that the quality of template 
matching and, subsequently, the orientation indexing are affected by background noise and the excitation of 
the diffraction spots (e.g., intensity) in the experimental data. The challenge of high background noise can 
be overcome by preparing better quality (e.g., thinner) TEM foils. This leads to more electrons undergoing 
elastic scattering that forms diffraction spots rather than inelastic scattering that augments the background 
noise. In addition to matching the high-intensity diffraction spots, the Auto-CLAHE algorithm enhances 
the signal of low-intensity diffraction spots, which also contributes to the template matching to reach better 
indexing quality (IQ). The IQ (i.e., template matching quality) of the raw data and the Auto-CLAHE-
processed data are shown in Figure 3. Indeed, after the Auto-CLAHE enhancement, all diffraction patterns, 
regardless of their initial quality, exhibit better IQ as calculated by the NanoMEGAS commercial software. 
For instance, the IQ of the high-quality diffraction pattern (Pattern 1) improves from 360 to 495, median-
quality diffraction pattern (Pattern 2) from 248 to 460, and low-quality (Pattern 3) from 66 to 265.
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We further inspected the local intensity information in the raw data and the Auto-CLAHE-processed data 
to evaluate the impact of signal enhancement on forbidden reflections and noise in diffraction patterns. 
Figure 4 depicts the selected diffraction patterns before and after Auto-CLAHE processing, together with 
the intensity profile plotted along the [0002] direction, indicated by the dashed boxes. Mg has the hexagonal 
closed-packed (HCP) crystal structure; hence, the even-numbered reflections (e.g., 0002, 0004, etc.) are 
allowed, and the odd-numbered reflections (e.g., 0001, 0003, etc.) are forbidden. However, due to the TEM 
foil thickness and the limited 0.3° precession angle, some dynamical effects persist, making the forbidden 
reflections visible but with reduced intensity (grey curves in the intensity profiles for Patterns 1 and 3). Even 
after the Auto-CLAHE signal enhancement, the lower intensity of the forbidden reflection is retained 
(maroon curves in the intensity profiles for Patterns 1 and 3). For Pattern 2, due to the specific crystal 
orientation, the  reflection has a higher intensity than the 0002 reflection in the raw data. This 
information is preserved in the Auto-CLAHE-processed diffraction pattern. The above observations 
indicate that although the CLAHE algorithm amplifies the weak signals more than the strong ones, it does 
not arbitrarily amplify weak spots to the detriment of crucial structural information, particularly regarding 
the relative diffraction spot intensities influenced by structure factors. One should bear in mind that with 
the signal enhancement, the background level in the vicinity of the diffraction spots can increase. The 
background is largely attributed to the overlapping of Gaussian profile tails of the diffraction spots, and its 
level can be assessed by the intensity at the troughs between the peaks. In all cases, the background levels are 
higher in the Auto-CLAHE processed diffraction patterns than in raw data. However, the adverse effect of 
the increased background level in diffraction patterns seems to be outweighed by the benefits gained from 
signal enhancement, which is evidenced by the increase in IQ after Auto-CLAHE processing, as shown in 
Figure 3. It is also interesting to observe the preservation of very low noise/background levels from the 
regions in the raw data to the auto-CLAHE-enhanced data, indicated by the black arrows in the intensity 
profiles in Patterns 2 and 3 [Figure 4]. This provides assurance that the CLAHE algorithm does not 
introduce noise arbitrarily into areas of low noise in diffraction patterns.

To test the overall effectiveness of the Auto-CLAHE algorithm, crystal orientation maps were constructed 
using both raw and enhanced datasets. Figure 5A shows the raw data-constructed orientation maps along 
the X, Y, and Z directions overlayed with the index maps. The orientations map is created by comparing the 
experimentally acquired diffraction patterns with the simulated diffraction patterns via template matching. 
The index map is created by comparing the experimentally acquired diffraction patterns with the simulated 
ones, with better fits corresponding to brighter pixels. It is very similar to the band contrast map in EBSD. 
The quality of the orientation maps constructed from the raw data is acceptable. The maps reveal the overall 
deformed matrix and deformation twinning in the top right corner. (The very top layer is the Pt protective 
coating, and its indexing information should be discarded.) The deformed microstructure is expected as the 
plastic deformation of c-axis compressed Mg is predominantly accommodated by <c+a> dislocations[27,28]. 
The complex stress state from nanoindentation also activated some deformation twinning[29,30]. However, it 
is also apparent that regions of noise are present in both the matrix and the twin, as indicated by the white 
arrows. This noise is caused by a lack of clarity in the diffraction spots of the raw data. With the obscured 
diffraction spots, the commercial orientation indexing software is unable to accurately match the 
experimental data with the simulated ones, resulting in erroneous orientation assignments in several 
diffraction patterns. Figure 5B shows the Auto-CLAHE-enhanced orientation maps overlayed with the 
index maps. After preprocessing the dataset using Auto-CLAHE, a vast majority of the noise in the 
orientation maps is removed, as distinct diffraction spots are revealed in the diffraction patterns, allowing 
for accurate orientation indexing. Additionally, it is worth pointing out that there is a region in the raw data 
that appears to be a twin grain, as indicated by the black arrows in Figure 5A. However, in the raw data, it is 
difficult to distinguish if it is actually present or merely an extension of the noise. In contrast, the filtered 
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Figure 4. Selected diffraction patterns before and after the Auto-CLAHE processing, together with the diffraction pattern intensity 
profile along the [0002] direction. The dashed boxes indicate where the intensity profiles are generated. The red arrow in the first 
diffraction pattern indicates the intensity signal plotting direction.

Figure 5. Crystal orientation maps overlapped with index maps with (A) raw data and (B) data processed using Auto-CLAHE.

data clearly reveals a twin grain in the sample, reducing the uncertainty of the feature identification in the 
dataset. Based on these results, Auto-CLAHE dramatically improves orientation mapping on the PED raw 
datasets.
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Figure 6. Selected diffraction patterns and reconstructed x-direction orientation maps using the (A) raw data and Auto-CLAHE 
algorithm-processed data with (B) 1, (C) 10, and (D) 100 numerator coefficients.

It is worth noting that determination of the clip limit using the inverse relationship in the equation 
is based on empirical considerations. Here, we explore the effect of changing 

the numerator coefficient on the qualities of diffraction patterns and orientation maps. Figure 6A depicts 
the selected diffraction patterns and the corresponding orientation map from the raw data. Noise is 
apparent in both the matrix and the twin, as previously described. In contrast, all Auto-CLAHE-processed 
data demonstrate much reduced noise in the respective orientation maps compared to the raw data. When 
choosing 1 as the numerator coefficient, some visible enhancements of the diffraction pattern were 
observed, and most noise in the orientation map was removed [Figure 6B]. However, low noise level persists 
in the matrix and the twin (some indicated by the white dashed circles). Increasing the numerator 
coefficient to 10 (the one we adopted in our algorithm) further enhances the diffraction pattern signals and 
leads to a near-noise-free orientation map [Figure 6C]. Further increasing the numerator coefficient to 100 
results in over-saturation of the diffraction spots and a noisier orientation map [Figure 6D]. The most 
notable noise is the misidentification of the twinned region as the matrix in the top right part of the map; 
some noise also appears in the matrix (indicated by the white circles). This is caused by the poorer indexing 
from the diffraction spot supersaturation, diffraction spots merging, and arbitrarily augmented background. 
Taken together, these observations are encouraging, suggesting that the Auto-CLAHE algorithm is relatively 
robust - improved orientation maps can be generated with a wide range selection of the numerator 
coefficients. However, carefully selecting the numerator coefficient is critical to creating orientation maps 
with high confidence and low noise. Moreover, we encourage the users to try different numerator 
coefficients or even different inverse relationships (e.g., ) based on the 
diffraction quality to achieve optimal indexing results.

Furthermore, we point out that the NanoMEGAS ASTAR commercial software offers the flexibility of 
adjusting brightness, contrast, and gamma settings after data acquisition before data reconstruction. 
However, an equal degree of enhancement (determined by the user) is uniformly applied to all acquired 
diffraction patterns. For instance, a 50% increase in brightness can effectively enhance faint diffraction spots 
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in certain pixels. Yet, this same enhancement level might cause oversaturation and compromise indexing 
accuracy in pixels containing intense diffraction patterns. In contrast, the auto-CLAHE algorithm employs a 
dynamic approach to signal enhancement. It selectively applies signal amplification to pixels that contain 
diffraction patterns with low intensity. This ensures that pixel-specific enhancements are tailored to the 
actual signal characteristics.

CONCLUSIONS
TEM-based crystal orientation mapping at the nanoscale using PED is a useful tool that can reveal
microstructural information that has been inaccessible to SEM-based EBSD. In this work, we present a new
algorithm named Auto-CLAHE, which automatically amplifies signals of low-intensity diffraction patterns.
The degree of enhancement is tailored dynamically based on the overall intensity of the pattern. The
algorithm applies greater enhancement to patterns with fewer spots located away from zone axes, while little
or no enhancement is used for patterns with many spots located at a zone axis. By enhancing the visibility of
low-intensity diffraction spots, Auto-CLAHE remarkably improves template matching between
experimentally obtained and simulated diffraction patterns, leading to orientation maps with considerably
higher quality and lower noise. Our findings suggest that Auto-CLAHE offers a convenient and efficient
solution for preprocessing PED data. The scientific significance of this work is two-fold. First, our method
improves the diffraction signal, enabling nanoscale orientation mapping in previously challenging systems
with pixels that contain low-intensity diffraction spots. Second, considering that many microscopists are not
trained in digital image processing, our technique serves as an example of successful cross-disciplinary
implementation, demonstrating how knowledge from other research areas can advance electron microscopy
characterization. We anticipate the Auto-CLAHE approach can be routinely applied to all PED datasets and
potentially be extended to enhance the diffraction signal in 4D-STEM datasets[31] to achieve further
improved analyses.
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Abstract
In recent years, the rapid development of machine learning (ML) based on data-driven or environment interaction 
has injected new vitality into the field of meta-structure design. As a supplement to the traditional analysis 
methods based on physical formulas and rules, the involvement of ML has greatly accelerated the pace of 
performance exploration and optimization for meta-structures. In this review, we focus on the latest progress of 
ML in acoustic, elastic, and mechanical meta-structures from the aspects of band structures, wave propagation 
characteristics, and static characteristics. We finally summarize and envisage some potential research directions of 
ML in the field of meta-structures.

Keywords: Meta-structure, inverse design, machine learning, continuous fiber reinforced composite meta-
structure, additive manufacture

INTRODUCTION
Meta-structures[1] are artificially designed functional structures that meet specific performance requirements 
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and possess physical properties beyond the capabilities of natural materials. Based on different disciplines, 
acoustic meta-structures[2], mechanical meta-structures[3], electromagnetic meta-structures[4], and other 
types can be distinguished. Acoustic meta-structures[5], including phononic crystals, acoustic metamaterials, 
and acoustic metasurfaces, have emerged as an elegant means of manipulating acoustic and elastic waves. 
Through special structural designs, researchers can achieve dynamic characteristics that are not found in 
natural materials, enabling novel operations such as mechanical wave blocking[6], absorption[7,8], 
focusing[9,10], robust energy harvesting[11,12], negative refraction[13], invisibility[14,15], topological transmission[16], 
and more. The significant advancement in the field of acoustic meta-structures can be attributed primarily 
to the extensive research conducted on electronic crystals and photonic crystals. Matter waves and 
electromagnetic waves exhibit band structures separated by bandgaps under the action of Bloch periodic 
potential fields formed by the above structures. Bandgap formation is attributed to the Bragg scattering 
mechanism, which results from destructive interference between scattered waves caused by periodic 
structures. Phononic crystals[17,18], which are formed by the periodic distribution of materials or structures in 
space, can exhibit bandgaps that effectively block or attenuate the propagation of mechanical waves as an 
extension of the aforementioned concept. The subsequent development of localized resonant phononic 
crystals enables the formation of low-frequency hybridization bandgaps through scatterer resonance, 
independent of the periodicity of the structure itself[19]. The local resonance mechanism has triggered a 
revolutionary innovation in the realm of acoustic metamaterials[20]. On the one hand, the bandgap frequency 
is determined by the resonant unit frequency, providing theoretical support for developing compact 
structures with vibration and noise reduction functions in limited space requirements. On the other hand, it 
has been proven to possess new physical properties with locally resonant parameters, resulting in equivalent 
excotic properties. This has stimulated extensive research on negative mass density[21], negative bulk 
modulus[22,23], and double-negative parameters[24,25].

In the past decade, guided by the goal of achieving efficient regulation of low-frequency acoustic/elastic 
waves through thin and lightweight structures, researchers have developed acoustic metasurfaces by 
designing subwavelength functional unit arrays to form phase gradients based on the generalized Snell's 
law[26]. Acoustic metasurfaces[27] include reflective, absorptive, and transmissive types, which can achieve 
functions such as acoustic/elastic wave focusing[28], cloaking[29,30], low-frequency perfect absorption[31,32], 
asymmetric transmission[33], self-bending[34], and so forth. Compared with phononic crystals and acoustic 
metamaterials, acoustic metasurfaces have the characteristics of ultra-thin, planar, low loss, and strong 
designability, which make it possible to develop extremely miniaturized acoustic functional devices.

Recently, the concept of topological insulators in condensed matter physics has been added to the design of 
acoustic meta-structures for regulating mechanical waves[35-39]. Due to the existence of bandgaps, mechanical 
waves within specific frequency ranges are not allowed to propagate. In these bandgaps, acoustic meta-
structures can be considered as insulators of mechanical waves. The topological properties of bandgaps can 
be characterized by calculating topological invariants and can generally be classified as topological trivial 
and topological non-trivial bandgaps[40,41]. On the structural boundaries with the above two bandgaps, 
certain frequencies of waves within the bandgap are allowed to propagate, which are the so-called 
topological edge states. Supported by topological mechanisms, topological edge states have robust 
transmission characteristics, such as defect immunity, unidirectional waveguides, and backscatter 
suppression effects[42,43]. The in-depth studies of topological states have broadened the application prospects 
of acoustic meta-structures to a certain extent.

The research on mechanical meta-structures primarily centers around the three material parameters of 
elastic modulus, shear modulus, and Poisson's ratio in order to attain exceptional static performance[3]. 
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Natural solid materials typically exhibit positive elastic and shear moduli, which are related by Poisson's 
ratio, typically falling between 0 and 0.5. The mechanical meta-structures designed through origami and 
kirigami structures[44], chiral structures[45], lattice structures[46], honeycomb structures[47], and other methods 
can constrain and adjust the overall elastic deformation, thus exhibiting unconventional equivalent 
characteristics, such as negative stiffness, negative compression, negative Poisson's ratio, multi-stability, and 
so forth. Mechanical meta-structures greatly enrich the way of regulating statics performance and provide 
support for the design and application of engineering vibration suppression, impact resistance, energy 
absorption, and structural protection devices.

The process of analyzing the wave or mechanical properties of a certain meta-structure is a forward 
problem, which can be easily realized through theoretical, experimental, or commercial software analysis. 
However, designing structures with specific properties considering practical application backgrounds can 
essentially be attributed to inverse problems[48]. The traditional strategy for solving inverse problems usually 
relies on trial and error supported by experimental and computational modeling techniques, which require 
a significant amount of time and resource costs. Subsequently, some heuristic optimization methods that 
relied on global search were developed, such as genetic algorithms (GA)[49], simulated annealing 
algorithms[50], particle swarm optimization algorithms[51], and so forth. These methods can effectively 
identify the meta-structure parameters corresponding to the target property and can be modified to adapt to 
different goals. However, their performance generally depends on the specific problem, usually lacking 
stability and being prone to falling into local optima.

With the deepening of artificial intelligence (AI) research, the improvement of computer hardware 
performance, and the emergence of open-source deep learning frameworks, machine learning (ML) 
algorithms have been rapidly developed and widely applied, and advanced methods, such as deep neural 
networks (DNNs) and reinforcement learning (RL), have emerged. The development of ML has shown a 
strong ability to circumvent the shortcomings of traditional methods, leading to an interdisciplinary 
revolution, including biology[52], finance[53], materials science[54], computational chemistry[55], computational 
mechanics[56], etc. Certainly, the meta-structure design scheme based on intelligent algorithms has become 
an important core to break through the bottleneck of inverse problems and promote the development of the 
field. In the past several years, some review articles have introduced the latest progress of ML-enabled meta-
structure design from different aspects, for instance, the progress of ML-enabled nanophotonics and 
photonic devices in an all-round way[57-66]. Furthermore, Khatib et al. introduced the progress in the field of 
designing electromagnetic meta-structures by ML[67]. Jiao et al. discussed the advent and prospects of ML in 
the field of mechanical meta-structures[68]. Jin et al. introduced some basic ML algorithm principles and 
reviewed intelligent on-demand design of phononic metamaterials[69]. Subsequently, Muhammad et al. and 
Liu et al. successively updated the progress of ML in phononic crystals and metamaterial[70,71]. From the 
works in recent years, the field of integrating ML in the design of acoustic, elastic, and mechanical meta-
structures has developed rapidly, but there is still a lack of comprehensive review that directly takes design 
objectives as the classification standard, which is helpful to understand the latest progress of various inverse 
design problems in this field.

In this review, we draw attention to a series of recent results on ML inverse design of acoustic, elastic, and 
mechanical meta-structures from the perspective of design objectives. We first introduce the background of 
the development of ML and how basic algorithms can be combined with meta-structures for inverse design. 
Then, we summarize the latest progress from three aspects: design of band structure in infinite meta-
structures, design of wave propagation characteristics in finite meta-structures, and design of static 
characteristics in mechanical meta-structures. Finally, we summarize the current status of this cutting-edge 
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cross-disciplinary field and discuss potential future development prospects.

BACKGROUND OF ML
AI is committed to enabling machines to acquire and expand human intelligence. The development of AI 
can be traced back to the proposal of this concept at the Dartmouth Conference in 1956, but related 
research has already begun earlier. It has gone through periods of symbolism, connectionism, and 
behaviorism[72]. Early researchers constructed expert systems by feeding human experience into machines 
through programming, which is a symbolic approach. Although expert systems perform well in 
environments with strong logic, such as mathematical deduction, this approach cannot obtain new 
knowledge beyond input, and human intelligence is acquired through autonomous learning rather than 
direct input. Therefore, researchers turned to exploring ways to enable machines to autonomously acquire 
knowledge starting in the 1980s, a concept known as ML[73]. At this time, connectionism represented by an 
artificial neural network (ANN) algorithm ushered in the peak of development. Artificial neurons were 
proposed in 1943[74], followed by the development of a variable strength criterion for inter-unit connections, 
which led to the formation of a perceptron model[75]. In 1986, the success of the back-propagation training 
algorithm enabled the multilayer perceptron (MLP) model to have nonlinear processing capability[76]. On 
this basis, researchers began to explore the deepening of neural network models. Recurrent neural networks 
(RNN)[77] with time series prediction function and convolutional neural networks (CNN)[78] with image 
processing function were successively proposed. The deepening of the model has brought about an 
explosive increase in training difficulty, but this dilemma has been effectively overcome with the 
improvement of computer computing power. Since 2006, research on ANNs has entered the era of deep 
learning[79], and the emergence of many open-source deep learning frameworks has greatly reduced the 
learning cost of algorithms. Over the past decade, a large number of DNN models have emerged, such as 
generative adversarial networks (GAN)[80], condition GANs (CGAN)[81], tandem neural networks (TNN)[82], 
and so forth. RL, originating from behaviorism[83], has gradually emerged in the context of the flourishing 
development of deep learning. The basic principle is that the agent takes different actions to change its own 
state and corrects its behavior based on environmental feedback, thereby selecting the optimal strategy to 
achieve the goal. RL is seen as the future development direction of AI and has achieved great success in 
fields such as Go programs[84] and autonomous driving[85].

The advantage of DNNs lies in their ability to learn potential laws implicitly from data, especially for 
nonlinear mapping problems with unclear or complex physical mechanisms, and the design of meta-
structures belongs to such problems. Unlike the process of calculating property from structural parameters 
in a forward problem, inverse design, which involves extrapolating the property back to the structure, often 
finds it difficult to obtain analytical solutions based on clear functional relationships. However, with the 
nonlinear processing ability of data-driven neural networks, the design parameters of the structure can be 
quickly obtained by taking the target property as input.

For situations where high-dimensional data or image data are used as property inputs, CNNs are often used 
to reduce the number of connections between neurons, thereby reducing the computational complexity of 
the computer. Autoencoders (AE) can be used to extract features from high-dimensional property data for 
further wave or mechanical analysis. In the inverse design meta-structure paradigm, there may be a problem 
that one property corresponds to multiple sets of structural parameters, which leads to the convergence 
failure of neural network training.

The proposal of TNN effectively solves this problem by freezing the training parameters of the pre-trained 
forward network and cascading it after the inverse network[82]. The subsequently developed probabilistic 
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TNN can obtain multiple reasonable structures as alternative solutions based on inputs. Additionally, in 
order to deal with the situation of only small-scale data, researchers introduced transfer learning into meta-
structure design[86,87]. Transfer the model trained from similar data sources to the target data for retraining, 
thereby reducing the demand for target data without affecting the training results.

Another solution is to rely on GAN[80] and CGAN[81]. In this solution, the generator of GAN takes random 
vectors as input, initiates the generation of a structure, and then sends the generated structure and real 
structure to the discriminator for authenticity discrimination to guide model updates. After adversarial 
training of the generator and discriminator, a generator model that can generate the target structure can be 
obtained. While inputting random vectors, the expected property can be input together to enable the 
generator to generate structures under this condition. The combination mode of RL and meta-structure 
inverse design is to regard structural parameters as agents. These agents execute the action of parameter 
changes, determine feedback based on the proximity of the altered property to the design goal, and finally 
explore a parameter path to achieve the goal.

As a summary, the overview diagram of ML in the field of meta-structure for forward performance 
prediction and inverse structure design is shown in Figure 1. In addition, there are various types of ML 
algorithms, some of which may be simple and perform well when dealing with specific problems. For 
example, linear regression obtains sample distribution patterns by fitting data points as closely as possible. 
Logistic regression can compress samples to a specific range through nonlinear functions, thus realizing the 
classification of samples. A decision tree is a tree-structured classifier that classifies samples by representing 
branches of different attributes. Multiple groups of decision trees can form a random forest, which yields 
higher performance and prediction stability. However, the increase in the complexity of the model requires 
more computing time. Readers can refer to relevant literature for more information[73,88,89].

The emergence of some deep learning open-source frameworks, such as TensorFlow[90] and PyTorch[91], 
helps beginners easily grasp the basic usage of ML. These frameworks are integrated through Python 
packages and can be easily called, eliminating the hassle of writing low-level computational code for neural 
networks. Researchers can use some shared ready-made datasets for training and learning, such as 
Handwritten Digit Dataset, CIFAR10, Fashion-MNIST, and so forth. In addition, the commercial software 
MATLAB also has a built-in toolbox for neural networks, which can be easily modeled through the user 
interface.

APPLICATION OF ML IN META-STRUCTURES
Design of band structure in infinite meta-structures
A band structure is the most basic way to describe the acoustic/elastic wave characteristics in meta-
structure, so it is the most direct research idea to carry out the application of ML in meta-structure design 
around a band structure and the wave information it carries. With the maturity of deep learning algorithms 
and open-source frameworks, a large amount of design work has emerged around band structures, which 
can be mainly divided into two categories: design based on complete band structures and design based on 
bandgaps. Table 1 provides a brief overview of ML for the design of band structures in infinite meta-
structures.

Complete band structures
For the design of complete band structures, one type of work is to predict the corresponding band structure 
of a meta-structure from a forward perspective to replace the analytical process. Liu and Yu[92] used MLP 
and radial basis function neural networks (RBF-NN) to predict the band structures of one-dimensional 
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Table 1. A brief overview of design based on band structures in infinite meta-structures

Design
type Algorithm  Meta-structure and performance Description                                                                                  Year

MLP
RBF-NN

RBF is suitable for single parameter prediction, while MLP
can meet multi-parameter prediction[92]

2019

CNN Construct digital structure genomes through forward
prediction. Thus, the target property structures can be
quickly extracted from the genomes[93]

2021

GAN 
CNN

Generate optimal structure based on customized dispersion
and accelerate design processes[94]

2022

Complete 
band 
structures

GAN 
CNN

Generate and screen structures with excellent attenuation
performance. The dataset is generated through secondary
mirroring, which lacks flexibility[95]

2022

MLP 
TNN

Compared to MLP, TNN can solve the problem of data
inconsistency and is suitable for multi-parameter inverse
design[96]

2019

GA 
MLP

The model is insufficient to provide accurate predictions
beyond the training data range and only performs well
within local data points[97]

2020

GA 
MLP

The model can obtain the target modular metamaterial but
cannot find the configuration beyond the dataset[98]

2020

Can accurately process data beyond the dataset. Only a 
relatively small region of the design space in RVE is 
explored using a nine-parameter analytical 

Tailoring 
bandgaps

function[99]

2020AE 
MLP
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GA 
MLP

Fast forward search to obtain the maximum bandgap
structure. Performed well in both single-objective and
multi-objective optimization designs[100]

2021

MLP Flexible design of meta-structures based on target bandgap
for vibration isolation. The designed structure has been
experimentally verified[101]

2022

TNN Arch-shaped vibration isolation structure inspired by the
Roman Bridge. The TNN model can design structure
accurately based on target bandgaps and verified through
experiments[102]

2022

RL Efficient interactive inverse design for layered phononic
crystals. For the same model, simply changing the objective
function can easily achieve different designs[103]

2020

RL 
GA

Designing one-dimensional diatomic and hexatomic lattice
chains based on RL. The rate of convergence is much faster
than the baseline GA[104]

2021

RL Designing a one-dimensional phononic beam based on RL.
The model still maintains an efficient and stable exploration
ability in the huge parameter space[105]

2022
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Figure 1. ML in solving the problem of properties prediction and inverse design for meta-structures.

layered phononic crystals and compared their efficiency and accuracy. The input parameters of the neural 
networks are one to three selected from the filling fraction, mass density ratio, and shear-designed structure. 
The accuracy in predicting band structures is achieved using a single parameter (fill fraction), while in the 
case of multiple parameters, MLP outperforms RBF-NN.

Another type of work is to use trained forward models to assist in the selection of alternative structures after 
inverse design. Zhang et al. constructed a digital structural genome using CNN to achieve structural 
screening with specified elastic wave properties[93]. For representative volume elements (RVEs) of size 5 × 5, 
each unit has two coding forms, with a total of 225 possible configurations, which makes it difficult to find 
configurations with target elastic wave properties. Their approach is to calculate the band structures of a 
small portion of RVEs using a finite element method and extract wave properties to construct a dataset. 
Then, by using data-driven CNN to predict the elastic wave properties of all possible configurations, a 
digitally structured genome is constructed. For a set of target elastic wave properties, the corresponding 
structure can be found in the genome. Jiang et al. proposed a novel way to inverse design similar digitally 
coded metamaterials, as shown in Figure 2A[94]. This work can be divided into three steps: first, train CNN 
to predict the band structures; second, train GAN to generate digitally coded metamaterials from band 
structures; and finally, take out the generator of GAN and connect it with CNN. The overall workflow is as 
follows: the generator takes random noise and target band structures as inputs, generating a series of 
alternative structures. Predict the corresponding band structures of all candidate structures through CNN 
and then compare them with the target band structure to screen the best structure. Almost at the same time, 
Han et al. employed the same design process to realize inverse design of digitally coded metamaterials with 
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Figure 2. ML for the design of band structure in infinite meta-structures. (A) Combining GAN and CNN to realize inverse design of
digitally coded metamaterials with anticipated band structures[94]. Reproduced with the permission of Ref.[94] Copyright 2022,
Elsevier. (B) Design phononic crystals with anticipated bandgaps by combining AE and MLP[99]. Reproduced with the permission of
Ref.[99] Copyright 2020, Elsevier. (C) Design phononic crystals with anticipated bandgaps by combining GA and MLP[100]. Reproduced
with the permission of Ref.[100] Copyright 2023, Taylor & Francis. (D) Employ MLP to design lightweight meta-structures with low-
frequency broadband vibration isolation functions[101].

optimal wave attenuation[95]. It is worth noting that this work characterizes the wave attenuation ability of 
the structure through complex band structures. Although the design process focuses on the real part of the 
band structures, the final screening process from alternative structures is achieved by comparing the 
imaginary part of band structures.

Tailoring bandgaps
From an application perspective, it is usually not necessary to determine the complete band structures but 
only focuses on the wave information provided by the bandgaps in the band structures. In contrast, the 
design based on bandgaps simplifies the difficulty of model training and has a stronger design purpose, so a 
lot of work has been carried out in this area.

Liu et al. employed MLP and TNN to achieve inverse design from bandgaps to structures for the layered 
phononic crystals[96]. The basic conclusion is that for inverse design with single (filling fraction) or dual 
(shear modulus ratio and mass density ratio) parameters, MLP and TNN perform equally. However, for 
inverse design with three parameters, TNN has obvious advantages, while MLP has difficulty in 
convergence. This is due to the increase in the number of design parameters deepens the nonlinearity of the 
mapping, leading to the gradual exposure of data inconsistency issues. As mentioned in the introduction, 
TNN can effectively solve this training bottleneck. Dong et al. proposed using GA to optimize MLP 
architecture for fast prediction of bandgap width[97]. The starting point of this study is to serve as an efficient 
means to avoid the significant computational costs required for repeated finite element analysis of elastic 
meta-structures. Wu et al. explored a design and optimization scheme of modular metamaterial using 
ML[98]. In their work, modular metamaterials are composed of a certain number of four candidate materials 
through different configurations to form phononic crystals. By using GA and MLP, they realize the optimal 
configuration design of one-dimensional and two-dimensional (2D) modular metamaterial according to the 
bandgap target. Li et al. combined an AE with MLP to achieve 2D phononic crystal design with anticipated 
bandgaps, as shown in Figure 2B[99]. The RVE of phononic crystals is generated through random functions, 
and the band structure data are obtained through a finite element method. The implementation of this 
design consists of three steps. Firstly, the AE is trained to extract the topological features of the RVE 
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configuration. Secondly, an MLP model is trained to describe the relationship between the anticipated 
bandgap and topological features. Finally, the encoder in the AE is replaced with MLP. Miao et al. 
conducted another study on the design of 2D phononic crystals described by random functions, as shown in 
Figure 2C[100]. In this work, they first employed MLP to predict the bandgap and then used MLP combined 
with GA to achieve the inverse design of the structure. In the inverse design scheme, GA is taken as the 
main body, and the fitness function is constructed with the predicted bandgap of MLP and the target 
bandgap in the iterative process, and the optimal individual that can adapt to the target bandgap is obtained 
through iteration.

In terms of meta-structure design with high-quality vibration reduction function, Jin et al. employed MLP 
to inverse design the Archimedes spiral meta-structure with deep subwavelength vibration isolation 
function, as shown in Figure 2D[101]. The double-layer corrugated core sandwiched structure between two 
spiral plates can provide low-frequency bandgaps through a local resonance mechanism. However, it is 
difficult to analyze the relationship between the bandgap and the parameters of the spiral plate. The trained 
MLP model avoided the analytical process of inverse design and obtained a structure with low-frequency 
broadband vibration isolation performance, which showed good consistency with the experiment. On et al. 
modified the TNN architecture and realized the design of arch meta-structure with anticipated bandgap 
vibration reduction function[102]. Specifically, they inverted the pre-trained forward network and inverse 
design network in traditional TNN, where the input is a structural parameter, while the intermediate layer 
outputs the bandgap frequency. After training, preserving the inverse network of the backend can achieve 
the design of bandgap frequencies to structures.

The application of RL in band structures is mainly to maximize the bandgap width or optimize the specific 
range and focuses on one-dimensional structures with analytical dispersion relation. According to the 
analytical dispersion relation of layered phononic crystals, Luo et al. used RL to optimize the component 
widths and realized two functions: maximizing the bandgap width and customizing the bandgap range[103]. 
Wu et al. employed RL to optimize the masses of one-dimensional atomic chains to achieve custom 
bandgaps[104]. He et al. analyzed the longitudinal wave dispersion of periodically variable cross-section 
beams and optimized three length parameters using RL to achieve maximum bandgap width[105].

Design of wave propagation characteristics in finite meta-structures
Different from the ideal infinite period meta-structures, the meta-structures in practical engineering can 
only be composed of periodic or aperiodic finite distributions. Analyzing the propagation characteristics of 
acoustic/elastic waves in finite meta-structures is an important step toward achieving practical engineering 
applications for meta-structures. In this section, we review the finite meta-structure design works around 
propagation characteristics. Table 2 provides a brief overview of ML for the design of wave propagation 
characteristics in finite meta-structures.

Enhancing noise reduction
Arranging sound absorption structures is one of the main methods for controlling environmental noise, 
which can be divided into porous sound absorption structures, resonant sound absorption structures, and 
special sound absorption structures, and has been widely used. The ability of a structure to absorb sound 
energy is usually characterized by calculating its sound absorption coefficient. Due to the complexity and 
diversity of the structure, design is an important step to meet practical needs. Researchers have conducted 
extensive explorations in this area using ML. For example, Donda et al. employed CNN to characterize the 
acoustic absorption performance of acoustic absorbing metasurfaces[106]. Subsequently, they implemented 
the inverse design of the metasurface using CGAN[107]. Zhang et al. realized the accelerated topological 
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Table 2. A brief overview of design based on wave propagation characteristics in infinite meta-structures

Design type Algorithm Meta-structure and
performance Description Year

CNN Predicted the absorption spectra of metasurfaces based on
CNN and conducted experimental verification[106]

2021

CNN 
CGAN

Prediction of sound absorption spectra of absorbers based
on CNN and inverse design based on CGAN[107]

2022

GAN The generated structures can have completely new
configurations and rich local features. They can be in good
agreement with experimental results[108]

2021

TNN Overcoming the data inconsistency caused by the complex
coupling effect between Fabry Perot channels, the
experimental results are in good agreement[109]

2022

RL Exploring deep subwavelength broadband sound absorption
meta-structures based on RL, replacing the artificial selection
of structural parameters. The accuracy of the design was
verified through sound absorption experiments[110]

2022

RL Employing RL to optimize the huge parameter space with
nine aperture parameters to design broadband sound
absorption meta-structures, and further validated through
experimentation[111]

2023

CNN Inverse design of the absorber based on the target
absorption spectrum by employing a one-dimensional CNN
model. The difficulty lies in the selection of neural network
structure and hyperparameters[112]

2021

TNN Inverse design of the absorber based on the target
absorption spectrum by employing TNN. The model uses
fewer hyperparameters and has higher accuracy and
efficiency than traditional CNN[113]

2023

MLP
gaussian
sampling

The inverse design incorporating probability sampling can
obtain all possible structures. The transmission spectrum
measured in the experiment is highly consistent with the
predicted results, and the accuracy of the report is better
than models such as ANN and GAN[114]

2020

Enhancing noise 
reduction
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CGAN Applying CGAN to generate sound insulation structure. The
generated structure may not fully conform to physical laws,
and the dataset may have a few duplicate samples[115]

2021

TNN TNN effectively handles the increase in non-inconsistency of
the dataset caused by non-local coupling effects[116]

2021

TNN
gaussian
sampling

Introducing probability sampling in the middle layer of TNN,
the design parameters have high flexibility, diversity, and
robustness[117]

2022

TNN
gaussian
sampling

A probabilistic model is a powerful tool to solve data
inconsistency and has strong robustness to sensitive
parameter design[118]

2021

CNN 
GA

Employing CNN to achieve inverse design of metasurfaces
based on multi-point sound pressure and the accuracy report
is better than GA[119]

2021

MLP Replace the physical unit with MLP and transfer the input
response, material properties, and output response of the
whole system through the connection between MLPs[104]

2021

Advanced control of 
wave propagation 
characteristics

MLP MLP captures the relationship between the input and output
wave responses of physical units to construct the overall
structure and replace the time-consuming numerical
simulation process[120]

2022

Clustering Through clustering algorithms, topological classification is
carried out according to the real characteristics of the
system, without prior knowledge and calculation of
topological invariant[121]

2020

MLP Inverse design of phononic plate with anticipated bandgap
width and topological property Using MLP. The quality of the
edge state can be freely controlled through the preset
bandgap width[122]

2021

TNN TNN overcomes data inconsistency and supports inverse
design structures based on topological properties to achieve
custom interface states[105]

2022

Optimizing 
topological states
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TNN

 

Experimental verification of the accuracy of using TNN to 
inverse design interface states[123]

2022

MLP 
GA

Efficient implementation of edge state design for specific or
maximum bandwidth corresponding structures[124]

2022

design of metaporous materials with broadband sound absorption performance by GAN[108]. Liu et al. used 
cascaded inverse and forwarded CNN to achieve the inverse design of acoustic absorbing devices with 
coiled Fabry-Perot channels, which is based on the same principle as a fully connected TNN 
architecture[109]. Jin et al. used RL to optimize a lightweight sound absorption multi-function integrated 
meta-structure with perforated fish-belly panels[110]. Subsequently, they used this method to optimize a spiral 
plate sandwich structure that integrates lightweight, vibration reduction, and sound absorption 
functions[111]. Mahesh et al. proposed a one-dimensional CNN inverse design scheme for low-frequency 
Helmholtz resonate sound absorber[112]. Afterward, they further constructed a TNN architecture using 
inverse and forward one-dimensional CNNs for inverse design of a similar sound-absorbing structure[113].

Sound insulation is another method of controlling noise, with the objective of blocking or attenuating the 
transmission of acoustic waves. It typically relies on the transmission coefficient to characterize the 
performance of the sound insulation structure in blocking sound energy. For the design enabled by ML in 
sound insulation meta-structures, Luo et al. provided a paradigm of fuzzy design to overcome the problem 
of data inconsistency, as shown in Figure 3A[114]. Specifically, they combine MLP with mixed Gaussian 
sampling, mapping a target transmission spectrum to multiple sets of Gaussian sampling parameters 
through MLP and then linearly overlaying these Gaussian distributions to obtain a mixed Gaussian 
distribution. All acoustic meta-structures corresponding to the local maximum values are alternative 
structures that meet the target transmission frequency spectrum. Gurbuz et al. used a random algorithm to 
generate binary images of units composed of fluid elements and solid elements and obtained the 
transmission loss spectra through the finite element method[115]. Then, by training CGAN to capture the 
potential relationship between transmission loss spectrum and unit geometry, they carried out inverse 
design of the structural units to achieve the required sound insulation purpose.

Advanced control of wave propagation characteristics
Subwavelength scale metasurfaces may experience significant losses due to the presence of viscous friction 
and narrow acoustic channels. The diffraction acoustic meta-grating designed based on diffraction theory 
can improve the control efficiency of the acoustic metasurface. Ding et al. employed the TNN model to 
achieve inverse design of non-local metasurfaces for acoustic wave diffraction characteristics[116]. They 
explored the coupling effect between all subunits rather than nearest-neighbor coupling, demonstrating the 
ability of non-local metasurfaces to reshape the acoustic field. Meanwhile, the implementation of this work 
effectively demonstrates the ability of TNN to support the design of non-local coupled metasurfaces, 
especially in the face of complex coupling effects that greatly increase the degree of nonlinearity. In another 
work, Du et al. designed acoustic meta-grating wavelength division multiplexing by using an improved 
TNN architecture[117]. Specifically, they introduced probability sampling in the TNN architecture, which 
divides the design space into two layers instead of the traditional one layer for design parameters. Among 
them, the latter layer is the design parameters of the structure, obtained by sampling from the Gaussian 
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Figure 3. ML for the design of wave propagation characteristics in finite meta-structures. (A) Fuzzy design of acoustic meta-structures
by combining MLP with Gaussian mixture sampling[114]. (B) Employ MLP to realize global transfer matrix prediction of active
metabeams[120]. Reproduced with the permission of Ref.[120] Copyright 2020, Elsevier. (C) Employ MLP to realize the design of
metaplates with robust edge states[122]. (D) Design of Valley Hall acoustic topological insulator by combining MLP and GA[124].

distribution parameters of the previous layer. The probabilistic TNN model has a strong generalization 
ability, greatly reducing the design cost of acoustic meta-grating wavelength division multiplexing. It 
demonstrates the flexibility, diversity, and robustness of design parameters.

The acoustic cloak technology aims to reduce the sound signals generated by objects in order to reduce the 
detectability of the sound detection system and achieve the effect of stealth. Ahmed et al. implemented a 
design of a multilayer core-shell acoustic cloak using probabilistic TNN architecture, demonstrating its 
effectiveness in solving the problem of high sensitivity of stealth cloaks to design parameters[118]. Stealth 
requirements weaken or even eliminate the disturbance of objects to the sound field, while in some practical 
needs, it is desired to freely weaken or enhance the sound field in certain specific areas. In this aspect, 
Zhao et al. proposed a CNN-based inverse design of metasurface phase gradient to achieve the regional 
control of sound field enhancement or attenuation[119].

In addition, research has attempted to enable MLP to learn the physical mechanisms of a single unit and 
then use it to construct a functional analysis of wave propagation in the overall structure. For example, 
Wu et al. used MLP to learn the input-output relationship of longitudinal waves in non-uniform thin rod 
elements and then assembled multiple MLP elements to construct a non-uniform overall structure[104]. A 
series of cascaded MLP units describe the input-output relationship of the overall structure and then use 
optimization algorithms to determine the design parameters of each individual unit. Similarly, Chen et al. 
used MLP for transfer matrix prediction of active metabeam elements, as shown in Figure 3B[120]. In their 
work, the metabeam unit is constructed by affixing a piezoelectric material on the main beam and 
connecting a negative capacitance circuit. By using COMSOL software to obtain transfer matrices for 
different capacitance values and frequencies, a dataset is constructed and used for MLP training. The global 
transfer matrix of the array elements can be obtained by connecting multiple groups of MLP in sequence, 
then the output and input signals of the whole metabeam can be connected.
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Optimizing topological states
A topological state is also an important form of wave characteristics in finite structures. We now turn to 
focus on some recent design works on topological states. Generally speaking, topological invariants can 
characterize topological properties of structures, but their definition and calculation are often difficult. In 
essence, topological properties certainly exist in structural features, so exploring topological properties from 
actual structures instead of relying on topological invariants is another idea for topological classification. 
Long et al. demonstrated an unsupervised clustering algorithm for extracting topological features of 
phononic crystals, thereby classifying topological properties[121]. He et al. achieved the inverse design of 
phononic crystal thin plates with anticipated bandgap width and topological property based on MLP, as 
shown in Figure 3C[122]. By designing two units with a broadband common bandgap, they constructed a 
highly robust localized edge state for bending wave transmission. This group subsequently proposed using 
TNN to achieve the inverse design of phononic beams from topological properties to structure[105]. The 
topological properties of the bandgap were characterized by the reflection phase, and the interface states of 
one-dimensional phononic beams were predicted and constructed using TNN. Afterward, 
Muhammad et al. also completed a similar work[123]. Du et al. realized the inverse design of Valley Hall 
acoustic topological insulator by combining MLP and GA, as shown in Figure 3D[124]. Specifically, they first 
trained regression neural networks and classification neural networks for predicting bandgap and 
topological properties, respectively. Then, two neural networks are put into the optimization process of GA 
to obtain two structures with opposite topological properties under a common bandgap for constructing 
edge states.

The application of ML in Hermitian systems mentioned above is still in the initial stage, and more 
achievements need to be further expanded. At the same time, we have also found that ML has recently made 
some attempts in non-Hermitian systems. Yu et al. used diffusion maps to unsupervised manifold learning 
of topological phases in non-Hermitian systems[125]. Different from the unsupervised method, there are also 
some works that demonstrate training ANNs for supervised prediction of non-Hermite topological 
invariants[126-128]. The essential difference between unsupervised and supervised is that the former does not 
need labels and directly extracts topological invariant from the on-site elements of the model, while the 
latter relies on the calculated topological invariant as labels to construct data sets. In non-Hermitian 
systems, an exception point (EP) is an important feature that represents the critical point at which the 
system transitions from a real eigen-spectrum to a complex eigen-spectrum[129]. In the latest work, Reja et al. 
introduced neural networks for the characterization of EP[130]. They proposed a method called summed 
phase rigidity (SPR) to characterize the order of EPs in different models. Then, they trained MLP models to 
realize the prediction of EPs for two-site and four-site gain and loss models.

Design of static characteristics in mechanical meta-structures
Mechanical meta-structures have become an emerging growth point in the field of ML-enabling design due 
to their extreme statics performance. Combined with ML, meta-structures with excellent mechanical 
properties can be obtained through design optimization by adding, deleting, or changing. Table 3 provides a 
brief overview of ML for the design of static characteristics in mechanical meta-structures.

A lot of work has been carried out around the 2D mechanical meta-structures. These structures are usually 
designed and optimized on a plane to obtain specific shapes or material compositions with specific 
mechanical properties. CNN, as a high-quality model for image feature extraction, is widely used in the 
design of 2D mechanical meta-structures. Gu et al. proposed a self-learning CNN model to search for high-
performance hierarchical mechanical structures[131]. This model can continuously learn patterns from high-
performance structures, ultimately achieving design results superior to the training set. Hanakata et al. 
reported a design study on stretchable graphene kirigami, as shown in Figure 4A[132]. The cutting density and 
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Table 3. A brief overview of design based on static characteristics in mechanical meta-structures

Design
Type Algorithm Meta-structure and Performance Description Year

CNN                                                                                              The inverse design of high toughness hierarchical structures based
on CNN greatly saves computational time compared to traditional
finite element methods[131].

2018

CNN Effectively searching for the optimal cutting mode for stretchable 
graphene kirigami structures under given yield strain and stress 
conditions based on CNN models[132].

2018

Supervised 
AE

Generate the structure by passing potential variables to the decoder. 
It is expected to find new structures, but the prediction of mechanics 
performance beyond the dataset may be biased[133].

2020

CNN
CNN for predicting 2D metamaterials with the best mechanical 
properties. The model exhibits robustness in terms of accuracy and
inference time[134].

2020

DCGAN 
CNN

Combine DCGAN and CNN for designing microstructures. The 
model has high efficiency and can flexibly control geometric 
constraints[135].

2019

CNN 
GA

Combining CNN and GA can find Pareto's optimal structural design 
using a relatively small dataset, even with complex nonlinear 
constraints[136].

2021

2D 
structure

CNN 
GAN

Inverse design of 2D metamaterial based on predefined Poisson's 
ratio. The model can generate structures beyond the dataset and 
exhibit responses similar to real structures[137].

2022
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MLP Realize accurate prediction of variable thickness curved beams and 
their properties. Efficient and accurate optimization design results 
were obtained with different optimization objectives[138].

20201D/3D 
structure

GAN Generate lightweight and high load-bearing performance lattice 
structures using GAN and conduct experimental verification[139].

2021

Figure 4. ML for the design of static characteristics in mechanical meta-structures. (A) Searching for the graphene kirigami with the
best stretching performance through gradual training of CNN[132]. Reproduced with the permission of Ref.[132] Copyright 2018, the
American Physical Society. (B) Combining CNN and GA to realize lattice metamaterial design satisfying additive manufacturing
constraints[136]. (C) Design of curved beams with best mechanical properties based on MLP and optimization methods[138]. Reproduced
with the permission of Ref.[138] Copyright 2020, Elsevier. (D) Design of lightweight lattice structures by GAN-based inverse design
framework[139].

cutting position control the elastic stretchability of graphene kirigami. They first trained CNN through 
supervision to predict the stretchability of graphene kirigami expressed by yield strain. Then, in the inverse 
design, the CNN is trained using the dataset obtained from molecular dynamics calculations, and the model 
is gradually trained using the best performance predicted by the CNN. In subsequent research[133], they 
proposed a supervised AE to design graphene kirigami. Kollmann et al. reported the 2D metamaterial 
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design with either maximum bulk modulus, maximum shear modulus, or minimum Poisson's ratio using 
CNN[134]. The dataset of their work is generated by the topology optimization framework based on the 
energy homogenization method and periodic boundary conditions.

To optimize the structure to obtain a 2D structure with the best mechanical properties, CNN is often 
combined with GAN or GA. Tan et al. reported a model in which deep convolutional GANs (DCGAN) are 
used to generate candidates adhering to geometric constraints, while CNN associates microstructures with 
properties[135]. After training, combine the two models for inverse design microstructural materials with 
specific mechanical properties. Garland et al. demonstrated the design of structural lattice metamaterial 
combining CNN and GA to meet the constraints of additive manufacturing, as shown in Figure 4B[136]. In 
addition, Wang et al. and Chang et al. also used this design paradigm to realize the inverse design of shell-
based mechanical metamaterial and auxetic metamaterial with zero Poisson’s ratio, respectively[140,141]. 
Tian et al. proposed the combination of CNN and GAN to achieve customized Poisson's ratio meta-
structure design[137]. CNN is trained to predict the global Poisson's ratio response of a given meta-structure, 
while GAN realizes the structural inverse design of the anticipated Poisson's ratio response through 
adversarial training.

In addition, some works have been done to design and optimize specific mechanical properties of one-
dimensional or three-dimensional (3D) meta-structures. Liu et al. demonstrated a design work of curved 
beams based on MLP and optimization methods, as shown in Figure 4C[138]. The mechanical properties of 
curved beams are characterized by stiffness, forward snapping force, and backward snapping force and are 
controlled by thickness distributions. They first trained MLP to predict the mechanical properties of curved 
beams with variable thickness and then put the trained MLP model into the optimization cycle proposed by 
Gu et al., as mentioned above, to optimize the thickness distribution with the best mechanical 
properties[131]. Challapalli et al. demonstrated the GAN-based inverse design framework for optimizing 
lightweight lattice structures, as shown in Figure 4D[139]. The basic idea of this framework is to add initial 
conditions, boundary conditions, and forward regression to the real data distinguished by discriminators to 
obtain structural units with excellent performance. The new dataset is then used for GAN training, and the 
process is iterated repeatedly to obtain the structure with the best mechanical performance.

CONCLUSION AND OUTLOOK
In this review, we have discussed the combination and synchronous development of ML and meta-structure 
and reviewed the recent flexible applications of ML algorithms in the fields of acoustics, elastic, and 
mechanical meta-structures from the aspects of band structures, wave propagation characteristics, and static 
characteristics. Through analysis, we have come to the following main conclusions:

(1) The forward performance prediction of meta-structures can usually rely on analytical formulas or 
simulation software. The purpose of introducing ML is to save time and computing resources or to provide 
a forward computing part for some combined inverse design schemes. The inverse design of meta-
structures is difficult to deal with analytically. DNNs with strong nonlinear modeling capabilities effectively 
solve this problem and can directly serve as alternative models for inverse problems. In addition, RL can 
also serve as an inverse design algorithm in meta-structures to explore structures that meet customized 
performance goals in the parameter space.

(2) A crucial issue in the inverse design process is how to alleviate data inconsistency. There are two main 
ideas. One approach is based on deterministic strategies, with representative approaches being: 1. TNN 
architecture with inverse and forward network concatenation. 2. Combining MLP (or CNN) with an AE. 
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The former achieves mapping from performance to features, while the latter achieves structure 
reconstruction from features. 3. Combining MLP (or CNN) with GA. The former achieves performance 
prediction through pre-training and then adds it to the iterative process of the latter. Another approach is 
based on probabilistic strategies; the main approach is to use Gaussian sampling after the data passes 
through the neural network rather than directly mapping to the structure or introducing Gaussian sampling 
in the middle design layer of the TNN architecture. Compared to deterministic strategies, probabilistic 
strategies have more diverse design choices.

(3) As the functional requirements of meta-structures become more critical, the design of meta-structures 
based on specific goals becomes more and more complex, which makes many advanced algorithms 
constantly develop and combine to meet the requirements. The support of an open-source framework 
makes the development of relevant algorithms for meta-structure design easier, even for the researchers 
without professional backgrounds in ML, which is an important reason for this field in a period of vigorous 
development and growth.

Although the research on the combination of ML and meta-structures has aroused great interest and 
attention in recent years, and many research achievements have been made, there are still many problems 
that restrict further development. The main problems and future directions can be summarized as follows:

(1) Obtaining data is often difficult, especially for problems without analytical solutions or high numerical 
calculation costs. Therefore, it is necessary to develop algorithms that only need small dataset training, such 
as reducing the demand for source data by transfer learning. Additionally, there is currently a lack of 
commonly used datasets in the field of meta-structure design. If researchers can share some datasets of 
conventional meta-structures, it will be easy to achieve data migration and fusion in the future.

(2) ANNs are often seen as black boxes, wherein the input of a set of structural parameters naturally results 
in the output of a corresponding set of performance parameters. Exploring what changes the data has 
undergone in the process of layer-by-layer transmission, in other words, how the structural parameters 
change step by step toward the performance parameters after each layer of operation, is important research 
to uncover the interpretability application of neural networks in the field of meta-structures.

(3) The research on some new physical concepts, such as non-Hermite smart phononic crystals, is in full 
swing in the field of meta-structures. What role ML can play in these new physical mechanisms is a 
question that can be deeply explored at present.

(4) The research of meta-structure mainly involves design and manufacturing. ML can theoretically provide 
excellent design results for various acoustic or mechanical requirements of targets, but most current 
research lacks manufacturing and experimental verification after design. Therefore, more consideration of 
manufacturing and verification is an important prerequisite for the application of this field.

(5) Multifunctional integration is an important direction of the development of meta-structures at present, 
which may involve the coupling of multiple physical fields, such as acoustics, mechanics, electromagnetism, 
and heat. Developing ML algorithms for multifunctional meta-structure design with multi-physical field 
characteristics is not only a challenge but also a promising direction. The path planning problem of 
multifunctional integrated composite meta-structure configuration in 3D printing containing continuous 
fibers is one of the important reasons currently restricting the manufacturing of complex composite 
structures. By introducing ML algorithms to optimize the fiber distribution direction field of continuous 
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fiber path planning, a collaborative optimization scheme between continuous fiber path and functional 
structure configuration can be achieved, which is expected to become an important means for the 
manufacturing of complex composite meta-structures in the future.
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Abstract
Seawater metal-air batteries (SMABs) are promising energy storage technologies for their advantages of high 
energy density, intrinsic safety, and low cost. However, the presence of such chloride ions complex components in 
seawater inevitably has complex effects on the air electrode process, including oxygen reduction and oxygen 
evolution reactions (ORR and OER), which requires the development of highly-active chloride-resistant 
electrocatalysts. In this review, we first summarized the developing status of various types of SMABs, explaining 
their working principle and comparing the battery performance. Then, the reported chlorine-resistant 
electrocatalysts were classified. The composition and structural design strategies of high-efficient chlorine-
resistant ORR/OER electrocatalysts in seawater electrolytes were comprehensively summarized. Finally, the main 
challenges to be overcome in the commercialization of SMABs were discussed.
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especially on the sea[1,2]. Harvesting energy directly from the sea provides great potential for developing the 
marine economy and promoting marine research. Thus, developing renewable energy utilization 
techniques, such as wind power generation, photovoltaics, and hydroelectric generation, is highly 
demanded for providing green electricity to the marine equipment[3-5]. However, the intermittent power 
supply property makes the clean energy sources difficult to be utilized efficiently. Moreover, traditional 
secondary batteries, such as Lithium (Li)-ion batteries and Lead-acid batteries, cannot meet the long-term 
and high-power density requirements of the equipment working in the deep and open sea[6,7]. Therefore, 
harvesting energy directly from the ocean is critically demanded.

Seawater metal-air batteries (SMABs) are considered as extremely promising power sources for providing 
electricity for the equipment working on the sea or in the deep sea due to their high theoretical energy 
density, low cost, eco-friendly nature, etc.[8,9]. During the discharge of SMABs, seawater is directly used as 
the electrolyte, the dissolved oxygen (O2) in seawater is reduced on the cathode, and the metallic anode 
[Magnesium (Mg), Aluminum (Al), Sodium (Na), etc.] is oxidized[10,11]. The working processes are 
summarized as follows:

The dissolved O2 was harvested from seawater and subsequently reduced through the oxygen reduction 
reaction (ORR), while the metals (alloys) were oxidized, forming metallic hydroxides[12,13]. Due to the open 
structure of SMABs, oxygen, as an active species, can infinitely diffuse to the cathode for ORR, which 
ensures the SMABs display high theoretical energy density[14,15]. One critical issue is that the un-optimized 
electronic structure of metallic sites and the four reaction steps for the ORR process would result in sluggish 
catalytic kinetics[16]. Although the OER is thermodynamically favored over the hypochlorite formation 
reaction in seawater (pH ≈ 8), both reactions were a balancing relationship during seawater catalysis owing 
to the slow catalytic kinetics in seawater[17,18]. Currently, we consider OER to be the primary cathode 
reaction upon the charging of seawater batteries. Thus, designing and exploring efficient and low-cost 
electrocatalysts is an urgent task to enhance the battery performance. In the past few years, various types of 
electrocatalysts were designed to accelerate the ORR/OER catalytic kinetics in seawater, including noble 
metals of Pt, Ru, Ir, and their alloys[19-21]. However, the noble metals are more easily being poisoned in 
seawater electrolytes. The non-noble metal electrocatalysts, such as Fe groups (Fe, Co, Ni) and carbon-based 
materials with abundant and inexpensive advantages, have been explored, displaying satisfying ORR 
performance and deserving further exploration as promising ORR/OER electrocatalysts in seawater 
conditions[22-24]. At the same time, the circulating seawater electrolyte can promote the heat and charge 
transfer rate, thereby improving the intrinsic safety and cycle life of the SMABs[25,26]. Therefore, the SMABs 
are particularly suitable as long-term power supply systems for the equipment working in the sea.

However, in comparison to the alkaline metal-air battery systems, the high content of chloride ions (Cl-) in 
seawater (19.345 g/kg) is easily absorbed on the surface of electrocatalysts. This absorption changes the 
electronic structure and poisons the metallic sites, thereby greatly reducing the power density of 
SMABs[27,28]. Although some electrocatalysts display good ORR catalytic performance in conventional 
electrolytes, they cannot maintain active and stable in seawater electrolytes due to the poison of high 
concentration of Cl-[29]. The recent results suggest that, on the one hand, the adsorption of Cl- on the surface 
catalytic sites can hinder the breakage of O-O bonds and thus inducing the reaction pathway change from a 
four-electron to a sluggish two-electron pathway for the ORR process[30,31]. Moreover, the adsorption of O2 
molecules would also be suppressed. On the other hand, due to competitive chlorine evolution reaction 
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(ClER) and chloride corrosion, the oxygen evolution reaction (OER) performance of the catalysts in 
seawater electrolytes decays rapidly during charging[32]. Therefore, it remains a great challenge for the 
development of efficient chlorine-resistant ORR/OER electrocatalysts for their application in seawater 
electrolytes for SMABs.

In order to put forward the wide application of SMABs in the field of marine techniques, three key issues 
need to be solved urgently: (i) The poisoning mechanism of Cl- on ORR/OER processes in seawater 
electrolytes should be clarified, thus providing guidance for designing high-efficient chlorine-resistant 
catalysts; (ii) The electronic structure of noble metal catalysts should be optimized to enhance the 
electrocatalytic activity and stability in seawater electrolytes. Specifically, this can be achieved through 
several strategies. Firstly, by modifying the ligands or surface modifiers, the electronic structure of the 
catalyst can be adjusted. This influences the distribution of electron density and the reactivity of the active 
sites, leading to improved electrocatalytic performance. Secondly, introducing suitable elements into the 
noble metal catalyst can modify its electronic structure. This alters the binding strength of reactants and 
intermediates, facilitating the desired electrochemical reactions and enhancing catalytic activity and 
stability. Thirdly, modifying the surface of the catalyst through techniques such as surface deposition or 
functionalization can regulate its electronic structure. This can enhance the interaction with reactants and 
ions in the electrolyte, improving catalytic activity and stability. At the same time, chlorine-resistant non-
noble metal-based electrocatalysts with excellent ORR/OER performance should be developed to broaden 
the types of catalysts and reduce the cost of catalysts; and (iii) The integrated structure of SMABs should be 
optimized to improve the power density and stability of batteries. Based on the above consideration, this 
review presents the progress in the development of chlorine-resistant cathode electrocatalysts for SMABs. In 
this review, we first summarized the development of various types of SMABs to understand their working 
principle and battery performance [Figure 1]. Subsequently, the poisoning mechanism of Cl- on cathode 
electrocatalysts during charging and discharging was studied and summarized. Then, we classified the 
reported chlorine-resistant electrocatalysts and comprehensively summarized the composition and 
structural designing strategies of high-efficient chlorine-resistant ORR/OER electrocatalysts in seawater 
electrolytes. Finally, the main challenges to be addressed in the commercialization of SMABs were 
discussed.

THE DEVELOPING HISTORY OF SEAWATER METAL-AIR BATTERIES
The SMABs were developed through three stages, starting from seawater-activated batteries (SABs) to 
primary SMABs (P-SMABs). and further evolving into rechargeable SMABs (R-SMABs)[33]. The SAB was 
originally developed in the 1940s by Bell Telephone Laboratories to meet the requirement for high energy 
density, prolonged shelf-life, and outstanding low temperature performance. It was mainly used as a power 
source for military torpedoes. The SAB, which used magnesium as the anode, silver chloride (AgCl) as the 
cathode, and flowing seawater as the electrolyte, was first commercialized in 1943, as shown in Figure 2A. 
The battery can be stored for up to five years in a dry condition and can be activated by the addition of 
seawater when being used, thus being called SAB. During the discharge, the following reactions occur[34]:

The above reaction possesses fast catalytic kinetics. For discharging, the AgCl on the cathode of the battery 
is reduced to Ag, leading to an increase in conductivity as the process proceeds. However, the discharge 
voltage would drop dramatically when AgCl is reduced to Ag completely. Moreover, another advantage of 
the Mg-AgCl battery system is that the device can keep working efficiently in wide temperature ranges. The 
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Figure 1. Schematic diagram of the classification of SMABs and ORR/OER electrocatalysts. (Reproduced with permission[91]. Copyright 
2021, Elsevier; Reproduced with permission[92]. Copyright 2011, Wiley-VCH; Reproduced with permission[97]. Copyright 2017, Elsevier; 
Reproduced with permission[99]. Copyright 2021, Wiley-VCH; Reproduced with permission[104]. Copyright 2020, American Chemical 
Society; Reproduced with permission[128]. Copyright 2022, WILEY-VCH; Reproduced with permission[127]. Copyright 2022, WILEY-VCH; 
Reproduced with permission[121]. Copyright 2019, PNAS; Reproduced with permission[120]. Copyright 2019, Springer Nature; Reproduced 
with permission[114]. Copyright 2016, Wiley-VCH).

Figure 2. Timeline of the development of seawater-based batteries from SWBs to rechargeable SMABs.

discharge voltage can remain stable when the temperature changes from 219 K to 369 K, and the output 
power density has no obvious change. Therefore, the SAB generally displays remarkable advantages of 
steady discharge voltages, high discharge current densities, and high output powers of up to 70 kW. Up to 
now, the maximum discharge current density and voltage of SABs reached 2 A cm-2 at about 1.32 V. 
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However, due to the large amount of consumption of precious silver and the resulting high cost, the SAB 
was only being used in the military area. Recently, many efforts have been devoted to reducing the battery 
manufacturing cost and to further increase the total power. For instance, a variety of Mg, Al, zinc (Zn), and 
Na alloys have been explored for being used as the anodes[35-48], while the cuprous chloride[34], cuprous 
iodide[49,50], lead chloride[51] and mercurous chloride[52] have been explored as the cathodes of SABs. However, 
up to now, none of these systems can completely replace the Mg/AgCl system.

In the 1990s, the primary metal-air batteries driven by dissolved O2 in seawater attracted attention due to 
their high theoretical energy density. The devices of P-SMABs mainly use Zn, Mg, and Al as anodes. The 
cathodic and anode electrochemical reactions for P-SMABs are as follows[53]:

However, due to the slight solubility of oxygen in seawater, the battery performance is limited by the oxygen 
concentration and diffusion, thus leading to relatively low current density and operating voltage (1.0 V to 
1.8 V). The P-SMABs, as a type of semi-fuel cells, have attracted tremendous attention due to their 
environmental friendliness and low cost. The geometrical structure of P-SMABs is similar to that of SABs. 
The key difference lies in the cathode materials and the related reduction reaction that occurred on 
cathodes.

The electrocatalysts on the cathode, such as graphite electrodes and carbonized fibers, play a critical role in 
accelerating ORR processes, as shown in Figure 2B. The unsatisfying battery performance of P-SMABs 
makes it difficult to meet the requirements of underwater equipment for high power density, and thus, most 
P-SMABs are mainly being used in some long-endurance, low-power underwater equipment[53-55]. Recently, 
Shinohara et al. installed a seafloor borehole broadband seismic observatory in the northwestern Pacific 
basin, where the water depth is 5,577 m[54]. The observatory is powered by a system of four P-SMAB systems 
connected in series. The battery system can effectively power the monitoring system (the average power 
consumption is 6 W) and the Data Logger for at least five years. To enhance the current density and power 
density, one strategy is to develop efficient electrocatalysts with exposure to large active sites and higher 
intrinsic catalytic kinetics. This accelerates the ORR process while ensuring robust chlorine-corrosion 
resistance in natural seawater electrolytes.

To endow seawater batteries with the capability of storing electrical energy, Hwang et al. proposed and 
patented R-SMABs with half-opening structures in 2014[33]. In this system, seawater not only serves as an 
electrolyte and provides the reactant for the cathode but also as a supplier of anode material. In the 
R-SMABs, sodium was used as the anode, electrocatalysts connected to the current collector as the cathode, 
and solid-state electrolytes as channels for transporting sodium ions and flowing seawater, as shown in 
Figure 2C. During the charging process of R-SMABs, the anodes capture sodium ions from seawater in 
non-aqueous anolytes, while the cathode undergoes OER. During the discharging process, the sodium in 
the anode dissolves into sodium ions and is transferred to seawater, and the cathode reacts in the same way 
as the P-SMABs [Equations 5 and 6]. The half-cell reaction equations of the charging and discharging 
processes for R-SMABs are listed as follows[51]:
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The theoretical voltage of the R-SMABs can reach 3.48 V. However, due to the sluggish catalytic kinetics of 
electrocatalysts in cathodes, the Cl- corrosion on both cathodes and anodes, and the competing relationship 
between the two electrodes, the battery system is still far from reaching its theoretical properties[56-60]. To put 
forward the practical application of SMABs, such as the typical sodium-based seawater batteries, the power 
density, capacity, and stability of the SMABs should be further optimized. The SMABs can be divided into 
small (< 1 kWh), medium (1-10 kWh), and large-scale (> 1 MWh) power sources according to their 
discharging capacity. Some low-power seawater-based metal-air battery prototypes have been utilized for 
underwater observation and ocean buoys. Medium-power seawater batteries can be used for exploratory 
unmanned aerial vehicles and maritime search and rescue operations. The stability of large-scale seawater 
batteries should be further optimized for their large-scale application in the future.

THE COMPONENTS AND EVALUATION OF SEAWATER METAL-AIR BATTERY
The large-scale commercialization of efficient and stable SMABs remains a significant challenge, which 
requires the optimization of all individual components in the battery. As discussed above, SMABs feature an 
open structure. The essential components in the battery contain electrode materials (cathodes and anodes), 
electrolytes (anolytes, catholytes), current collectors, ceramic solid electrolytes, electrocatalysts, and the 
general cell type, depending on different categories of SMABs.

Electrocatalysts and electrode materials
SMABs are basically composed of anodes and cathodes with current collectors. The electrocatalysts were 
mixed with binders and were pasted onto the current collectors for preparing electrodes[61,62]. Highly 
efficient SMABs require electrodes (both anodes and cathodes) with optimized electronic conductivity, 
porous density, and wettability[63,64]. The electrodes should meet several prerequisites for developing efficient 
and stable SMAB devices [Figure 3A]. Developing anode materials should meet the following requirements: 
(i) avoid the side reactions that may lead to cell swelling and failure; (ii) possess good electronic 
conductivity and excellent stability in seawater conditions; and (iii) narrow voltage window, low-cost and 
low toxicity. At present, SMABs with anodes consisting of Li, Na, Mg, Al, Zn, and their alloys have been 
systematically studied[65,66]. Among various types of SMABs, seawater lithium-air batteries theoretically 
possess the highest energy density, reaching up to 11,140 Wh·kg-1. On the other hand, metals such as Zn, 
Mg, and Al display the advantages of environmental friendliness, abundance in the Earth's crust, low cost, 
and intrinsic safety. In addition, Al is readily available for recycling in massive amounts and has a high 
energy density of 8,100 Wh·kg-1 and a significant theoretical voltage of 2.7 V[67]. As a result, seawater 
aluminum-air batteries are considered as the most promising systems for developing SMABs.

The air cathode is composed of a gas diffusion layer (GDL), electrocatalyst, and current collector. As 
mentioned above, the OER and ORR occur in the cathodes when seawater batteries are charged and 
discharged, respectively[68]. Therefore, an efficient air electrode should possess strong oxygen adsorption 
capacity, fast oxygen diffusion, and high electrochemical activity for oxygen redox reactions in SMABs. The 
electrocatalyst layer in the cathode has a significant influence on the performance of SMABs. The 
electrocatalysts on the cathodes may be noble metals, transition metals (TM), and non-metallic materials. 
Moreover, the electrocatalysts should not only display efficient ORR and OER activity and stability but also 
possess strong Cl- corrosion resistance with stable physical structures in seawater conditions. The Cl- in 
seawater can easily destroy the oxide thin film on the surface of the electrocatalysts and form complexes 
with metal ions, resulting in corrosion of metallic sites in seawater[53,69]. The electrocatalysts can be divided 
into the following three categories: (1) noble metals and their alloys, such as Pt as ORR electrocatalysts while 
IrOx and RuOx as OER electrocatalysts; (2) non-noble metal-based catalysts, such as metal-supported carbon 
materials and metal oxides and sulfides; and (3) metal-free electrocatalysts, such as nitrogen (N) doping 
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Figure 3. (A) a schematic illustration of the basic components. (B) Schematic of monoclinic structures of Na-Ion Conducting 
Membranes (Solid Electrolytes). (Reproduced with permission[33]. Copyright 2018, Wiley-VCH) Parameters of performance evaluation. 
(C) Capacity and (D) efficiency. (Reproduced with permission[61]. Copyright 2022, Wiley-VCH).

carbon. Currently, carbon-based functional materials have been recognized as promising electrocatalysts for 
their high corrosion resistance and are thus being utilized in the SMAB[70,71]. Generally, carbon-based 
materials can be divided into carbon cloth, conductive carbon paper, and graphitic fiber. The GDL 
undertakes multiple tasks in the electrodes. It acts as a connector between the air and the catalyst, allowing 
oxygen to diffuse from the air atmosphere to the surface and further to the inner of an electrode, or in other 
words, it absorbs oxygen from the surrounding environment for OER and ORR catalysis. The GDL in the 
cathodes should have the following characteristics: hydrophobicity, lightness, thinness, and high porosity. It 
is often composed of electrocatalysts and hydrophobic binders, such as polytetrafluoroethylene (PTFE)[72].

Electrolyte
SMABs are chemical power sources with seawater as electrolytes. Seawater is a naturally available, abundant, 
and renewable resource, accounting for about 70% of the Earth’s surface. According to the seawater data, 
the salt content per liter of water reaches about 35 g. In addition to the main components of sodium 
chloride (NaCl), there are many other cations and anions in seawater, such as calcium, magnesium, sulfates, 
bicarbonates, and fluorides[53,73]. The dissolved salt ions in seawater contribute to its high ionic conductivity 
of about 50 mS cm-1 (at 20 oC). Therefore, seawater is considered as the electrolyte for electrochemical cells. 
Furthermore, seawater contains not only dissolved salt ions but also dissolved gases, such as oxygen, which 
can act as cathode-oxidants to react with H2O molecules on cathode current collectors. However, the 
composition of seawater varies based on factors such as location, depth, time, climate, and environmental 
conditions.

Natural seawater contains abundant calcium ions and impurities, which can lead to calcium deposits and 
deactivation of the active materials, thus hindering effective contact between the electrode and electrolyte. 
In addition, the impurities in seawater may undergo side reactions with the anode and cathode, resulting in 
performance degradation or irreversible damage to the battery. To avoid the impurity ions in natural 
seawater, the simulated seawater and artificial seawater were also employed as electrolytes for the 
rechargeable metal-air batteries. The simulated and artificial seawater typically contains the following 
components: (i) salts such as NaCl, magnesium sulfate (MgSO4), calcium sulfate (CaSO4), etc.; (ii) pH 
adjusters such as sodium hydroxide (NaOH) or sulfuric acid (H2SO4) to adjust the pH value of the 
electrolyte; and (iii) dissolved organic compounds and trace elements, such as dissolved O2, silicates, iron, 
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manganese, etc. The specific composition and ratio of the simulated seawater electrolyte can be adjusted and 
optimized according to the specific research purposes and experimental requirements. In addition, the 
organic electrolytes containing NaCl were also being developed for their application in R-SMABs. This is 
because the organic electrolyte possesses good ion conductivity and fewer side reactions for charging and 
discharging. Commonly used organic electrolytes include ethylene glycol dimethyl ether (EGDME), 
acrylonitrile (AN), and propylene glycol (PG), which have good solubility and high ion conductivity.

Current collector
Although there is no solid electrode in this battery system, a current collector is still needed. It facilitates the 
transport of electrons released from the anode part during the deintercalation/dealloying process. 
Moreover, the current collector carries cathodic reactions (OER and ORR), which are necessary for related 
charge transport. Compared to the typical organic batteries with solid cathodes, current collectors usually 
require special properties, such as stability in saltwater[74].

In the cathode chamber, the role of the current collector is to support the active materials and collect and 
transfer the electrons to the external circuit. In order to effectively promote the sluggish oxygen reaction 
kinetics, the current collector on the cathode should possess the advantages of high electronic conductivity, 
good electrochemical and mechanical stability, and large specific surface area.

In the anode chamber, the current collector should remain stable and work well with the anode materials 
(such as Mg, Al, and their alloys) and the electrolytes in the batteries. During working, the current collector 
should ensure the electrons transfer stably from electrolytes to the anode active materials. The commonly 
used current collectors are generally porous metal foams, such as nickel foam, copper foil, stainless steel, etc. 
Recently, newly developed carbon-based collectors are commonly used in seawater batteries, which could 
not only offer catalytic sites for the ORR and OER processes but also ensure an efficient charge transferring 
rate[74,75].

Separator membrane
Sodium-ion-conducting membranes are widely used as separators to separate the anode and cathode 
compartments in R-SMABs [Figure 3B][33,76]. Such membrane materials are commonly used as solid 
electrolytes in solid-state batteries. The stability of the membrane in different types of liquid electrolytes 
should be stable to ensure the stability of the entire battery in both organic and aqueous solutions, especially 
for some SMABs that should work under high current density and voltage conditions. Therefore, the 
separator membrane should remain stable in a relatively wide electrochemical potential window to keep the 
battery working for long-term utilization. In addition, the solid electrolyte as the separator for seawater 
batteries also needs to have high sodium ion conductivity, good mechanical properties, and ultra-low 
porosity to avoid electrolyte penetration.

Criteria for evaluating the seawater metal-air battery performance
The SMABs should be assembled into a package before testing, and they generally contain three parts: an 
organic anode chamber, a seawater cathode chamber, and a separator. These three parts were sealed to 
avoid the electrolyte linkage. The distance between an anode, cathode, and separator should be kept 
constant to evaluate the performance of different SMABs. To evaluate the battery performance, the open 
circuit voltage, discharging capacity, power density, and other indexes were systematically tested. Typically, 
the capacity is one of the most important performance indexes to measure seawater battery performance, 
which describes the charge storage capacity of the SMAB (the amount of charge Q that a battery can 
provide or store) [Figure 3C], usually expressed as ampere-hour (Ah) and normalized to mass (Ah g−1) or 
volume (Ah cm−3). The value of battery capacity can be influenced by the discharge rate, discharge current, 
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discharge voltage, temperature, geometry dimension of the anode and cathode, and the mass loading of 
active materials[77]. Generally, it is difficult to reach the theoretical capacity in practical applications due to 
the polarization effects and the side reactions during charging and discharging. Therefore, increasing the 
capacity of seawater batteries requires not only performance improvement of cathode/anode materials but 
also the optimization of the structure of the whole device.

Coulombic and energy efficiencies are typical parameters in electrochemical systems of R-SMABs, which 
represent the ratio of the amount of charge (Q) flowing through the battery and the voltage ratio between 
charging and discharging, respectively [Figure 3D]. A coulomb efficiency is usually used as a comparative 
value to determine the capacity loss for each cycle in the rechargeable battery systems, which is an 
important parameter to predict the remaining life of the battery[78,79]. However, the performance of 
coulombic and energy efficiencies can be influenced by many factors, such as the environmental 
temperature, the humidity, and the uniformity of each package and electrode. Therefore, to precisely 
evaluate the key factors and the mechanisms that influence enhanced battery performance, the standard 
experimental procedure should be established.

Stability and safety are key parameters in assessing the performance of SMABs. The stability of positive 
electrodes in the seawater medium is one of the biggest factors for determining the long-term performance 
of the whole battery[61]. Due to the existence of Cl- in seawater electrolytes, more surface metallic sites would 
be attacked, thus decreasing the exposure of metallic sites. Moreover, the Cl- adsorption would change the 
reaction pathway. For instance, the ORR pathway would be transferred from 4e- in alkaline electrolytes to 
2e- in seawater electrolytes[80]. As a result, it is a critical challenge to develop Cl- corrosion-resistant 
electrocatalysts to enhance the stability of cathodes and the whole SMAB devices. Moreover, because 
seawater was employed as the electrolyte without the use of any organic additives, the SMABs possess highly 
intrinsic safety and are eco-friendly[81-83]. In addition, the seawater battery is a semi-open or fully open 
electrochemical system, which is beneficial for gas release and temperature diffusion, thus keeping the 
system working in relatively low temperature conditions (generally lower than 60 °C).

ORR ELECTROCATALYSTS IN SEAWATER ELECTROLYTE
The oxygen electrocatalytic process in seawater is considered as a complicated pathway, which may involve 
the simultaneous occurrence of oxygen reduction and chlorine corrosion, depending on the condition of 
pH values, oxygen/chlorine concentration, temperature, etc.[83-85]. The absorption and corrosion of Cl- play a 
critical role in enhancing the catalytic efficiency and stability of the catalysts, thus affecting the battery 
performance. In this section, we discussed the development of ORR electrocatalysts and the influence 
behavior of Cl- toward the ORR process[86].

ORR mechanism and Cl--resistance mechanism in seawater batteries
The ORR mechanism in seawater involves the reduction of dissolved O2 by a four-electron process to 
hydroxide ions (OH-) or by a two-electron process to form hydrogen peroxide (H2O2) on the cathode 
electrocatalysts. In the four-electron process, each oxygen molecule (O2) accepts four electrons and 
undergoes a complete reduction to form OH-. This is the most favorable pathway for ORR as it does not 
produce any intermediate reactive species. The reaction process can be represented as follows:
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In the two-electron process, each dissolved O2 molecule accepts only two electrons, resulting in the 
formation of H2O2. This pathway is less desirable as it can lead to the generation of reactive oxygen species 
and undesirable byproducts. The overall reaction can be represented as follows:

Cl- is among the most abundant ions in seawater electrolytes. However, due to the specific Cl- blocking 
effect, the Cl- tends to adsorb on the surface catalytic sites of the cathodes. The adsorption of Cl- would 
cause several serious results: (1) the active site exposure would be reduced, thus causing the decrease of 
ORR current density; (2) the electronic structure of surface metallic sites would be changed, thus causing 
the poison of catalytic sites[52,86]; and (3) the local bonding environment of active sites would be tuned in the 
catalysts and cause the dissolution of metal atoms, thus worsening the stability of cathodes. Currently, the 
reversibility of Cl- adsorption is still debatable. Along with the blocking effect, Cl- adsorption behavior 
would affect the breakage of O-O bonds during ORR processes, thus changing the ORR pathway from a 
four-electron to a two-electron mechanism, leading to the generation of H2O2. More importantly, the 
existence of H2O2 at the three-phase interface (gas-solution-solid) will produce free radicals that can attack 
the metal anodes or/and electrocatalysts, thus resulting in the reduction of durability[87,88]. In order to 
overcome the bad influence of Cl- on the catalytic process in seawater, the ORR electrocatalyst generally 
should possess the prerequisites of high electronic conductivity and electrochemical stability in saltwater 
electrolytes. In addition, other criteria such as large specific surface area, high intrinsic catalytic activity, and 
low mass loading are also should be considered[88]. Based on the related reports, ORR electrocatalysts can be 
classified into three categories: noble metal-based materials, non-noble metal-based electrocatalysts, and 
metal-free electrocatalysts. This section will summarize the research efforts that have focused on enhancing 
the catalytic performance of different electrocatalysts in SMABs.

Noble metal-based ORR electrocatalysts
Noble metal-based ORR electrocatalysts, especially Pt-based catalysts, usually have high ORR efficiency, but 
they are expensive and can be easily destroyed by a large amount of Cl- in seawater. Besides, the formation 
of soluble chlorine complexes (such as PtCl4

2-) can also lead to the dissolution of platinum and the surface 
passivation of metallic sites, which adversely affects the stability of ORR[89,90]. Recently, Ryu et al. designed a 
Pt-Co alloy electrocatalyst using carbothermal shock (CTS) for use in high-performance seawater 
batteries[91]. The authors prepared single and blended aqueous solutions of H2PtCl6·6H2O and CoCl2 
precursors with different ratios to synthesize the Pt-Co alloy on heated carbon felt (HCF) within 10 s 
[Figure 4A and B]. Figure 4C enabled us to observe that the peak at q = 2.77 A-1 shifted to a higher value, 
indicating that the formation of Pt-Co alloy leads to lattice contraction. Moreover, the Pt 4f XPS spectra of 
the samples mentioned above show that the peaks of Pt 4f5/2 and Pt 4f7/2 shift to high binding energy, mainly 
due to the loss of 5d electrons in Pt-based alloys, indicating the formation of Pt-Co alloys. As shown in 
Figure 4D, the catalyst with Pt:Co = 2:1 achieved high current density and low overpotential in the ORR 
process for the synergistic effect between the Pt and Co metallic sites. Moreover, the Pt-Co alloy 
electrocatalyst can remain stable in the seawater catholyte, and thus, the seawater batteries using Pt-Co 
alloys as cathodes exhibit excellent cycling stability with no obvious degradation [Figure 4E]. Compared to 
the SMAB using pristine HCF as a current collector, the battery using a composition of Pt-Co nanoparticle 
(NP)-decorated CF can be cycled at 0.3 mA cm-2 for up to 500 h without substantial performance 
deterioration. In addition, Jin et al. reported well-dispersed Rh17S15 NPs supported on carbon nanotube 
(CNT) substrates[92]. The diameter of the embedded particles was evenly about 8 nm, and the mass loading 
of Rh reaches 25 wt% when pyrolyzed at 650 oC. The ORR catalytic activity of the nanocomposites is highly 
active under Cl- electrolysis conditions, which could exhibit considerable stability in the chloride 
environment.
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Figure 4. (A) Schematic diagram of the synthesis of Pt-Co alloy induced by CTS. (B) SEM image and EDX elemental distribution of Pt 
and Co in Pt-Co alloys (Pt:Co = 2:1). (C) Grazing incidence X-ray diffraction (GIXD) patterns of HCF, Pt, and Pt-Co alloys with different 
ratios. (D) ORR performance of the corresponding samples tested in 1.0 M KOH solutions. (E) Galvanostatic charge/discharge curves 
of seawater batteries with/without Pt-Co alloys on HCF at different current densities. (Reproduced with permission[91]. Copyright 2021, 
Elsevier).

In general, although the chlorine resistance of noble metal-based catalysts is enhanced and the ORR 
performance in seawater is improved, the relatively high charging potential and the low power density of 
the as-developed seawater battery deny its inherent advantages. Therefore, numerous studies have been 
devoted to the development of non-noble metals or metal-free ORR electrocatalysts as alternatives.

Non-noble metal-based ORR electrocatalysts
With advantages such as low cost, excellent corrosion resistance, high conductivity, high surface area, and 
good mechanical properties, TM-based electrocatalysts were highly developed as the cathode materials for 
being utilized in SMABs[93-96]. Particularly noteworthy is the design and synthesis of the TM composites with 
functional carbon materials to tune the intrinsic activity and stability of active sites. In the composited 
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structure, TMs can increase the degree of graphitization of carbon materials during carbonization. At the 
same time, encapsulating carbon materials on the surface of metal sites can effectively prevent metal 
agglomeration and promote electron transfer. Suh et al. designed a graphene-nanotube-cobalt hybrid 
electrocatalyst (S-rGO-CNT-Co) as a highly active seawater cathode catalyst [Figure 5A][97]. The reported 
S-rGO-CNT-Co is composed of tubular CNTs and partially anchored 10-30 nm Co NPs [Figure 5B]. The 
composite nanostructure of the Co-C and graphene protective layer prevents the adsorption of Cl- on the 
cobalt and enhances the catalytic activity and stability of ORR. The S-rGO-CNT-Co sample was used as an 
electrocatalyst for the air cathode for SMABs. At a current density of 0.01 mA cm-2, the charging voltage was 
3.42 V, and the discharge voltage was 3.0 V. [Figure 5C]. Although the as-prepared electrocatalysts exhibit 
excellent performance, the discharge performance is still lower than that of 20 wt% Pt/C catalysts in SMABs 
[Figure 5D]. S-rGO-CNT-Co degraded rapidly in SMABs, even at a low current, and the cathode catalyst 
still suffered rapid Cl- corrosion. Therefore, it is necessary to further modify the graphene-coated cobalt 
catalysts to improve their catalytic activity and stability in seawater electrolytes.

Wu et al. have developed a three-step method to construct defect-rich Fe-doped Co NPs coated by N-doped 
hierarchical carbon (D-FeCo@NHC) [Figure 6A][98]. The as-prepared D-FeCo@NHC has a typical 
core-shell structure with metal NPs encapsulated in carbon, which can promote the electrical conductivity 
and corrosion resistance of catalysts [Figure 6B]. Besides, Fe doping can not only promote the formation of 
metal defects but also adjust the electronic structure of D-FeCo@NHC. Meanwhile, DFT theoretical 
calculations show that the combination of metal and carbon defect synergistically optimized the d-band 
center of the sample and thus boosted the ORR activity [Figure 6C]. As shown in Figure 6D and E, the 
D-FeCo@NHC exhibits a high E1/2 of 0.874 V in alkaline seawater electrolytes, and the as-assembled battery 
shows a high peak power density and long cycling stability.

In addition, TM-based single-atom electrocatalysts have been widely employed, which show promising 
potential for being utilized as ORR electrocatalysts. Typically, Fe-N moieties on carbon matrix (Fe-N-C) 
catalysts show excellent ORR activity in alkaline and acidic electrolytes. Furthermore, compared with Pt/C 
and other noble metal-based catalysts, the Fe-N-C catalysts generally show excellent resistance to chlorine 
poisoning. Based on the mentioned above, Fe-N-C catalysts have the potential as cathode materials in the 
SMABs. However, up to now, little attention has been paid to its practical application in real seawater 
environments. Gao et al. reported a microwave heating method and synthesized the atomically dispersed 
Fe-N-G/CNT catalyst in a short time, which possesses high activity and a strong oxygen-philic interface 
between graphene and CNTs [Figure 7A][99]. In addition, DFT calculations and experimental results indicate 
that the high oxygen affinity of the catalyst is caused by the double adsorption sites on the G/CNT interface, 
and the high activity of Fe-N4 active sites is due to charge separation [Figure 7B-E]. The Fe-N-G/CNT 
shows an excellent ORR performance in both O2-saturated alkaline solution and seawater with E1/2 of 0.929 
and 0.704 V, respectively, which are much better than commercial Pt/C [Figure 7F]. In addition, the SMAB 
with Fe-N-G/CNT as the cathode exhibits good battery performance in oxygen-poor seawater 
(≈ 0.4 mg L-1), where the discharge voltage at 10 mA cm-2 is 1.18 V [Figure 7G].

Although big progress has been made in the development and the application of Fe-N-C as the ORR 
electrocatalysts in seawater batteries, the catalytic influencing mechanism of the Cl- resistance of Fe-N-C 
catalysts is still unclear and remains a challenge. Zhan et al. prepared an atomic electrocatalyst by anchoring 
Fe-Nx sites on N-doped activated carbon substrates (Fe-Nx/NAC) to explore the effect of Cl- on Fe-Nx/NAC 
ORR performance[100]. The isolated single Fe atom is well dispersed and embedded on porous NAC, and the 
Fe, C, N, and O elements are uniformly distributed throughout the active carbon matrix [Figure 8A and B]. 
Benefiting from the abundance of Fe-Nx active sites, high surface area of activated carbon, and good 
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Figure 5. (A) The schematic diagram shows the microwave synthesis process of S-rGO-CNT-Co. (B) HRTEM image of the 
S-rGO-CNT-Co. (C) Structure diagram of seawater flow batteries. (D) The first charge-discharge voltage diagram of seawater flow 
batteries with different electrocatalysts. (Reproduced with permission[97]. Copyright 2017, Elsevier).

Figure 6. (A) The synthesis route diagram of D-FeCo@NHC. (B) HRTEM images of S-rGO-CNT-Co. (C) LSV curves of D-FeCo@NHC 
and Pt/C catalyst for ORR in 0.1 M KOH + seawater. (D) Computed work functions of D-FeCo//D-NC. (E) Galvanostatic discharge-
charge cycling stability of liquid ZAB. (Reproduced with permission[98]. Copyright 2023, Elsevier).
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Figure 7. (A) Schematic illustration of the synthesis of Fe-N-G/CNT. (B-D) Geometry of the O2 adsorption mechanism on (B) Fe-N-
CNT; (C) Fe-N-G; and (D) Fe-N-G/CNT and the corresponding O2 adsorption binding energies. (E) The three-dimensional charge 
density distribution of Fe-N-G/CNT absorbed O2. (F) LSV curves of the corresponding electrocatalysts in O2-saturated artificial 
seawater. (G) Discharge curves for different oxygen contents. (Reproduced with permission[99]. Copyright 2021, Wiley-VCH).

resistance to Cl- adsorption, Fe-Nx/NAC exhibits good ORR catalytic activity and high stability in 3.5 wt% 
NaCl solution, which exceeds the performance of Pt/C. In addition, the effect of Cl- concentration on 
Fe-Nx/NAC activity was also studied. As shown in Figure 8C-E, with the increase in NaCl concentration, no 
significant activity change was observed. For composition, Pt, NAC, and FeOx/AC were all poisoned by the 
strong Cl- adsorption. However, Fe-Nx/NAC was not affected by Cl- adsorption to some extent, and the 
ORR activity can remain stable. Moreover, to investigate the Cl- poisoning resistance of Fe-Nx and Pt (111) 
sites, the reaction-free energies of OH- and Cl- desorption were calculated, respectively. The adsorption sites 
of the pyrrole(C) of Fe-N4/NAC are demonstrated in Figure 8F by the structures of OH- and Cl- adsorption. 
As shown in Figure 8G, When the reaction Gibbs free energy, ΔGr, O2 of O2 adsorption were investigated, it 
was found that the steps strongly related to ORR activity in alkaline and neutral solutions showed that the C 
site was not the main reaction center of ORR. As shown in Figure 8H, The calculation was performed on Fe 
sites in Fe-Nx/NACs at 0 V and 0.6 V. The reaction-free energy of OH- and Cl- desorption is more positive 
than that on Pt (111), which indicates that the adsorption energy of anions on Fe-N4/NAC is stronger. This 
corrected desorption-free energy is consistent with the fact that Fe atoms are positively charged (Fe-
pyridine is +1.34, Fe-pyrrole is +1.41) and easily attract anions. On the contrary, the Pt atom on Pt (111) is 
almost neutral (-0.04), so it is less attractive to anions. Although the Fe reaction center was blocked, the Fe-
pyrroline-C site remained unblocked due to the discovery that Cl- could not be bonded to the carbon atom 
of the electrocatalysts.

TM oxides also show promising ORR catalytic activity in seawater conditions[101]. Kim et al. developed 
cobalt manganese oxide (CMO) as cathode electrocatalysts for rechargeable seawater batteries[84].The porous 
CMO NPs exhibit good bifunctional electrocatalytic activities for the ORR and OER processes, with stable 
cycle performance and high round-trip efficiencies (up to 85% at a current density of 0.01 mA cm-2). In 
addition, with a hard carbon electrode as the anode and the CMO as the electrocatalyst, the Na-free 
seawater batteries display excellent cycle performance. After 100 cycles, the average discharge voltage is 
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Figure 8. (A) The element maps and (B) Fe K-edge XANES spectra of Fe-Nx/NAC. LSV polarization curves of (C) Fe-Nx/NAC, (D) 
NAC, and (E) FeOx/AC in 0.5 M NaClO4 with different NaCl concentrations at 1,600 rpm. (F) The structure of Fe-N4/NAC adsorbing 
O2, OH-, and Cl- calculated by DFT (H: white; O: red; Cl: green). (G) DFT calculation results of adsorption free energy of O2 on Pt (111) 
and Fe-N4/NAC. (H) The reaction-free energies of Cl- desorption and OH- desorption from Pt (111) phase and Fe-N4/NAC at 
α(Cl-) = 0.5 mol L-1 and pH = 7. (Reproduced with permission[100]. Copyright 2022, Elsevier).

≤2.7 V, the coulombic efficiency is as high as 96%, and the energy efficiency is up to 74%-79%. Moreover, 
Son et al. fabricated a sacrificial electrocatalyst with Pt NP-modified 1T-MoS2 layers by a CTS strategy 
[Figure 9A][102]. The HRTEM image clearly shows that the Pt NPs are uniformly anchored on the MoS2 layer 
[Figure 9B]. Furthermore, the deconvolution region of the Pt 4f and Mo 3d XPS spectra show that electron 
transfer from Pt to MoS2 layers, which increased the proportion of the 1T-MoS2 phase in CTS-Pt@MoS2 
than that in CTS-MoS2 [Figure 9C and D]. Besides, compared to those of the CTS-MoS2 electrode, the 
introduction of Pt NPs improves the ORR activity of the CTS-MoS2 electrode during the discharge process 
and further reduces the potential [Figure 9E]. The CTS-Pt@MoS2 catalyst significantly improves the 
electrochemical performance of the fabricated seawater battery, achieving a high-power density of 
6.56 mW cm-2, a low discharge/charge potential gap of Δ0.39 V, and excellent long-term cycle stability of up 
to 400 h at a low charge potential (3.39-3.6 V) [Figure 9F]. Due to slight oxidation of the edges of the MoS2 
layer after 450 h of cycling, there is an increase in the voltage gap during charging and discharging. 
However, it can still work for at least 350 h at 4.0-2.6 V.

Metal-free ORR electrocatalysts
The study of metal-free catalysts, especially N-doped functional carbon materials, has attracted more 
attention for their application in seawater batteries. Zhang et al. fabricated a three-dimensional (3D) 
microporous carbon sponge by the simple pyrolysis of the formaldehyde-melamine-sodium bisulfite 
copolymer, which shows superior electrocatalytic activity and stability[103]. The excellent electrocatalytic 
performance can be attributed to the following three parts. Firstly, the as-prepared 3D macroporous carbon 
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Figure 9. (A) Synthesis schematic of the Pt nanoparticle-modified 1T-MoS2 sacrificial catalyst (1T: trigonal antiprismatic phase; 2H: 
hexagonal prismatic phase). (B) HRTEM image of CTS-Pt@ MoS2. (C) Pt 4f XPS profiles of pristine Pt@HCF and CTS-Pt@ MoS2. (D) Mo 
3d XPS profiles of CTS-Pt@ MoS2. (E) LSV curves for determining the ORR activities of CTS- MoS2, CTS-Pt@ MoS2, and 20 wt% 
Pt/Vulcan electrodes. (F) Galvanostatic charge/discharge cycling behavior of the CTS-Pt@MoS2 electrode. (Reproduced with 
permission[102]. Copyright 2022, American Chemical Society).

sponge exhibits excellent electrocatalytic activity toward the OER/ORR in seawater. The fabricated hybrid 
sodium-seawater flow battery prepared with a 3D macroporous carbon sponge as the cathode exhibits 
excellent battery behavior, high discharging voltage and energy efficiency, excellent rechargeability, and 
long-term cycle stability. The incorporation of nitrogen- and oxygen-containing groups in carbon skeletons 
and the defective structure provide abundant electrocatalytic active sites for OER/ORR. Secondly, the 
microporous structure provides a large number of pathways for the efficient transportation of dissolved O2, 
OH-, and H2O, which greatly enhances the OER/ORR performance. Thirdly, graphitization and 
interconnected carbon scaffolds form a 3D conductive network with rapid electron transfer, which 
promotes electrochemical OER/ORR activity. Kha Tu et al. prepared a controllable N-doped high specific 
surface area carbon cloth by a simple thermal annealing process [Figure 10A][104]. The N-doped carbon cloth 
prepared at 700 °C contains a high density of pyridinic-nitrogen sites, which is beneficial to improving the 
ORR and OER activity [Figure 10B]. At a current density of 0.25 mA cm-2, the pyridinic-nitrogen-
dominated carbon cathode exhibits excellent SMAB performance, such as a low overpotential gap of 0.84 V 
and high-power density of 9.66 mW cm-2 [Figure 10C]. Moreover, the ORR active sites of the N-doped 
carbon cloth were confirmed to be related to the adjacent carbon atoms of pyridinic-nitrogen located at the 
zigzag edge of the carbon structure or single vacancy defect [Figure 10D and E].
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Figure 10. (A) Schematic illustration of the preparation of carbon cloths (CCs). (B) The type of nitrogen functional groups and atomic 
content in the melamine attached CC and N-doped CCs with increasing annealing temperature. (C) Constant current charge-discharge 
voltage curves. (D) Schematic presentation of N-doped configurations. zigzag (z-GNR), armchair (a-GNR) graphene nanoribbon; N-G: 
graphite nitrogen-substituted graphene base surface; MV: monovacancy defect; z-Hole: zigzag-terminated hole defect; a-Hole: 
armchair-terminated hole defect. (E) The ORR volcano plot for the active sites mentioned above as a function of the Gibbs formation 
energy of the OH* intermediate from water (ΔGOH*). (Reproduced with permission[104]. Copyright 2020, American Chemical Society).

Generally, most of the current commercial electrocatalysts are noble metal-based, such as Pt- and Ru-based 
electrocatalysts, which are considered as the best electrocatalysts for the ORR catalysis in seawater 
electrolytes. However, the high cost and scarcity of noble metals hinder their widespread and large-scale 
applications. Developing non-noble metal-based or metal-free electrocatalysts is a preferred strategy to 
avoid Cl-toxicity inhibition behavior. Generally, the ORR electrocatalysts should meet the requirements: (i) 
High active site exposure and intrinsic activity to achieve high onset potential and discharge current density 
toward ORR; (ii) Large surface area and enough porous structures are beneficial to effective mass transfer 
rates and enhanced electrocatalytic kinetics; (iii) A robust chemical and mechanical stability architecture for 
high durability in seawater conditions; and (iv) High mass and volume activity, and finally, abundant 
resources at low cost.

OER ELECTROCATALYSTS IN SEAWATER ELECTROLYTE
One of the biggest challenges for OER processes in seawater-based electrolytes is the competition from the 
oxidation of Cl-, including the hypochlorite formation reaction (HCFR) in an alkaline medium or the ClER 
in an acidic medium, which seriously affects the selectivity of electrocatalysts for OER[105,106]. Furthermore, 
the absorbed Cl- anions and the possible hypochlorite/chlorine byproducts could corrode the active sites of 
catalysts, and the resulting hydroxy-chloride could corrode and poison the metal active sites by means of 
coordination dissolution[107,108]. Therefore, it is urgent to develop highly efficient and stable electrocatalysts 
for OER in seawater-based electrolytes. The outstanding OER electrocatalysts in the chlorine-containing 
electrolyte should be designed by the following aspects: (1) the excellent intrinsic OER catalytic activity; (2) 
the high electrochemical long-term stability and strong corrosion resistance to chlorides; (3) good 
conductivity; and (4) large active surface area and more exposed active sites. In this section, we discussed 
the development of OER electrocatalysts in the chlorine-containing electrolyte and the influence behavior of 
Cl- toward the OER process.
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Competition of chlorine oxidation in OER processes
Taking into the total concentration of Cl- in seawater is approximately 0.54 M, Yu et al. plotted a simulated 
Pourbaix diagram of oxygen/chlorine electrochemistry in seawater to evaluate the relationship between the 
oxygen electrocatalytic reaction and the ClER during cycling, as shown in Figure 11[53]. During charging, Cl- 
in seawater may participate in the HCFR or ClER process, generating hypochlorite or chlorine byproducts. 
Among all pH ranges, OER is thermodynamically preferred over HCFR and ClER. Particularly, OER 
electrocatalysts functioning at an overpotential of 480 mV in 0.1 M KOH solution can block the HCFR 
process in seawater electrolytes, although this is difficult at relatively large current densities. Moreover, the 
potential difference between oxygen and chlorine becomes slightly less with a reduction of the pH value 
(< 7.4), where HClO replaces ClO- as the main production. When the pH value is less than 2.9, the 
equilibrium potential is near to but still higher than the 100 ~ 200 mV required by OER criteria. Thus, the 
OER process has higher selectivity and feasibility in the electrolyte with the presence of Cl-.

The OER process would compete with the HCFR/ClER process in terms of reaction kinetics even though 
the OER process is thermodynamically superior to the HCFR/ClER during the charging process of 
SMABs[109]. This is because HCFR/ClER is a 2e- oxidation reaction involving only a single intermediate, 
whereas OER is based on a complex 4e- pathway that requires the removal of four protons and involves 
three intermediates. Moreover, the two reaction routes would partially share similar active sites. By the 
theory calculations based on assumed mechanisms, Hansen et al. discovered a scaling relationship between 
the binding energies of ClER and OER intermediates[110]. This indicates that electrocatalysts that easily bind 
oxygen-bound intermediates also tend to bind chloride-bound intermediates. The pH values, current 
density, and Cl- content would also have significant impacts on this competition. Since HCFR cannot occur 
when the electrocatalysts provide a low overpotential, alkaline conditions are consequently preferable for 
selective OER in saltwater.

OER electrocatalysts in chlorine-containing electrolyte.
For the R-SMAB, the charging process depends on the OER catalysis on the air electrode. The four-electron 
reaction steps for the OER process would result in sluggish reaction kinetics, leading to large overpotentials; 
thus, the high charging voltage would restrain the performance of metal-air batteries in practice[108,111]. In the 
complex seawater-based electrolyte, the main challenge is the HCFR process, competing with OER under 
near-neutral or alkaline conditions, together with the consequent electrocatalyst corrosion[112,113]. Over the 
past decades, many OER electrocatalysts have been designed and prepared with excellent activity, selectivity, 
and stability in the chlorine-containing electrolyte, mainly including metal hydroxide-based electrocatalysts, 
TM compound-based electrocatalysts and hybrids, or compositing electrocatalysts. Furthermore, since the 
anode during seawater electrolysis also depends on the OER reaction, in order to comprehensively 
understand the impact of Cl- on the OER reaction in seawater and the synthesis strategies for chloride-
resistant OER electrocatalysts, this chapter will discuss the studies related to seawater electrolysis together.

Metal hydroxide-based electrocatalysts
Initiatively, Dionigi et al. established a general designing criterion for noble metal-free OER electrocatalysts, 
pointing out that the OER overpotential keeping smaller than 480 mV could achieve high selectivity in 
seawater in theory[114]. The designing criterion is the only one and the most favorable condition to avoid 
HCFR from the air electrodes of seawater-based metal-air batteries. As shown in Figure 12A, a NiFe-layered 
double hydroxide (NiFe-LDH) catalyst was prepared, and the linear sweep voltammetry (LSV) curves of 
OER were measured in 0.1 M KOH and 0.3 M borate buffer solution with/without the addition of 
0.5 M NaCl. The OER process was more likely to occur at pH = 13 than at pH = 9.2, and the overpotential 
increased by 110 mV at 1 mA cm-2. Furthermore, the overpotential at 10 mA cm-2 in pH = 13 reached 
360 mV, which was not over 480 mV and satisfied the above criterion. Therefore, there were no changes for 
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Figure 11. The Pourbaix diagram of seawater simulated according to (A) thermodynamics and (B) kinetics. (Reproduced with 
permission[53]. Copyright 2000, The Royal Society of Chemistry).

Figure 12. (A) The LSV curves of NiFe-LDH toward OER in different electrolytes. (B) Electrocatalytic stability of NiFe-LDH in different 
electrolytes at 10 mA cm-2 and 1,600 rpm. (Reproduced with permission[114]. Copyright 2016, Wiley-VCH). (C) OER LSV curves of 
NiIr-LDH, NiFe-LDH, and IrO2 in two different electrolytes. (D) Durability tests of seawater catalysis (NiIr-LDH and NiFe-LDH) in 
1 M KOH + seawater electrolyte at room temperature at 500 mA cm-2. (Reproduced with permission[115]. Copyright 2022, American 
Chemical Society). (E) Seawater OER catalytic activity test for NFAC-MELDHs. (Reproduced with permission[116]. Copyright 2021, The 
Royal Society of Chemistry).

the overpotential with the addition of 0.5 M NaCl in 0.1 M KOH, which demonstrated the high OER 
selectivity. To evaluate the stability of the electrocatalysts in the electrolytes with different pH values, the 
NiFe-LDH catalyst was measured in the four electrolytes mentioned above by 2 h chronopotentiometry 
after 5 CV cycles, as shown in Figure 12B. It shows stable activity for 2 h in 0.1 M KOH, regardless of the 
addition of the Cl-. Conversely, the catalytic stability of NiFe-LDH in the borate buffer became worse, 
especially in the presence of Cl-. The potential rose sharply to 2.4 V after nearly 1 h at 10 mA cm-2 in the 
near-neutral chlorine-containing electrolyte, which would give rise to the undesirable HCFR process. 
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Therefore, moderate current density and high pH values are the key conditions for catalysts to maintain 
excellent electrocatalytic activity, selectivity, and long-term stability for OER processes.

Ni-based LDH electrocatalysts are known as the best OER candidates in seawater electrolytes, and NiFe 
LDH, in particular, is considered to be the benchmark among noble metal-free catalysts. Furthermore, in 
view of the considerable stability of Ir metals for OER, You et al. introduced Ir to develop a monolayer 
NiIr-LDH as an OER catalyst for seawater electrocatalysis[115]. The NiIr-LDH catalyst showed 313 mV and 
361 mV overpotentials at 500 mA cm-2 in artificial seawater (1 M potassium hydroxide + 0.5 M NaCl) and 
alkaline seawater (1 M potassium hydroxide + seawater), respectively, along with nearly 100% O2 Faradaic 
efficiency in alkaline seawater [Figure 12C]. Impressively, the NiIr-LDH catalyst delivered excellent long-
term stability, maintaining its performance for up to 650 h under an industrial 500 mA cm-2 current density 
in alkaline seawater [Figure 12D]. Compared with the OER benchmark NiFe-LDH, both Ir and Ni are 
considered as the active sites for the OER in NiIr-LDH, and with the introduction of Ir, the Ni atom 
becomes more electrochemically active. The incorporation of Ir into the Ni(OH)2 layer optimized the 
electron density of Ir and Ni sites and accelerated the rate-limiting step of the intermediate *O and *OOH 
generation on Ni and Ir sites. The synergistic effects of multi-component metallic sites are also one of the 
most effective strategies for constructing efficient and stable electrocatalysts in seawater conditions. 
Consequently, Enkhtuvshin et al. reported multi-metallic Ni-Fe-Al-Co-layered double hydroxides 
(NFAC-MELDHs) as OER catalysts (1.0 M KOH + 0.5 M NaCl), which showed an overpotential of 280 mV 
at a current density of 100 mA cm-2 [Figure 12E][116]. The Fe sites are considered to be the real active sites for 
redox flexibility, which cooperate with the adjacent metals to stabilize the adsorption of oxygen 
intermediates while promoting charge transfer.

Transition metal-based electrocatalysts
In the past decades, TM compound-based electrocatalysts have been considered as the most promising 
alternatives for replacing noble metal-based electrocatalysts due to their earth-abundance, popular price, 
potential multi-catalytic performance, and adjustable crystal and electronic structures[117-119]. Based on these 
advantages, strategies have been developed in recent reports to promote the OER performance of TM 
compound-based catalysts in seawater-based electrolytes. Accordingly, Yu et al. synthesized a 3D core-shell 
NiMoN@NiFeN OER catalyst for seawater catalysis[120]. The seawater diffusion and gas releasing processes 
were facilitated, benefiting from the 3D core-shell structure with multiple levels of porosity. Therefore, on 
the one hand, the high conductivity and large surface area of interior NiMoN nanorods led to an efficient 
charge transfer rate and more active sites. On the other hand, thin amorphous NiFe oxy(hydroxide) layers 
in situ evolved from the outer NiFeN NPs under the OER-applied voltage, acting as the active species and 
effectively resisting the invasion of Cl-[Figure 13A]. The NiMoN@NiFeN catalyst showed 368 mV and 398 
mV OER overpotentials at industrial current densities of 500 mA cm-2 and 1,000 mA cm-2, respectively, in 
alkaline natural seawater, which are both below the 480 mV overpotential required to trigger the HCFR 
process [Figure 13B]. Kuang et al. designed a multilayer electrode NiFe/NiSx-Ni as OER electrocatalysts in 
alkaline seawater [Figure 13C][121]. NiSx was formed from the Ni foam by a solvothermal method, and NiFe 
hydroxide was prepared by electrodeposition using NiSx-Ni foam as precursors. After anodic activation in 
an alkaline condition, the polyanion sulfate/carbonate-passivated NiFe/NiSx-Ni foam anode was generated. 
After 1,000 h seawater catalysis in alkaline simulated seawater electrolyte (1 M KOH + 0.5 M NaCl), 
NiFe/NiSx-Ni delivered an OER overpotential of 510 mV at the current density of 400 mA cm-2, which could 
reach 300 mV at 400 mA cm-2 after iR compensation and was below the 480 mV to limited the chloride 
oxidation to hypochlorite [Figure 13D]. Even under the condition of high temperature (80 °C), alkalinity 
(6 M KOH), and salinity (1.5 M NaCl), the catalyst still shows similar excellent activity. Generally, NiFe is a 
highly active and selective OER catalyst for seawater electrolysis, and the interior NiSx layer is a conductive 
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Figure 13. (A) HRTEM image of the NiMoN@NiFeN catalyst after OER tests. Scale bars: 5 nm. (B) Comparison of the OER 
overpotentials at 100, 500, and 1,000 mA cm-2 for NiMoN@NiFeN in different electrolytes. (Reproduced with permission[120]. Copyright 
2019, Springer Nature). (C) Structure of the NiFe/NiSx-Ni; (D) CV scans of a Ni3 anode before and after 1,000 h seawater catalysis in 
an alkaline simulated seawater electrolyte. (Reproduced with permission[121]. Copyright 2019, PNAS). (E) The OER polarization curves 
of Co-Se1 and Co-Se4 in seawater. (Reproduced with permission[122]. Copyright 2018, WILEY-VCH). (F) OER activity of NiFe foam, NiFe 
foam-OER, NiFeP-NW, NiFeP-NW-OER, and IrO2/C in alkaline simulated seawater. (Reproduced with permission[123]. Copyright 2021, 
Elsevier).

medium. The anion-selective polyatomic anode could effectively inhibit the corrosion by repelling Cl-. 
Zhao et al. reported a 3D self-supporting cobalt selenide electrode by composing CoSe with Co9Se8 phases 
by regulating the Co3+/Co2+ ratio[122]. Figure 13E shows that the combination of two cobalt selenide 
electrocatalysts of Co-Se1 and Co-Se4 with different Co ratios displays efficient OER performance in 
seawater electrolytes. The Co-Se1 with a higher Co charge state reveals superior OER activity. Wang et al. 
prepared the amorphous NiFeP nanostructures as OER catalysts for overall seawater catalysis[119]. The NiFeP 
catalyst shows a low overpotential of 129 mV for OER at 100 mA cm-2 in alkaline simulated seawater 
electrolytes (1.0 M KOH + 0.01 M KHCO3 + 1 M NaCl). The electronic states of NiFe sites are regulated by 
the ligand effect of the P element, which breaks the scaling relations for oxygen-containing intermediates 
and reduces the adsorption energy gap between HO* and HOO* from 3.08 eV to 2.62 eV [Figure 13F].

Hybrids and composite OER electrocatalysts
TM (hydr)oxides, sulfides, selenides, and phosphides have been developed to catalyze the OER process in 
alkaline and seawater-based electrolytes, and some of them show relatively outstanding activity and 
stability[123-126]. Nevertheless, single-phase electrocatalysts generally possess some disadvantages, such as poor 
electrical conductivity, insufficient active site exposure, etc. Constructing rational heterostructures has been 
considered as a promising approach to combine the characteristics of materials and enhance the catalytic 
activity via synergistic effects and electron interactions. Accordingly, Tan et al. developed the 
Ni2Fe-LDH/FeNi2S4/NF heterostructure electrocatalyst using a partial sulfidation strategy for OER in 
seawater[127]. Furthermore, inspired by the perspective that sulfate layers could inhibit corrosion resistance 
by repelling Cl-, 2,000 CV cycles were performed to generate the sulfate anions before measuring the OER 
activity of Ni2Fe-LDH/FeNi2S4/NF [Figure 14A]. As shown in Figure 14B, Ni2Fe-LDH/FeNi2S4/NF after CVs 
(post-Ni2Fe-LDH/FeNi2S4/NF) delivered the smallest overpotentials at 50 mA cm-2 and 100 mA cm-2, 
indicating its higher corrosion resistance to Cl-. The heterostructures provide abundant hydroxide/sulfide 
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Figure 14. (A) XRD patterns of Ni2Fe-LDH/FeNi2S4/NF and post-Ni2Fe-LDH/FeNi2S4/NF. (B) The OER LSV curves of five different 
samples in 1.0 M KOH + 0.5 M NaCl. (Reproduced with permission[127]. Copyright 2022, WILEY-VCH). (C) The OER polarization curves 
of NiFe-PBA-gel-cal and FeFe-PBA-gel-cal in alkaline freshwater and alkaline simulated seawater. (D) The XPS spectra of Ni 2p in NiFe-
PBA-gel-cal before and after OER tests. (Reproduced with permission[128]. Copyright 2022, WILEY-VCH). (E) Polarization curves of 
NCFPO/C@CC in the KOH and NaCl + KOH electrolytes. (Reproduced with permission[129]. Copyright 2019, American Chemical 
Society). (F) HAADF-STEM image of Cr2O3-CoO x. (G) Measured pH values on CoOx and Cr2O3-CoOx anode surfaces at different 
potentials. (H) OER LSV curves of 6 at% Cr2O3-CoO x, CoO x, Fe-doped NiOOH and RuO2 catalysts in seawater. The inset shows the 
durability test of the 6 at% Cr2O3-CoOx anode. (I) The Schematic diagram of local alkaline microenvironment generation of Lewis acid 
modified anode. (Reproduced with permission[130]. Copyright 2023, Springer Nature).

interfaces and form a large number of active sites. Moreover, the excellent OER activity and stability also 
benefit from the large surface area, good electrical conductivity, rapid charge transfer, and mass transfer 
rates. To fully utilize the advantages of Ni-based and Fe-based compounds for catalyzing the OER process, 
Zhang et al. reported a TM oxide/TM carbide composite electrocatalyst with a two-step procedure[128]. A 
Prussian blue analog (NiFe-PBA) precursor with 2D networks was prepared by a solgel method, and the 
precursor was further calcined in argon and air condition to continuously prepare NiFe-PBA with ultra-
large surface area, which was composed of Fe3O4 and NiCx. Figure 14C shows the OER activities of the 
catalysts in alkaline solution (1 M KOH) and alkaline artificial seawater (1 M KOH + 0.5 M NaCl). NiFe-
PBA delivered enhanced OER activities in both alkaline solution and alkaline artificial seawater, which need 
308 mV and 329 mV to achieve a current density of 100 mA cm-2, respectively. The characterizations after 
OER measurement revealed that the Fe3O4 NPs were coated with amorphous NiOOH2-x reconstructed from 
NiCx, thus forming the core-shell structure. The high-valence ions and abundant oxygen defects formed 
along with the reconstruction process [Figure 14D]. DFT calculations and the ligand field theory uncovered 
that the in-situ generated high-valence Ni4+ leads to the formation of local O 2p electron holes as the 
electrophilic centers of the OER process. Furthermore, the OER process of NiFe-PBA follows the lattice 
oxygen oxidation mechanism pathway due to the existence of high valence Ni4+ and abundant oxygen 
defects, which exceeds the adsorption of oxygen-containing intermediates and is beneficial to the reaction 
kinetics. Song et al. reported the carbon-coated Na2Co1-xFexP2O7 NPs (NCFPO/C NPs) as OER 
electrocatalysts for alkaline seawater electrolysis[129]. The NCFPO/C NPs were dip-coated on the carbon 
cloth for OER measurement, which delivered an overpotential of 370 mV at a current density of 
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100 mA cm-2 with the iR compensation in 0.1 M KOH + 0.5 M NaCl and showed similar LSV curves with 
that in 0.1 M KOH [Figure 14E]. The overpotential was less than 480 mV at 100 mA cm-2, which 
demonstrated the high selectivity for OER electrocatalysis. No reactive chlorine species were detected after 
the OER test in the chlorine-containing electrolyte. Moreover, the excellent long-term stability of NCFPO/C 
NPs was tested by CV for 10,000 cycles and chronopotentiometry for 100 h at 10 mA cm-2 and 50 mA cm-2.

Up to now, most seawater electrolytes contain alkaline additives for seawater catalysis. The direct natural 
seawater catalysis without purification and alkali addition is an important technology in the future. A novel 
and efficient strategy is to create a favorable local reaction microenvironment on the surface of 
electrocatalysts for the direct natural seawater electrocatalysis. Guo et al. introduced a hard Lewis acid layer 
on the TM oxides to manipulate the local pH values for the direct seawater electrocatalysis [Figure 14F][130]. 
Due to the strong ability to water dissociation, a large amount of OH- could be in situ generated on the 
surface of catalysts with the increased content of hard Lewis acid Cr2O3. In particular, the pH value on the 
6 at% Cr2O3-CoOx could approach 14.0 under the applied potential of 1.60 V (vs. RHE), which 
demonstrated that it was nearly in alkaline seawater [Figure 14G]. The normalized OER activity to the 
electrochemical surface area of 6 at% Cr2O3-CoOx was much higher than those of CoOx and benchmark Fe-
doped NiOOH and RuO2 [Figure 14H]. Furthermore, the Cr2O3-CoOx could stably catalyze the natural 
seawater catalysis for more than 200 h at 1.8 V vs. RHE, higher than the potential required to trigger 
chloride oxidation. Most OH- could participate in OER processes, and some residual OH- could interact 
with the positive charge on the catalyst surface to constitute a stable electrical double layer (EDL) 
[Figure 14I]. The enrichment of OH- prevents the diffusion and adsorption of Cl- to the catalyst in seawater 
electrolytes, thus inhibiting the chlorine redox chemistry and the corrosion of the electrode. When the 
Cr2O3-CoOx content is 6 at%, the current density of the as-developed flow type seawater electrolyzer at 
1.87 V at 60 °C meets an industrial requirement of 1.0 A cm-2, and it runs stably for 100 h at 500 mA cm-2.

STUDY ON METAL ELECTRODES OF SMABS
Metal anodes, such as Na, Mg, Al, and Zn, play a critical role in determining the properties of cycling life, 
capacity, and energy density of the SMABs. Especially in R-SMABs, mainly the odium-air batteries, where 
the anode is made of pure sodium or sodium alloys. During the discharge process, sodium ions are released 
from the negative electrode, generating electrical energy. During the charging process, sodium ions in the 
seawater at the negative electrode are reduced to metallic sodium. Sodium is abundantly available and is 
often used as anode material due to its high theoretical capacity of up to 1,166 mA g-1. However, the 
uncontrolled growth of sodium dendrites hinders the safe operation of cells, damages the separator 
membrane, and shortens the device lifetime. Additionally, seawater-based sodium-air batteries still have a 
low coulombic efficiency and cell performance. Currently, the problem of sodium dendrites in seawater-
based sodium-air batteries can be addressed through the following approaches: (i) Electrolyte optimization. 
By modifying the composition and concentration of the electrolyte, the formation of sodium dendrites can 
be reduced. Adding additives that inhibit the growth of sodium dendrites, such as polymers or ionic liquids, 
can effectively suppress their growth; (ii) Electrode coating. Applying a protective coating on the surface of 
the negative electrode can prevent the formation and growth of sodium dendrites. This coating can be a 
polymer or other materials that provide sufficient mechanical strength and chemical stability to prevent 
penetration and damage caused by dendrites; and (iii) Design optimization. By optimizing the structure and 
design of the battery, the formation of sodium dendrites can be minimized. For example, using porous 
electrode materials or nanostructures can provide more surface area and a more uniform distribution of 
sodium ions, reducing dendrite formation.
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To investigate the growth of sodium dendrites on the surface of sodium electrodes, it is common to use 
ex-situ digital photos or SEM images to compare the changes in the surface of the negative electrode before 
and after reactions. For example, Kim et al. effectively alleviated the problem of sodium dendrite formation 
by designing a 1M NaBH4/ether-based (glyme) electrolytes (NaBH4/DEGDME and NaBH4/TEGDME)[131]. 
For control experiments, 1.0 M NaClO4 in EC/PC + 5 wt% fluoroethylene carbonate (FEC) and 1M NaOTf 
in glyme electrolytes (denoted as NaClO4 EC/PC + 5 wt% FEC and NaOTf/TEGDME) as reference 
electrolytes. As shown in Figure 15. NaClO4 in carbonate solvents containing + 5 wt% FEC was rapidly 
decomposed upon reaction with sodium to form a solid-electrolyte interphase layer. This layer exhibited 
inhomogeneity, which facilitated dendrite growth. Therefore, porous and dendritic surfaces of sodium 
metal could be observed through SEM images and digital photos. [Figure 15A-C]. Although the sodium 
surface cycled by NaOTf/TEGDME is smoother and less porous than that cycled by NaClO4 EC/PC + 5 wt% 
FEC electrolytes, a wrinkled surface with uneven local thickness was obtained [Figure 15D-F]. By contrast, it 
is observed that NaBH4-based (glyme) electrolytes had a non-dendritic dense surface morphology, which 
proved that NaBH4/glyme can be used as an effective strategy for ‘solid-electrolyte interphase layer 
reconstruction’ on sodium metals [Figure 15G-I].

PRACTICAL APPLICATIONS
The SMABs have promising applications in various fields, such as environmental detection, channel 
measuring, military operations, etc.[132,133]. The discharging capacity of the package of SMABs can be 
controlled from small-scale (< 1 kWh) to medium-scale (1-10 kWh), even to large-scale (> 1 MWh) by 
connecting each unit pack together. For practical applications, for instance, the small-scale SMABs can be 
used in light buoys and detectors. Light buoys are floating devices that can be used for marking navigational 
channels, indicating hazards, or serving as reference points for marine activities. These buoys are designed 
to be easily deployed and controlled. They are often connected to a range of devices, such as lights, 
reflectors, and sensors, to provide visual and navigational information to vessels. The seawater battery in the 
light buoy can be charged by solar cells in the sunlight, thus providing more electricity to the LED lights.

The applications of medium-scale SMABs are aimed at providing electricity for various small autonomous 
machines, such as maritime exploration robots and drones. They are typically equipped with various 
sensors and cameras to monitor and search for targets in seawater, such as drifting vessels or people who 
have fallen overboard. These robots and drones can keep long-duration for the undersea operations using 
the seawater batteries. The high energy density and long lifespan of seawater batteries are being considered 
as ideal energy sources for maritime search and rescue robots or drones. By retrofitting and modifying 
existing robots or drones and integrating seawater batteries into their design, their endurance and 
operational efficiency can be enhanced, thereby better supporting the maritime search and rescue tusks. 
Moreover, there is great potential for the large-scale SMABs with energy capacities exceeding 1 MWh. 
These energy storage systems play a crucial role in providing electricity, stabilizing the grid, and integrating 
renewable energy sources into the power system. They can be utilized in various equipment, such as power 
plants, utility-scale renewable energy projects, industrial facilities, and large commercial buildings.

CONCLUSION AND OUTLOOK
SMABs directly utilize seawater as the electrolyte to achieve high energy density, long-term stability, and 
distributed, in-situ power supply systems, which possess broad application prospects. However, the 
application of OER/ORR catalysts as air cathodes is different from traditional alkaline metal-air batteries 
due to the influence of high content of Cl- in seawater on the electrocatalytic processes. To improve the 
intrinsic OER/ORR electrocatalytic activity and stability, various electrocatalyst materials have been 
developed, such as noble metal-based, non-noble metal-based, and metal-free electrocatalysts. Some of these 
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Figure 15. SEM images and digital photos for sodium metal electrodes of Na||Na symmetric cells after 50 cycles at 1 mA cm-2, 
1 mAh cm-2. (A-C) NaClO4 EC/PC + 5 wt% FEC, (D-F) NaOTf/TEGDME (G-I) NaBH4/DEGDME (Reproduced with permission[131]. 
Copyright 2022, The Royal Society of Chemistry).

materials exhibit satisfactory OER/ORR activity, selectivity, and stability in the presence of Cl- in seawater. 
As mentioned above, the intrinsic electrocatalytic ability can be improved by adjusting the electronic 
structure and atomic-scale surface-interface structure. It is believed that new insights into promoting the 
electrocatalytic processes of OER/ORR in chloride-containing and seawater electrolytes will lay the 
foundation for designing SMABs.

The further optimization of SMABs makes them possess promising applications as self-powering systems 
for the equipment working in the deep and open sea. In order to enhance the battery performance, several 
directions should be given more attention. Firstly, it is necessary to unveil the mechanism of CI- corrosion 
in the ORR process. The combination of theoretical calculations and in-situ experimental investigations is 
required to reveal the effect of CI- on ORR efficiency and stability. This will provide important theoretical 
and experimental foundations for the development of chlorine-resistant, efficient, and stable ORR/OER 
bifunctional oxygen electrocatalysts. Secondly, paying attention to the overall system design and integration 
is important to establish practical and scalable SMABs. This includes optimizing cell configurations, stack 
designs, and system components to maximize energy conversion efficiency and ensure long-term stability. 
Thirdly, more efforts should be devoted to the optimization of membranes to enhance the transfer rate of 
definite ions and improve the energy conversion efficiency and stability. When addressing these key issues, 
researchers may pave the way for the development of more efficient, stable, and environmentally friendly 
SMABs.
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Abstract
This article presents a vision for advancing the development of next-generation flame-retardant materials through 
the utilization of metal-organic frameworks (MOFs). The proposed vision is centered on four key areas: 
industrialization, multifunctionality, ligand synthesis, and derivatives. By optimizing production processes, 
customizing MOFs for specific properties and applications, and developing novel ligands and derivatives, the 
effectiveness and versatility of MOFs as flame-retardant materials can be significantly enhanced. This vision 
represents a promising direction for the field that has the potential to address critical safety concerns across 
various industries.

Keywords: Microstructures, metal-organic frameworks, multifunction, industrialization, flame retardant

INTRODUCTION
Metal-organic frameworks (MOFs) are a type of porous material composed of metal ions or clusters linked 
by organic ligands. Their development can be traced back to the 1990s when researchers were exploring 
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novel approaches for synthesizing materials with large surface areas and high porosity. The initial MOF 
structure, designated as MOF-5, was synthesized in 1999 by researchers at the University of Michigan. This 
material comprised Zn2+ ions coordinated with 1,4-benzenedicarboxylate (H2BDC) ligands and exhibited a 
remarkable surface area exceeding 2,900 m2/g[1]. In 2013, MOFs were introduced as fillers into the polymer 
matrix for the first time, thereby enhancing low-humidity proton conductivity[2]. This breakthrough sparked 
a surge of interest in MOFs, prompting researchers to explore their potential for diverse applications such as 
gas storage, catalysis, and drug delivery. Since then, thousands of MOFs have been synthesized using 
various metal ions and ligands to create materials with distinct properties and functions. MOFs have 
garnered attention as potential flame retardants due to their high surface area, tunable pore size, thermal 
stability, abundance of transition metals, and flexible structure.

The application of MOFs as flame retardants can be traced back to research conducted in the late 2010s. In 
2017, Hou et al. successfully synthesized iron-based and cobalt-based MOFs, which were subsequently 
incorporated into PS as flame retardants. The results demonstrated a significant improvement in both the 
thermostability and flame retardancy of the PS composites[3]. Subsequently, researchers have investigated 
diverse categories of MOFs for their flame-retardant properties[3-10]. Table 1 summarizes some MOF flame 
retardants for different polymer matrices[11-23]. Recently, (zeolite imidazolate framework) ZIF series of MOFs 
have been intensively explored as potential flame retardants in various polymer matrices due to their ease of 
synthesis. MOFs contain flammable organic ligands in their structures, leading to limited efficiency, and 
therefore, modification or co-blending with other flame retardants is often required to boost their 
fire-retardant efficiency, e.g., performing better in UL-94 testing, especially at lower loading levels. It is 
accepted that MOFs usually reduce heat release rates and slow the combustion process of polymers via 
catalytic carbonization of transition metals within MOFs during combustion. However, there remain some 
unknowns on the impacts of structural compositions of MOFs on their catalyzing carbonization and modes 
of action. Additionally, they have explored the potential of incorporating MOFs as additives into existing 
flame-retardant materials to enhance their efficacy [Figure 1]. The use of MOFs as flame retardants is a 
relatively new and emerging area of research, and there are still ongoing debates regarding their cost-
effectiveness compared to traditional flame retardants.

However, MOFs have several advantages over traditional flame retardants, such as their high porosity, high 
surface area, and tunable properties. These properties allow MOFs to be tailored to specific applications and 
offer superior flame-retardant performance. While MOFs may be relatively expensive compared to 
traditional flame retardants, their unique properties and superior flame-retardant performance may 
outweigh these costs in certain applications. The flame retardancy of MOFs is attributed to two primary 
mechanisms: gas-phase and condensed-phase. The gas-phase mechanism involves the liberation of 
non-flammable gases, such as water, carbon dioxide, and nitrogen. These gases can dilute the flammable 
gases and reduce the concentration of fuel and oxidizer in the flame zone[24,25]. The condensed-phase 
mechanism involves the formation of a protective layer on the surface of the polymer, which acts as a 
physical barrier and reduces the combustion rate. This protective layer is formed by thermal decomposition 
of MOFs, releasing metal oxides or metal phosphates that react with the polymer to form a char layer. The 
char layer functions as an insulating layer, reducing heat transfer between flame and polymer and 
preventing fire spread[26-29].

One may consider the potential benefits of utilizing MOFs as flame retardants, such as their capacity to 
enhance fire safety without adversely affecting the properties of the applied material. However, there are still 
some challenges associated with large-scale production and application of MOFs as flame retardants, as well 
as potential risks that come with using these materials. In this review, we aim to provide valuable guidance 
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Table 1. MOF-based flame retardants for different polymer matrices

Type of MOFs Adding amount (%) Matrix UL-94 LOI (%) pHRR reduction (%) Reference

ZIF-8 1.0 PLA V-2 26.0 - [4]

UiO-66 5.0 PS - 21.0 26.8 [5]

ZIF-8 0.91 PUF - 18.8 50.6 [6]

Zr-MOF@CeHPP 2.0 PC V-0 27.6 45.4 [11]

ZIF-67 2.0 EP - 23.6 28.7 [12]

Ni-MOF 1.7 + 3.3 APP PLA V-0 31.0 26.9 [13]

ZIF-8 3 + 27 DDGS PP V-2 25.0 - [14]

Fe-MOF 2.0 EP - - 18.6 [15]

Co-MOF 1.5 + 4.5 APP TPU V-0 28.2 81.1 [16]

ZIF-11 12.0 PUF 21.3 [17]

ZIF-8 0.75 + 2.25 EG PUE V-1 30.2 83.5 [18]

BP@MIL-53 1.0 PC V-0 30.5 49.3 [19]

MIL-88B 1.0 PET V-2 27.0 23.0 [20]

TEP@MIL-53 3.0 PS - - 24.7 [21]

ZIF-8/RGO 2.0 EP V-1 26.8 49.66 [22]

Zr-MOF 4.0 PC V-0 28.2 47.4 [23]

Figure 1. Data obtained with the keywords “MOF flame retard” or “MOF fire safety” in the Web of Science on August 14, 2023.

for researchers in this field by sharing our insights. One crucial aspect of MOFs is their adjustable structure, 
which enables precise manipulation of their physical and chemical properties. Ligand synthesis plays a 
pivotal role in fine-tuning the properties of MOFs, as ligands act as organic linkers that connect metal nodes 
and determine the framework structure. Therefore, the development of novel ligands and derivatives is 
imperative to enhance the versatility and performance of MOFs.

Furthermore, the industrialization of MOFs represents a crucial milestone toward their widespread 
commercial utilization. This entails scaling up the synthesis of MOFs, optimizing their properties for 
specific applications, and devising cost-effective production methods. Finally, the multifunctionality of 
MOFs is a key advantage that renders them suitable for a diverse range of applications. MOFs can be 
tailored to exhibit specific properties, such as antibacterial activity, gas storage capacity, and selective 
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adsorption.

The future of MOFs holds immense potential for innovation and impact across various industries. To 
advance the field of next-generation flame-retardant materials, we present a concise vision for 
industrialization, versatility, ligand synthesis, and MOF derivatives. This perspective is both timely and 
forward-looking, offering new insights and inspiration for senior researchers, deepening the understanding 
of young researchers, and providing guidance for those in related fields interested in the development of 
flame-retardant materials. Our work aims to provide valuable insights for a wide range of researchers and 
facilitate future advancements in this crucial field. We are confident that our article will make a significant 
contribution to the ongoing efforts toward developing safer and more sustainable materials for diverse 
applications.

INDUSTRIAL APPLICATION OF MOF-BASED FLAME RETARDANTS
Larger scale synthesis of MOF-based flame retardants
MOFs are typically synthesized in small quantities in a laboratory setting due to the intricate nature of their 
synthesis. For instance, the UIO and MIL series of MOFs necessitate a hydrothermal synthesis process 
followed by a high-temperature reaction in a reaction vessel[30,31]. Achieving the desired MOF structure and 
properties requires meticulous control of reaction conditions, including temperature, pressure, and solvent 
composition. This process requires a significant amount of time. Even zeolite imidazolate skeleton materials 
(ZIFs), synthesized by facile methods, necessitate prolonged aging for the attainment of a flawless crystal 
structure[32,33]. The aging process is essential for the formation of intermolecular hydrogen bonds between 
metal ions and ligands, which stabilize the MOF structure and prevent collapse. The duration of aging can 
vary from several hours to several days, depending on the specific MOF being synthesized and the desired 
crystal quality.

To achieve commercial viability, MOFs must be produced on a large scale [Table 2]. Despite the challenges 
associated with their synthesis, recent advances in synthetic methods have facilitated industrial production 
of MOFs, enabling scaling up to gram or even kilogram quantities [Figure 2]. Continuous-flow reactors are 
a commonly employed strategy for the large-scale synthesis of MOFs[34-36]. In this approach, the reactants are 
continuously fed into the reactor and undergo controlled mixing and reaction, resulting in a steady-state 
production of MOFs. This method offers several benefits, including precise regulation of reaction 
parameters, rapid mixing, heat transfer, and continuous product output. A further approach is to employ 
the techniques of spray-drying or freeze-drying[37-39]. The spray-drying technique involves the atomization of 
a liquid MOF precursor into small droplets, which are subsequently dried using a stream of hot air. As these 
droplets traverse through the drying chamber, the solvent evaporates, leaving behind solid MOF particles. 
The method is highly efficient in the production of MOF powders and can be readily scaled up for large-
scale manufacturing.

Freeze-drying involves freezing a liquid MOF precursor and subsequently eliminating the solvent under 
vacuum conditions. The frozen specimen is then placed in a vacuum chamber where the solvent sublimates 
directly from the solid to the gas phase, resulting in a desiccated MOF powder. Freeze-drying is a more 
time-consuming process compared to spray-drying; however, it has the ability to maintain the crystalline 
structure of MOFs intact, which can prove crucial for certain applications. Both methods are capable of 
producing MOFs with high surface area, porosity, and thermal stability, rendering them highly versatile for 
a wide range of applications. Additionally, they facilitate the production of MOFs in powder form, which is 
more manageable and storable. Apart from that, the cost of MOFs can significantly affect large-scale 
production. Generally, the higher the cost of ligands, the greater the expense of producing MOFs. The price 
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Table 2. Industrial methods of MOF-based flame retardants

Method Description Example applications

Continuous flow 
reactors

MOFs are synthesized in a continuous flow system, where reactants are 
continuously pumped through a reactor

Large-scale production of MOFs

Spray-drying A solution of MOF precursors is atomized into a hot drying gas, allowing 
rapid solvent evaporation and MOF formation in the form of dry powder

Production of MOF powders for various 
applications such as coatings and composites

Freeze-drying MOF precursors are dissolved in a solvent, frozen, and then subjected to a 
vacuum, causing the solvent to sublime. The resulting solid is a porous MOF

Production of highly porous MOFs with 
preserved crystallinity

Figure 2. Industrial application of MOF-based flame retardants.

of MOF ligands can be influenced by a range of factors, such as the availability of raw materials used for 
synthesizing the ligands, the complexity involved in their synthesis, and the demand for MOF materials 
across various industries. With the advancement of novel and more efficient synthesis techniques, there is a 
possibility for a reduction in the cost of MOF ligands. As scientists have gained an enhanced 
comprehension of the structure and characteristics of MOFs, they have been able to optimize the 
production process of organic ligands that are utilized in creating these materials[40,41]. This has resulted in 
more efficient and cost-effective approaches to synthesizing MOF ligands, thereby contributing to a 
reduction in their price. By reducing costs through economical synthesis and purification methods, MOFs 
can become more competitive with other materials, leading to increased adoption in industrial applications.

Combination of MOFs with other flame retardants
In this context, the commercial potential of incorporating MOFs as flame retardants into polymers has been 
demonstrated due to the decreasing cost of synthetic organic ligands. Recent unpublished work and 
conference papers have reported on MOFs acting as synergists with traditional flame retardants [Table 3]. 
MOFs can be added to other flame-retardant materials to enhance their performance[18,42-48].

For example, MOFs can be added to intumescent coatings, which expand when exposed to heat, forming a 
protective layer that insulates the underlying material and delays its ignition. The thermal stability of the 
expanded coatings can be improved by adding MOFs; the coking property can be increased by transition 
metal catalysis, and the flame-retardant property can be enhanced. Shen et al. investigated the use of MOFs 
as a synergist for intumescent flame retardants in polypropylene (PP). The aim was to utilize ZIF-8 for 
enhancing char formation and improving fire retardancy of PP. It was discovered that the incorporation of 
ZIF-8 facilitated better char formation and reduced the emission of flammable gases during combustion[42]. 
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Table 3. Combination of MOFs with other flame retardants

MOF Other flame retardants Example applications

Ni-MOF[13] Ammonium polyphosphate Flame-retardant additives for polymers and textiles

MOF-Cu[44] Ammonium polyphosphate Flame-retardant additives for plastics and textiles

ZIF-67[46] Ammonium polyphosphate Flame-retardant coatings and polymer formulations

ZIF-8[47] Phosphorus-based flame retardants Flame-retardant coatings, textiles, and polymer matrices

UiO-66[48] Cyclotriphosphazene Flame-retardant composites and polymer formulations

Xu et al. employed a solvothermal method to synthesize a specific type of MOF using cobalt ions and 
organic ligands, resulting in a porous material with high surface area and thermal stability. Subsequently, 
the Co-MOF was compounded with PP after being mixed with melamine polyphosphate (MPP), which is 
another flame retardant. The results indicate that the incorporation of Co-MOF into MPP/PP composite 
significantly enhances its flame retardancy, as compared to PP alone or with only MPP. This improvement 
is attributed to the release of water and gases from Co-MOF upon heating, which can effectively cool and 
dilute flames[43]. Quan et al. explore the synergistic effects of ZIFs (ZIF-67 and ZIF-8) with different 
transition metals on intumescent flame-retarded PP composites[49]. Overall, MOFs have the potential to be 
used as a synergist for intumescent flame retardants in polymers, which could lead to the development of 
more effective and efficient flame-retardant materials for a wide range of applications.

Escobar-Hernandez and Quan et al. provided valuable insights into the large-scale synthesis of MOFs[50,51]. 
They present a promising method for the sustainable and efficient production of MOF-based polymer 
nanocomposites[52]. The process utilized for the production of these materials is known as reactive extrusion, 
which involves blending MOF particles and polymers in an extruder. During this mixing procedure, 
chemical reactions take place between the MOFs and polymers, leading to the formation of robust chemical 
bonds between both materials. The sustainability and efficiency of this manufacturing process are 
emphasized by researchers. Reactive extrusion was utilized to produce MOF-based polymer 
nanocomposites with reduced energy consumption and waste generation compared to conventional 
methods for similar materials. Moreover, the incorporation of MOFs in these composites enhances their 
sustainability as they can be easily recycled and reused.

Despite their unique properties and potential for industrial applications, there are several challenges that 
must be overcome before MOFs can be widely adopted in the industry. MOFs are often susceptible to 
degradation or collapse when exposed to environmental factors such as moisture, heat, or mechanical stress. 
This can limit their long-term stability and durability, which is a crucial consideration for industrial 
applications. The cost of MOFs can be relatively high compared to traditional materials, which can limit 
their adoption in certain applications. Additionally, the cost of MOF synthesis and production can vary 
depending on the specific MOF and the synthesis method used, which can further complicate cost 
considerations. Addressing these challenges will require continued research and development in the 
synthesis, characterization, and integration of MOFs into industrial applications.

The industrialization of MOFs may follow a trajectory similar to that of graphene, which has demonstrated 
unique properties and potential for various industrial applications such as electronics, energy storage, and 
biomedical devices since its discovery in 2004[53]. However, the slow pace of industrialization can be 
attributed to challenges in achieving mass production and cost-effective synthesis. Nevertheless, recent 
advancements in graphene research have resulted in the development of various scalable production 
methods, including chemical vapor deposition[54], liquid-phase exfoliation[55], and reduction of graphene 
oxide (GO)[56]. These methods have enabled the production of high-quality graphene in large quantities at a 
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relatively low cost, making it possible for industries to incorporate graphene into their products. 
Furthermore, collaborations between academia and industry have facilitated the transfer of graphene 
research from the lab to the factory floor. Companies, including Samsung, Nokia, and IBM, have invested in 
graphene research and development, leading to the creation of new graphene-based products such as 
flexible displays, sensors, and batteries[57]. In addition, the EU-funded Graphene Flagship project has played 
a crucial role in the industrialization of graphene[58]. The project, launched in 2013, aims to accelerate the 
commercialization of graphene by bringing together over 150 academic and industrial partners from across 
Europe to develop new graphene-based technologies. Overall, the combination of advancements in 
research, scalable production methods, industry-academia collaborations, and funding initiatives has paved 
the way for the industrialization of graphene. Consequently, MOF-based products are increasingly prevalent 
across various industries, with expectations that MOFs will continue to play a significant role in future 
technology development.

MULTIFUNCTION OF MOF-BASED FLAME RETARDANTS
Due to the exorbitant cost of MOF-based flame retardants, their industrialization is still in its infancy. 
However, as a versatile material, it can also serve other purposes, such as wastewater adsorption, while 
retaining its flame-retardant properties [Figure 3]. This design has become a focal point of scholarly 
attention. Zhou et al. utilized MOF-derived layered double hydroxide (LDH) and 3-amino-propyl 
triethoxy-silane to modify hydroxylated boron nitride, resulting in polyurethane foam (PUF) composites 
with exceptional thermal stability, fire safety, and high absorption capacity. The incorporation of flame 
retardants significantly decreased the amount of combustible gas and toxic CO gas generated during PUF 
pyrolysis. The inhibition of smoke release was evidenced by a significant decrease in the emission of 
aromatic compounds. Moreover, the incorporation of 1 wt.% additive resulted in PUF composites with 
excellent pump oil adsorption capacity, achieving a removal rate of as high as 95%, which outperformed 
other PUF-based materials for oil and water separation[59]. Piao et al. provided a growth site for ZIF-67 by 
in-situ polymerization of a polydopamine film on the surface of a polyurethane sponge. Then, ZIF-67 was 
etched with copper nitrate to form CuCo-LDH, and a high-performance oil-water separation flame 
retardant polyurethane sponge was obtained. The polyurethane composites demonstrate exceptional 
superhydrophobicity and superlipophilicity while also enhancing thermal stability, exhibiting excellent 
flame retardancy, and inhibiting the generation of toxic smoke. As such, they represent a highly efficient, 
sustainable, and safe material for emergency treatment of oil/organic solvent spills[60].

Under the influence of this trend, we believe MOFs can be designed as a “one-pack” material with specific 
functionalities that allow them to serve multiple roles simultaneously. In the latest reports, MOFs can be 
functionalized with antimicrobial agents, ultraviolet (UV) stabilizers, or other additives to provide 
additional properties to the material. This can be particularly useful in applications where multiple 
properties are required, such as in the construction of buildings or in the aerospace industry. MOFs can 
exhibit antimicrobial activity through the release of metal ions. Besides, their high surface area and porous 
nature can facilitate contact between the MOFs and microorganisms, allowing for efficient antimicrobial 
action.

One example is the report by Zhao et al. on the synthesis of a novel antibacterial material based on silver 
nanoparticle-modified 2D MOF nanosheets. The authors first synthesized the MOF nanosheets using a 
solvothermal method and then modified them with silver nanoparticles using a simple deposition-reduction 
process. The resulting hybrid nanosheets exhibited excellent stability and could be easily dispersed in water. 
Then, they investigated the antibacterial properties of the hybrid nanosheets against Escherichia coli and 
Staphylococcus aureus and found that the nanosheets exhibited excellent antibacterial activity, which was 
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Figure 3. Multifunction of MOF-based flame retardants.

significantly enhanced under near-infrared light irradiation due to the photothermal effect of the silver 
nanoparticles. The authors also demonstrated that the antibacterial activity of the nanosheets could be 
further improved by increasing the silver content[61]. This study provides a new strategy for the design and 
development of antibacterial materials based on 2D MOF nanosheets modified with silver nanoparticles. 
The use of near-infrared light to enhance the antibacterial activity of the material could have important 
implications for the development of new antibacterial therapies.

Another potential application of MOFs is as UV stabilizers. UV stabilizers are compounds that are added to 
polymers and plastics to protect them from the damaging effects of UV light, which can cause discoloration, 
degradation, and ultimately failure of the material. MOFs can be functionalized with UV stabilizers to 
improve their efficacy. Majidi et al. dispersed the GO nanoflakes in ethanol solvent and added the precursor 
solution of ZIF-7. The mixture was then stirred and sonicated to ensure that the ZIF-7 coated the surface of 
the GO nanoflakes. The resulting modified GO nanoflakes (GO-ZIF-7) were then incorporated into a 
polyurethane clear-coating[62]. The researchers tested the weathering resistance and UV-shielding properties 
of the GO-ZIF-7-modified clear-coating and compared it to unmodified clear-coatings and coatings 
containing unmodified GO nanoflakes. The results showed that the GO-ZIF-7 modified clear-coating had 
significantly improved weathering resistance and UV-shielding properties compared to the other coatings. 
The MOF coating on the GO nanoflakes helped to absorb UV radiation, preventing it from penetrating the 
clear-coating and causing damage. Additionally, the MOF coating provided a barrier against other 
environmental factors, further improving the longevity of the clear coating. Therefore, the functional MOFs 
will continue to be developed in the future. In addition to their flame-retardant properties, MOF-based 
flame retardants can also influence specific functionalities to everyday applications.

MOF-derived carbon materials are synthesized by heating MOFs under controlled conditions in the 
absence of oxygen, resulting in the removal of the organic ligands and the formation of carbon 
structures[63-66]. The resulting carbon materials inherit the unique properties of the original MOFs, such as 
high surface area, tunable pore size, and surface functionality. The prospect of MOF-derived carbon 
materials is significant due to their unique properties and potential applications. Some of the advantages of 
these materials include: (1) High surface area: MOF-derived carbon materials have a high surface area due 
to their porous nature, which makes them ideal for applications such as gas storage, catalysis, and energy 
storage; (2) Tunable properties: By controlling the composition and pyrolysis conditions, the properties of 
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the MOF-derived carbon materials can be tuned to meet specific application requirements; (3) Low cost: 
MOF-derived carbon materials can be synthesized from abundant and inexpensive precursors, making 
them cost-effective alternatives to other carbon materials and (4) Versatility: MOF-derived carbon materials 
can be synthesized in various forms, including powders, fibers, films, and monoliths, which makes them 
suitable for a wide range of applications.

In summary, the prospects for the multifunctionality of MOFs are very promising. Their unique properties 
make them highly versatile materials that can be tailored for a wide range of applications. We expect that 
future MOF-based flame retardants can show their functions in more aspects while ensuring fire safety. As 
research in this field continues, we can expect to see even more exciting applications of MOFs in the years 
to come.

LIGAND DESIGN OF MOF-BASED FLAME RETARDANTS
Traditional MOFs typically lack flame retardant properties due to the flammability of their organic 
components and the absence of other inherent flame-retardant elements, except for transition metals in 
metal frameworks. However, researchers have started to try to improve the flame-retardant properties of 
MOFs by different methods [Figure 4]. A commonly employed strategy involves the functionalization of 
ligand precursors with flame retardant moieties, such as phosphorus or nitrogen-containing groups, prior to 
their utilization in MOF synthesis[67,68]. Phosphorus is an effective flame retardant because it can capture 
reactive radicals upon heating, which can dilute and quench the flame. Phosphorus-containing ligands, such 
as phosphonic acid and phosphonate derivatives, can act as flame retardant additives by releasing 
phosphoric acid and other phosphorus-containing species upon thermal decomposition, which promotes 
the formation of an expanded carbon layer. To achieve this, phosphonate or phosphonate groups can be 
incorporated into the organic linkers used to construct the MOF. In addition, transition metal ions that can 
coordinate with phosphorus-containing ligands can be used to enhance the flame-retardant properties of 
the MOF. Lu et al. synthesized an organic ligand containing P/N and combined it with Co to form a novel 
P-MOF[69]. The researchers found that adding the P/N-treated cobalt MOFs to the lignin-based epoxy resins 
(EP) significantly improved their flame retardancy, as demonstrated by reduced peak heat release rates and 
decreased total heat release.

Bio-functional MOFs (Bio-MOFs) are biocompatible and biodegradable porous materials made from 
organic and inorganic building blocks with tunable porosity and high surface area. They can be 
functionalized with biological molecules to enhance selectivity and specificity, making them useful in 
biotechnology and environmental science[70]. Nabipour et al. used adenine as an efficient adsorbent for in 
situ removal of zinc ions, resulting in the formation of a bio-MOF. The as-prepared bio-MOF was then 
added to the EP matrix to investigate its impact on the thermal stability, smoke suppression, and flame 
retardancy of the EP composites. The results showed that the addition of a boom improved the flame 
retardancy and smoke suppression properties of the EP composites[71]. Zhou et al. present a study on a 
sustainable approach for simultaneously achieving flame retardancy, UV protection, and reinforcement in 
polylactic acid (PLA) composites using fully bio-based complexing couples. The authors used two bio-based 
complexing couples, tannin acid/ferric salt (TAFe) and chitosan/phytic acid (CTSPA), to fabricate the 
composites. The thermal and burning properties of the composites were evaluated by various tests, 
including TGA, limiting oxygen index (LOI), UL-94 test, and cone calorimetry. The results showed that the 
composites with TAFe and CTSPA had an earlier mass loss and higher char residue than pristine PLA. 
CTSPA also enhanced the LOI value of PLA from 19.6% to 30.5%. The study demonstrates a promising 
approach for developing sustainable composite materials with multiple desirable properties[72].
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Figure 4. Ligand design of MOF-based flame retardants.

Harmlessness to the human body and environment-friendly recycling have become the prerequisites for the 
future development of flame retardants. Traditional flame retardants, such as halogenated compounds, have 
been found to be detrimental to both human health and the environment. Phosphorous flame retardants are 
commonly utilized in a diverse range of consumer goods, such as electronics, furniture, and construction 
materials, to mitigate the risk of fire. Nevertheless, these compounds have been associated with various 
potential hazards: (1) Phosphorus-based flame retardants have been found to accumulate in the 
environment, including soil, water, and air samples. They can also bioaccumulate in aquatic organisms and 
pose a toxic threat to fish and other wildlife; (2) Evidence suggests that exposure to certain phosphorus-
based flame retardants may negatively impact human health. Therefore, developing effective ligands 
without the use of phosphorus or halogen presents a significant challenge. Overall, the utilization of 
biofunctional MOFs as flame retardants presents a promising avenue for research that could result in the 
development of safer and more environmentally sustainable materials. However, further investigation is 
necessary to comprehensively comprehend the properties and potential applications of these materials.

MOF DERIVATIVES TREATMENT AS FLAME RETARDANTS
As previously mentioned, the flammability of MOF ligands is a limiting factor in their inherent flame-
retardant properties. Therefore, post-treatment techniques are often required to enhance their fire-resistant 
capabilities [Figure 5].

One common post-processing technique for MOFs involves the modification or removal of organic ligands. 
In MOFs, ligand removal can be achieved through an acid-base reaction between the MOF and solvent, 
which entails protonation of the organic ligand by a strong acid followed by detachment from the metal 
center. Generally, metal ions or clusters are linked by organic ligands in MOFs. These ligands usually 
contain carboxylic or amino functional groups that can serve as proton acceptors or donors, respectively. 
When a MOF is exposed to an acidic solution, the protons in the acid can interact with the functional 
groups on the ligands, resulting in protonation of the ligand. Subsequently, weakened affinity for metal 
centers allows easy detachment from metal ions or clusters. The liberated metal sites are then available for 
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Figure 5. MOF derivatives treatment as flame retardants.

re-coordination with other ligands or functional groups, leading to a new MOF with altered properties[73].
The acid-base theory of ligand removal in MOFs has found diverse applications, ranging from the synthesis
of novel MOFs to the functionalization of existing ones with guest molecules and the recovery of metals
from them[74-76]. The judicious selection of acids and solvents can significantly impact both the extent and
selectivity of ligand removal, rendering this approach highly versatile and tunable.

Previously, Pan's group have done a series of work to derive LDH by etching ZIF [Figure 6][77-82]. 
We incorporated mesoporous zinc hydroxystannate (ZHS) nanoparticles into NiCo-LDH nanocages that 
were derived from ZIF-67. The resulting composite material was then tested for its flame retardancy 
properties, and it was found that the LOI value of an epoxy composite containing 6 wt.% of these fillers 
increased to 27.2%. This improvement was significant enough to meet the UL-94 V-0 level, which is a 
widely recognized standard for flame retardancy. Subsequently, polyphosphazenes (PZS) is often used 
in modification and compounding of flame retardants because of its rich phosphorus and nitrogen, 
ZIF@LDH@PZS core-shell structures and LDH@PZS@NH trishell structures were synthesized through 
surface polycondensation on ZIF-67 using PZS, followed by ligand etching via nickel brine 
acidification. The interface of LDH was analyzed by adjusting the reaction time to enhance 
compatibility with the resin matrix. Recently, we have synthesized several hollow LDH nanocages 
with high thermal stability, featuring single-yolk shell nanostructures (s-CBC@LDH) and multi-
yolk shell nanostructures (m-CBC@LDH). By incorporating phosphorus-based flame retardants, we 
have further enhanced their flame-retardant properties.

In the context of flame retardancy, LDHs are often used as additives to reduce the flammability of polymers.
When LDHs are added to a polymer, they act as a physical barrier that prevents the diffusion of oxygen and
other flammable gases to the surface of the material, thereby reducing the rate of combustion. One issue
with the physical barrier effect of LDHs is that the thickness and width of the barrier layer are limited by the
amount of the LDH that can be added to the polymer matrix without affecting its properties. Thicker
barriers may be required to achieve adequate flame retardancy in some applications, but a small length-
diameter ratio of LDH may not meet the flame-retardant demand. One of the main challenges in using
LDHs as pure inorganic flame retardants is achieving proper dispersion in the polymer matrix. Inadequate
dispersion can lead to the formation of voids or weak points in the barrier layer, which can compromise its
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Figure 6. Microstructures of (A) ZHS@NCH (Reproduced with permission[77]. Copyright 2019, American Chemical Society); (B) 
ZIF@LDH@PZS (Reproduced with permission[78]. Copyright 2022, American Chemical Society); (C) m-CBC-P@LDH (Reproduced with 
permission[79]. Copyright 2023, Elsevier); (D) m-CBC@LDH (Reproduced with permission[80]. Copyright 2023, Elsevie); (E) MPOFs 
(Reproduced with permission[81]. Copyright 2022, American Chemical Society); (F) ZNs-B/CP (Reproduced with permission[82]. 
Copyright 2022, Elsevier).

effectiveness in preventing flame spread. Therefore, to enhance the compatibility of LDH, it is typically 
necessary to further modify or combine it with other flame retardants. Wang et al. modified LDH by 
toluene diisocyanate, 2-hydroxyethyl acrylate, and vinyl triethoxysilane (LDH-TDI-HEA-VTES) to improve 
its compatibility with organic matrix, resulting in better dispersion of modified LDH in matrix compared 
with LDH[83]. The experimental results showed that with the increase of LDH-TDI-HEA-VTES content, the 
thermal stability, mechanical properties, flame retardant properties, and shear resistance of LDH-TDI-
HEA-VTES-Acrylate composites were improved.

Moreover, acid etching can be employed to generate a novel ligand that substitutes the initial one. 
Wang et al. used a modified version of core-shell ZIF-67@ZIF-8, where phytic acid was added to the 
structure[84]. The new phytate-metal ion hybrids are formed to improve the flame retardancy of EP. Our 
group also utilized carboxyl POSS to modify ZIF-67 and successfully synthesized Metal-POSS Organic 
Frameworks (MPOFs). Thioglycolic acid was employed to replace the original imidazole ligand and 
complex with metal ions. Additionally, We have synthesized hollow nanocage structures with a greater 
number of active sites by utilizing ZIF as a sacrificial template and employing stepwise etching in the 
sequence of phytic acid and boric acid. Another technique is thermal treatment. This involves exposing the 
MOF to high temperatures, which can cause structural changes that improve their ability to act as flame 
retardants. Hou et al. developed a method that involves utilizing HKUST-1, a MOF, as a sacrificial template 
to synthesize Oxygen-Rich Covalent C2N (CNO) nanosheets through thermal treatment and chemical vapor 
deposition[85].

In summary, conventional MOF ligands are often composed of organic compounds that possess 
flammability. Additionally, the limited presence of flame-retardant elements in MOFs may result in reduced 
flame-retardant effects and decreased practicality. The method of post-treatment MOFs is simple and 
controllable and has the following advantages: (1) Endowing MOFs with more flame-retardant elements: by 
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incorporating additional flame-retardant elements, such as phosphorus or nitrogen, into the MOF structure 
during post-treatment, their flame retardancy can be enhanced; (2) This method involves breaking the 
coordination bonds between the metal ions and the ligands in the MOF, which allows for the creation of a 
hybrid material that inherits some desirable properties of the original MOF, while also introducing new 
features; (3) Generating expanded pores: post-treatment of MOFs can create larger pores or expand existing 
ones, which can improve their ability to adsorb volatile organic compounds and harmful gases produced 
during polymer combustion. The expanded pores can be used as a carrier to load phosphorus-based flame 
retardants, which can further improve the flame retardancy of MOFs. Zhao et al. transformed the 
microporous structure of MIL-53 into macropores via ammonia water treatment under closed conditions, 
thereby enhancing its specific surface area and adsorption capacity[21]. The excellent porous architecture was 
then utilized for triethyl phosphate (TEP) adsorption as a flame retardant in polystyrene and (4) Controlling 
morphology: multi-level pore structures can provide more active sites for catalytic reactions. Hollow 
structures can reduce the weight of flame retardants, which can improve their dispersion and increase the 
number of active sites available for flame retardancy. As a result, the flame-retardant efficiency has been 
significantly enhanced while minimizing any adverse effects on the mechanical properties of EP composites.

OUTLOOK
This perspective provides a concise overview of the latest research advances in MOF flame retardants and 
offers insights into their prospects. Compared to other commonly used fillers, such as platelet-like clay, 
carbon-based fillers, and silicates, MOFs offer several distinct advantages: In Gas-Phase, Certain MOFs 
containing nitrogen or phosphorus-containing organic ligands exhibit gas-phase action, effectively trapping 
active radicals and diluting combustible gases. This gas-phase action contributes to the overall flame 
retardancy of polymers by interrupting the combustion chain and reducing the availability of flammable 
gases. In the condensed phase, the metal ions or clusters present in MOFs act as catalytic centers, promoting 
char formation during combustion. This catalytic activity enhances the formation of a protective char layer, 
which acts as a barrier against heat and mass transfer, thereby improving the flame retardancy of the 
polymer. Furthermore, MOFs offer a high degree of tunability, allowing for the customization of their 
properties to suit specific applications. The pore size, surface area, and composition of MOFs can be tailored 
to optimize flame retardant performance and address specific requirements of the polymer matrix. These 
advantages position MOFs as promising alternatives to conventional flame-retardant fillers.

The cost outlook of MOF flame retardants is an important consideration for their widespread adoption in 
various industries. The cost of MOF flame retardants is influenced by several factors, including the cost of 
raw materials, the synthesis process, and the scale of production. One approach to reducing their cost is to 
optimize the synthesis process. The development of more efficient and scalable synthesis methods can 
reduce the cost of production and increase the yield of MOFs. Additionally, the use of cheaper starting 
materials and reagents can also lower the cost of MOF flame retardants. Another approach to improving the 
cost-effectiveness of MOF flame retardants is to increase their functionality and versatility. By designing 
MOFs with multiple functions, their value proposition can be increased, which can justify the higher cost. 
In addition to industrialization, researchers are also striving to develop multifunctional MOFs that can 
perform multiple tasks simultaneously. These types of MOFs can be engineered not only for flame 
retardants but also for gas absorption, antibacterial activity, or pollutant filtration. Ligand synthesis and 
derivatives are also important areas of research in the development of MOFs for flame retardant 
applications. By designing novel ligands and derivatives, researchers can precisely adjust the properties of 
MOFs to enhance their efficacy in fire suppression. Altering the structure of ligands or introducing new 
functional groups can elevate the thermal stability or augment the flame-retardant characteristics of MOFs.
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The potential of MOFs in the field of flame retardancy is promising, with ongoing research expected to yield 
more effective and widely applicable flame-retardant materials that can address important safety concerns 
across a multitude of industries.
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Abstract
Scanning Transmission electron microscopy (STEM) technologies have undergone significant advancements in the 
last two decades. Advancements in aberration-correction technology, ultra-high energy resolution 
monochromators, and state-of-the-art detectors/cameras have established STEM as an essential tool for 
investigating material chemistry and structure from the micro to the atomic scale. This characterization technique 
has been invaluable for understanding and characterizing the origins of ferroic material properties in next-
generation advanced materials. Many unique properties of engineering materials, such as ferroelectricity, 
piezoelectricity, and ferromagnetism, are intricately linked to their atomic-scale composition and structure. STEM 
enables direct observation of these structural characteristics, establishing a link with macroscopic properties. In 
this perspective, we provide an overview of the application of advanced STEM techniques in investigating the origin 
of ferroic material properties, along with discussions on potential opportunities for further utilization of STEM 
techniques.
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INTRODUCTION
Ferroic materials constitute a crucial category of materials that possess a variety of unique properties, 
including ferroelectricity, ferromagnetism, and ferroelasticity, that are employed in numerous applications. 
These applications encompass areas such as energy harvesting, sensors, medical imaging, and consumer 
electronics[1-5]. The properties and performance of these materials are intricately linked to their atomic-scale 
structures and chemistries. In certain instances, even a slight modification in composition can profoundly 
influence material performance. For instance, in both ceramics and single crystals, the piezoelectric 
coefficient of the relaxor ferroelectric PMN-PT can be nearly doubled by substituting < 1 mol% samarium 
(Sm) for lead (Pb) as demonstrated by Li et al.[6,7]. Additionally, incorporating elements with varying valence 
states, ionic radii, electronegativities, and polarizabilities holds great potential in bolstering the piezoelectric 
and dielectric characteristics of ferroic materials, as demonstrated in the case of high-entropy alloys[8]. 
Understanding the correlation between chemical distribution and structure becomes pivotal in 
comprehending the enhanced piezoelectric properties that arise in these materials. This understanding can 
be harnessed to design and engineer the next generation of high-performance ferroic materials.

Advanced scanning transmission electron microscopy (STEM) is an exceptionally powerful tool that 
enables direct visualization of atomic structure and chemistry in numerous materials. While electron 
microscopes have long provided nanometer-scale resolutions, the introduction of aberration-correction 
technology at the beginning of the 21st century has pushed the limits of resolution to sub-Angstrom length 
scales[9-11]. This significant enhancement in imaging resolution, combined with improved accuracy and 
precision in STEM imaging, has ushered in a new era of electron microscopy applications. By harnessing 
the capabilities of an Angstrom-sized probe, it becomes possible to directly visualize atomic-scale chemistry 
and structure. For instance, annular dark-field (ADF) STEM imaging employs the mass contrast (Z) 
provided by the technique to identify individual dopant atoms within a bulk material[12,13]. These techniques 
have further advanced, with electron ptychography achieving reported STEM resolutions as fine as 39 pm 
and capable of resolving interstitial atoms in a matrix[14,15]. Moreover, imaging techniques in electron 
microscopes can readily integrate with spectroscopic methods, such as energy-dispersive X-ray 
spectroscopy (EDS) and electron energy loss spectroscopy (EELS), facilitating the examination of atomic-
scale chemistry, electronic structure, and even vibrational modes[16,17].

STEM continues to be a vital tool for studies of ferroic and other functional materials. These applications 
will continue to evolve with developments in electron optics, instrumentation, detectors, and in-situ 
capabilities[18]. Techniques, such as electron ptychography[14], 4D-STEM[19], and ultra-high energy resolution 
EELS[17], have allowed for the characterization of parameters, such as polarization, chemical/structural 
ordering, oxidation states, and electronic structure, at sub-nanometer length scales.  Despite the 
technological advancements, increased accessibility, and user-friendliness of electron microscopes, which 
are now widely available in both industry and academia, a key challenge remains in bridging the gap 
between researchers specializing in electron microscopy technique development and materials researchers. 
Nonetheless, it is crucial for scientists in both domains to recognize the broad applicability of STEM for 
characterizing multifunctional materials. This perspective aims to provide insights into the latest 
developments in STEM instrumentation and techniques, emphasizing their broad utilization in ferroic 
materials research. Additionally, opportunities for in-depth data analysis to address materials-related 
questions will be discussed.

Basics of S/TEM
Aberration-correction technology has advanced the resolving power of conventional TEM and STEM from 
the nanometer to sub-Angstrom scales. High-resolution TEM (HRTEM) and STEM differ in electron optics 
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and image formation. HRTEM [Figure 1A] employs a broad, parallel electron beam that results in a 
coherent image that is affected by sample thickness and objective lens defocus. Interpreting HRTEM images 
requires image simulations to understand the impact of thickness and defocus on the resulting image[20,21]. 
Conversely, STEM [Figure 1B], including a scanning electron microscope (SEM), uses a finely focused 
electron probe scanned pixel by pixel with electrons scattering in all directions. STEM imaging can be 
performed with conventional detectors or by using pixelated detectors for 4D-STEM [Figure 1C], which will 
be discussed in later sections. With higher voltages and aberration-correction, STEM significantly enhances 
resolving power. Compared to HRTEM, the incoherent image formation of STEM yields a contrast that is 
proportional to both atomic number and sample thickness. These directly interpretable images reveal 
atomic column positions and intensities corresponding to crystallographic locations and atomic numbers.

Atomic resolution imaging
Engineering ferroic materials involves multiple considerations. By manipulating chemistry at the atomic 
level, mixed phases, defect structures, and interfaces can be formed, significantly impacting material 
properties. STEM imaging is a valuable technique for directly observing these features and providing 
essential information. ADF imaging is commonly associated with STEM imaging. As a finely focused probe 
scans the sample, electrons undergo various forms of scattering during transmission. Rutherford scattering, 
characterized by elastic scattering due to Coulomb interaction, results in large-angle scattering (> 50 mrad), 
producing atom column intensities proportional to ~Z1.7 and sample thickness referred to as high-angle 
ADF (HAADF) imaging[22,23]. By modifying the inner collection angle of a detector, such as to 25 mrad, the 
resulting image is low-angle ADF (LAADF) imaging, revealing strain contrast from inelastically scattered 
electrons[24]. Figure 2A demonstrates the contrast variations between HAADF [Figure 2A(a)] and LAADF 
[Figure 2A(b and c)] STEM by modifying the detector inner collection angle for a low-angle twist grain 
boundary at a SrTiO3/Nb:SrTiO3 interface[25]. Consequently, ADF-STEM allows for precise atomic column 
localization, contrast reflecting strain effects, and atom column contrast proportional to the chemical 
composition of the imaged structure based on the inner semi-angle of the detector.

With its sub-Angstrom spatial resolution and strong correlation between atomic number and contrast, 
HAADF-STEM is highly valuable for examining structures, characterizing interfaces, and studying defect 
structures in various piezoelectric materials. For instance, it is an effective tool for investigating chemical 
and structural order in materials, including A- and B-site ordered double perovskites such as NaLaMgWO6 
ceramics. These materials exhibit layered A-site ordering and B-site rock-salt ordering, which is attributed 
to a large energy barrier that results in non-switchable ferroelectric polarization[26]. Using HAADF-STEM, 
this double perovskite structured ordered ceramic can be characterized by its structure and chemical 
distributions along various zone axes, as shown in Figure 2B. Cation ordering can be observed along the 
[111], [110], and [100] orientations by experiment [Figure 2B(a-c)] and confirmed by image simulation of 
the same orientations [Figure 2B(d-f)]. Although the cation ordering can be seen clearly due to the 
differences in Z-contrast of the constituent elements, the observations can be further confirmed by atomic 
resolution EDS mapping [Figure 2B(g-i)][26]. In addition to providing clear insights into chemical order, 
HAADF-STEM is also useful for quantifying polarization in ferroic materials. The positions of atomic 
columns can be utilized to quantify polarization in layered structures [Figure 2C], such as thin films of the 
multiferroic BiFiO3 with varying doping profiles[27]. These displacements can either be plotted directly on 
the ADF-STEM image [Figure 2C(a)] or averaged and plotted separately on a line-by-line basis 
[Figure 2C(b)]. These studies are particularly significant due to the emerging nature of these materials and 
the need to optimize their performance by structural modification for widespread applications.
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Figure 1. Schematic overview of (A) (HR)TEM, (B) STEM, and (C) 4D-STEM in electron microscopes.

Imaging atomic columns of light elements
Characterizing light elements is crucial in ferroic materials because their properties are often linked to the 
displacement of cations relative to anions. Elements such as oxygen (Z = 8) and lighter are typically 
described as light elements and generally occupy anion sites in ferroic materials. Moreover, materials may 
contain cations, anions, or dopants, such as H, O, N, or Li, or have light elements occupying cation sites, as 
seen in LiNbO3, a ferroelectric material widely used in non-linear optics and acoustic devices[28]. Additional 
consideration should also be given to the difference between Z of the different elements. For example, in 
PMN-PT, there is a large difference in atomic numbers between Pb (Z = 82) and Mg (Z = 12), which can 
make it difficult to visualize Mg-rich atomic columns. HAADF-STEM, being strongly proportional to 
atomic number (Z), tends to emphasize heavier elements, making visualization of lighter elements 
challenging. To enhance the contrast of lighter elements, the collection angle of the annular detector can be 
reduced, as done in bright-field (BF) and annular BF  (ABF) STEM imaging. BF-STEM uses a detector 
collection angle of approximately 0-20 mrad, while ABF-STEM collects scattered electrons in the range of 
10-20 mrad[29-31]. By narrowing the inner collection angle range in BF-STEM and ABF-STEM, the resulting 
images rely more on phase contrast rather than mass contrast, making them more sensitive to elements as 
light as hydrogen[32]. Modern scanning/transmission electron microscopy (S/TEMs) are equipped with 
multiple annular detectors, enabling simultaneous collection of signals for BF, ABF, and ADF-STEM 
imaging. This simultaneous imaging capability has facilitated the observation of light elements, such as the 
oxygen anion in SrTiO3, as shown in Figure 3A[33]. However, there are limitations to BF and ABF-STEM, 
including the requirement for ultrathin samples, a poor signal-to-noise ratio, a strong dependence on 
defocus, and the need for careful microscope alignment[20].

An alternative to BF and ABF STEM image modes for imaging light elements is integrated differential phase 
contrast (iDPC) imaging, which utilizes a segmented ADF detector. This technique is an extension of 
differential phase contrast (DPC) imaging, initially introduced in the 1970s for imaging ferromagnetic 
samples by measuring changes in the center of mass (COM) of electron beams caused by the electric 
potential of samples[18,36-38]. DPC proves particularly valuable for ferroelectric materials such as Pb(Zr0.2Ti0.8)
O3 thin films, where the polar distortion of Ti cations results in visible contrast variations [Figure 3B] 
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Figure 2. (A) HAADF-STEM (a) and LAADF-STEM (b and c) of a low-angle twist grain boundary between SrTiO3 and Nb: SrTiO3, 
demonstrating the effect of crystal orientation and strain fields for the respective imaging conditions. Reprinted with permission[25]. 
Copyright © 2007 Elsevier. (B) HAADF-STEM images of NaLaMgWO6 ceramics taken along the [111], [110], and [100] zone axes (a-c) 
confirmed by STEM image simulations for each zone (d-f). Chemical order further confirmed by atomic resolution EDS mapping (g-i). 
Reprinted with permission[26]. Copyright © 2022 Elsevier. (C) Polarization map superimposed on HAADF-STEM image of Ca-doped 
BiFeO3 thin films. Profiles of in-plane and out-of-plane displacement components are also displayed. Reprinted with permission[27]. 
Copyright © 2018 American Chemical Society.

between ferroelectric domains[34]. More recently, DPC has been implemented for atomic resolution STEM 
imaging using an ADF detector with between 2-16 segments. A 4-quadrant detector is commonly utilized 
where an acquired two-component vector image (DPCx = a-c and DPCy = b-d) is subjected to 2D 
integration with the segmented detector, resulting in the iDPC image[35,39]. Figure 3C showcases instances of 
iDPC imaging in gallium nitride (GaN) oriented along the [11 0] and [10 1] orientations, illustrating the 
remarkable resolving power of this technique[35]. This imaging mode is sensitive to both light and heavy 
elements, less sensitive to defocus, and exhibits higher signal-to-noise ratios compared to other techniques 
for imaging light elements. However, iDPC requires extremely thin, flat, and contamination-free samples 
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Figure 3. (A) Atomic resolution images of SrTiO3 viewed along the [001] direction with ABF (11-22 mrad), BF (0-22 mrad), and ADF 
(90-170 mrad) STEM images. Adapted with permission[33]. Copyright © 2012 Elsevier. (B) DPC detector configuration with 
accompanying A-C and B-D STEM images of the ferroelectric Pb(Zr0.2Ti0.8)O3 thin films. Contrast resulting from the ferroelectric 
domain structures in Pb(Zr0.2Ti0.8)O3 are visible. Reprinted with permission[34] Copyright © 2021 MDPI. (C) Atomic resolution iDPC 

images of gallium nitride (GaN) oriented along the [11 0] and [10 1] orientations. Reprinted with permission[35]. Copyright © 2018 
Nature Publishing Group.

carefully tilted on a zone axis for optimal imaging[20]. Despite the challenges involved in imaging light 
elements, the ability to do so simultaneously with other imaging modes, such as ADF imaging, offers a 
powerful method for characterizing atomic structures and chemistry at the atomic scale. For instance, 
simultaneous ADF and iDPC imaging were employed to investigate the atomic structure of the relaxor 
ferroelectric PMN-PT with varying Ti content. This allowed for a direct correlation of local chemistry with 
polarization, octahedral distortion, and octahedral tilting[40]. These observations are crucial for 
understanding the origin of relaxor ferroelectricity and providing insights into how local structures can be 
engineered to optimize material properties.

Direct electron detectors and four-dimensional STEM
In the last decade, four-dimensional STEM (4D-STEM) has attracted significant research interest, given its 
plentiful prospects for material analysis. Conventional STEM detector technology converts the electrons 
collected at each pixel into a single value representing the contrast. While this number can be expanded 
upon by using segmented detectors, 4D-STEM refers to the recording of 2D images of the electron probe at 
each pixel in a 2D image, as illustrated in Figure 1C[19,41,42]. Although there are numerous detector 
configurations that can be utilized for the collection of 4D-STEM, one of the most widely available detectors 
is the electron microscope pixel array detector (EMPAD), which is manufactured by Thermofisher 
Scientific. The EMPAD is composed of a collection of photodiodes arranged on an integrated circuit that 
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collects electrons at each pixel position, converting them to a charge pulse. This charge pulse is integrated 
over time to produce a signal that is directly proportional to the number of electrons collected. This 
configuration results in a detection system that is sensitive to a single electron and yields a dynamic range of 
1,000,000:1 with fast readout speeds[19,43,44]. Although the number of pixels (128 × 128) in the EMPAD is 
comparatively small, collecting diffraction at each probe position enables extensive opportunities for 
analysis, including crystallographic orientation measurements, strain mapping, phase mapping, and other 
diffraction-based analyses. Moreover, the collection of the total electron diffraction pattern allows for the 
use of “virtual detectors”, which can be used to reconstruct any imaging mode, including HAADF, BF, 
DPC, etc., through post processing.

Direct electron and pixelated detectors have enabled the development of advanced techniques such as 
electron ptychography. Although the resolution of conventional STEM imaging is limited by diffraction and 
the optics of the microscope, electron ptychography presents a way of overcoming these limits. By using a 
high-speed pixelated detector or direct electron detector that is sensitive to single electrons, the interference 
patterns of the scattered beams can be resolved and analyzed to determine the phase of the object. These 
patterns can then be used to reconstruct the image through post processing, thereby overcoming 
conventional diffraction limitations[14,45]. Electron ptychography is a rapidly advancing technique that holds 
great promise due to its numerous applications, including applicability for biological imaging, imaging 
beam-sensitive materials, characterizing magnetic materials, and measuring strain in materials at sub-
Angstrom length scales[46,47].

Four-dimensional STEM presents numerous opportunities for advanced characterization of ferroic and 
other functional materials. The combined real space image with a corresponding diffraction pattern opens 
the opportunity to measure strain at material interfaces at atomic resolution by analyzing the distances 
between the diffraction disks[48,49]. Further, diffraction patterns can be analyzed at each pixel in a 4D-STEM 
dataset to identify order/disorder nanostructures in ferroic materials.  Nanobeam diffraction is highly 
sensitive to subtle changes in microstructure, enabling the identification of rhombohedral nanostructures in 
the tetragonal and orthorhombic phases of BaTiO3

[50]. This study demonstrates the unique ability for local 
diffraction observations in an otherwise average technique as for neutron and x-ray diffraction.  Four-
dimensional STEM continues to see numerous applications, including many in piezoelectric and other 
functional materials, but data analysis remains a critical step to obtaining useful information.

In-situ S/TEM
The structure, chemical distribution, and properties of ferroic materials, including ferroelectricity and 
ferromagnetism, are strongly linked to external stimuli such as temperature, electrical biasing, and strain. 
Understanding how ferroic materials respond to these stimuli is critical for understanding the fundamental 
mechanisms that result in their properties, including domain switching kinetics, domain growth, and phase 
transitions[51]. To this end, the evolution of in-situ electron microscopy technology provides an extensive 
opportunity to study the dynamic processes of ferroic materials. While in-situ capabilities have been 
available in electron microscopes for decades, they have been limited by factors such as sample drift due to 
environmental changes. The combined improved stability of S/TEMs with innovative in-situ holder 
technology now enables direct observation of materials kinetics at sub-Angstrom resolution[52].

The opportunities for in-situ S/TEMs are extensive and include liquid cell electron microscopy[53,54], 
heating[55,56], cooling[51,57], biasing[58,59], and mechanical stressing[60-62]. While behaviors, such as domain wall 
motion and domain switching, can be observed using conventional TEM, the emergence of sub-Angstrom 
resolution, combined ADF/iDPC imaging, and 4D-STEM offer the opportunity for more in-depth 
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characterization and analysis. Although in-depth details of these techniques are beyond the scope of this 
perspective, comprehensive reviews are available that outline ongoing and future research directions of in-
situ S/TEM[63-65].

Analysis tools for electron microscopy data
With recent advancements in S/TEM instrumentation and technology, ease of use has increased 
dramatically. Many modern aberration-corrected microscopes are now equipped with software allowing for 
automatic tuning, greatly speeding up the process and ease of use for users. The coupled with improved 
microscope stability allows users to align the microscope and tune the corrector within a matter of minutes. 
Furthermore, many electron microscopes in shared user facilities are housed in carefully designed rooms 
that mitigate instabilities resulting from noise, temperature variations, mechanical vibrations, acoustical 
sources, and magnetic sources[66]. With all these advancements, high-quality data collection can be 
performed much more efficiently, allowing for more time to perform post processing. In the following 
sections, we will detail various software tools that allow the correction of distortion in electron microscopy 
data and simplified post processing.

Correcting drift and distortion in STEM images
Despite significant improvements in the spatial resolution and stability of electron microscopes, sample drift 
and scanning distortion remain challenges for achieving accuracy and precision in STEM data. These issues 
arise from both intrinsic scanning distortion caused by the movement of the electron probe across the 
sample and external sources of drift[67]. As a result, captured atomic resolution images may exhibit a 
combination of expansion, compression, and shearing, which hampers the accurate measurement of 
structural features such as lattice distances, atom column intensities, and polarization. Even the most stable 
microscopes can experience small quantities of drift over long acquisition times. To address these 
distortions, various techniques have been developed for correction in electron microscopy and other high 
spatial resolution techniques, such as scanning probe microscopy (SPM). One approach involves utilizing 
prior knowledge of the atomic features to correct distortions[68]. However, this information may not be 
available when studying novel materials. Another method involves using a known standard sample (e.g., Si 
or SrTiO3) to measure drift and distortion, which can then be applied to the samples of interest[69]. In the 
case of beam-sensitive samples, a non-rigid image registration method can be employed using a series of 
images acquired at a low electron dose. This approach is particularly useful for noisy data, as it allows 
alignment of similar features from multiple images to a single image with a sufficient signal-to-noise 
ratio[70-72]. These techniques offer effective ways to address sample drift and scanning distortion, enabling 
more accurate characterization of materials at the atomic scale.

One of the most frequently used techniques to correct sample drift and distortion is capturing a series of 
images and recombining them during post-processing. Many electron microscope user interfaces have tools 
built in for this approach, such as drift-corrected frame integration (DCFI) on Thermo Fisher Scientific 
instruments[73], or they can be installed as plugins, such as those available for Digital Micrograph. However, 
although these tools are easy to use, they may not correct for non-linear drift and scan distortions. In such 
cases, other post-processing tools, including revolving STEM (RevSTEM), can be employed[74]. RevSTEM 
captures a series of images with a short time/pixel dwell time and a 90° scan rotation between subsequent 
frames. By rotating the scanning system between successive frames, sample drift and distortion can be 
quantified and corrected through post-processing[74]. Scanning distortion can also be corrected by 
quantifying it on a standard sample (such as Si or SrTiO3) and mathematically applying it to the other 
images using an affine transformation. Another procedure for correcting non-linear drift distortion involves 
using orthogonal image pairs (90° rotation between images) to align the images by fitting contrast variations 
in the slow scan direction on a line-by-line basis[67]. Although only two images are necessary for this process, 
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additional orthogonal images can be included in the correction. By applying such programs, STEM images 
free of artifacts resulting from sample drift or scanning distortions can be obtained for further 
quantification.

Identifying positions of atomic columns
Material properties often result from complex relationships between chemical distribution and structural 
distortions that occur at the atomic scale. To gain a better understanding of how these phenomena emerge 
at the macroscale, it is crucial to comprehend the connection between atomic structure and material 
properties. STEM imaging offers a valuable means of investigating both structure and chemistry at the 
atomic scale with accuracy and precision. Thanks to advancements in instrumentation and the elimination 
of artifacts in atomic resolution images, it is now possible to directly make accurate and reproducible 
crystallographic measurements in real space[75]. In the following sections, we will introduce several tools that 
are available to extract and quantify useful information from atomic resolution images.

Before the widespread availability of aberration-corrected microscopes, advanced image analysis was mainly 
conducted by specialized electron microscopy research groups. Manual identification of thousands of 
atomic columns in atomic resolution images was a cumbersome and impractical process. As the technique 
became more popular, efforts focused on developing tools for rapid analysis of multiple images. Various 
approaches have been identified, including principal component analysis (PCA)[76] and template 
matching[77]. These techniques are particularly effective for detailed analysis of materials at length scales 
unattainable with other characterization methods. For example, in the case of a multiferroic BiFeO3 thin 
film, initial guesses, followed by COM calculations, can determine the positions of cations and oxygen with 
PCA, which can then be applied to extract information on atomic column shape[76]. Combining this data 
with STEM image simulations[78-80] reveals octahedral tilting at domain walls, providing parameters 
applicable to theory.  Such analyses are especially valuable for researchers investigating structure-property 
relationships in material design.

Numerous tools now facilitate rapid quantitative analysis of atomic resolution images. These tools include 
Atom Column Indexing (ACI)[81], Atomap[82], StatSTEM[83],  CalAtom[84], and Oxygen octahedra picker[85]. 
Most of these programs offer freely available source code online and utilize popular engineering software, 
such as MATLAB or Python. Additionally, software plugins such as DMPFIT can be installed on Digital 
Micrograph for atom column fitting and analysis[86]. These programs employ various algorithms to identify 
and quantify atom column positions with sub-pixel precision. For example, ACI utilizes the image 
processing toolbox of MATLAB for normalized cross-correlation, Gaussian template matching, and 2D 
Gaussian fitting to determine column centers of mass, intensities, and shapes[81]. ACI projects atom column 
positions onto non-collinear reference vectors, assigning each column an (i, j) matrix index, facilitating 
lattice analysis and quantitative calculations. In perovskite-structured oxides, matrix indices of atomic 
columns allow direct comparison of nearest neighbor distances and intensities, providing insights into the 
relationship between chemical distribution and structural distortion[87].  Furthermore, direct analysis of 
atom-atom distances enables strain mapping over large areas, replacing conventional methods such as 
geometric phase analysis (GPA) or nanobeam electron diffraction[88-90].

One of the best opportunities arising from recent developments in advanced electron microscope imaging 
and analysis software is the detailed study of oxygen structure in piezoelectric materials with perovskite or 
spinel structures. Many outstanding properties, such as antiferroelectricity, relaxor ferroelectricity, and 
magnetoelectric properties, result from the interplay of polarization and chemical ordering, which are 
evident in the tilting/distortion of oxygen octahedra[76,91-94]. While BF and ABF-STEM have been widely 
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available for decades, the emergence of iDPC imaging provides an alternative means of imaging light 
elements with high contrast. Although these light element columns may be readily identifiable by visual 
inspection, difficulties may arise in extracting and segregating more than two atom column types, especially 
with a large contrast variation. Atomap, which is written in Python, is another freely available software 
package that facilitates the identification of multiple atom column types. Atomap has numerous advantages, 
including being programmed in Python, which is a free programming language (in contrast to MATLAB), 
has graphical user interface (GUI) functionality to assist with analysis, has well-developed documentation 
with examples, and is being expanded upon by other researchers to increase functionality. In common with 
many of the introduced programs, Atomap utilizes a model-based approach and 2D Gaussian fitting to first 
identify and locate the most intense atom column types. These intense columns can then be subtracted from 
the image, simplifying the process of extracting information from low-contrast sublattice sites[82]. Since 
multiple STEM imaging modes can be performed simultaneously, this provides the opportunity to identify 
cation atom column positions in a HAADF image and subtract them from a BF/ABF/iDPC image to extract 
oxygen positions. With this approach, multiple atom column sublattice types can be extracted for individual 
analysis or determining relationships between them.

Quantification of atomic resolution data
Typically, the most challenging aspect of extracting quantitative information from electron microscopy 
images is locating and identifying all the atomic columns and storing this information in a format that can 
be easily manipulated. For example, distances between similar columns can be investigated using a 
projected pair distribution function [Figure 4A], which is analogous to the PDF techniques utilized in 
diffraction[87]. In addition to locating atomic columns, Atomap offers numerous built-in functions that allow 
for a variety of analyses, such as measuring monolayer distances, calculating distances between different 
atom types [Figure 4B], drawing line profiles, determining polarization, and plotting pair distribution 
functions[82].

The advantage of the open-source nature of many of these analysis tools is that it allows subsequent 
researchers to build upon previous work for their own applications. One such example of this is the open-
source Python package TEMUL toolkit, which builds upon the Hyperspy[96] and Atomap packages for 
quantification and visualization of STEM data[97]. Within the TEMUL toolkit, the TopoTEM module can be 
used to further analyze lattice positions extracted by Atomap. Several additional functionalities are 
introduced, including the ability to average polarization vectors over several unit cells, varying the vector 
color with polarization angle, and contour plots, as illustrated in Figure 4C[95].

With the improved user-friendliness of electron microscopy equipment and the availability of open-source 
software for image quantification, numerous opportunities arise for novel approaches to image analysis. 
Many properties of ferroic materials, such as relaxor ferroelectricity, result from short- to medium-range 
ordering of chemical composition or structural distortion[40,98]. One innovative approach to analyzing the 
interplay of local structure and chemistry and its spatial variation in a relaxor ferroelectric is to utilize 
methods commonly applied to Geographic Information Systems (GIS). In this example, GIS analysis 
indicates a strong correlation between chemical and oxygen octahedral distortion ordering and a weak 
correlation between oxygen octahedral and tilt ordering[99]. Such analyses can provide insights into 
important correlations between different types of short-range order in piezoelectric materials and in 
structural materials such as high-entropy alloys.

4D-STEM data analysis
While 4D-STEM presents tremendous opportunities for characterizing piezoelectric materials at the 
microscale to atomic resolution, the technique also presents unique challenges related to the size and scope 
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Figure 4. (A) Analyzing atom column positions to find the projected pair distribution functions of the A and B sublattices. Adapted with 
permission[87]. Copyright © 2015 AIP Publishing. (B) Utilizing Atomap to find the displacement of oxygen columns in the [001] 
direction from an ABF-STEM image. Adapted with permission[82]. Copyright © 2017 Springer. (C) Various polarization plots at domain 
walls for Bi6TixFeyMnzO16 multiferroic thin films created with TopoTEM. Numerous plotting features, including angle-dependent vector 
colors, area-averaged polarization, and contour plots, are illustrated to highlight domain walls. Reprinted with permission[95]. Copyright 
© 2022 American Chemical Society.

of the datasets. For example, a 128 × 128 pixel scan, with each position containing a 256 × 256 pixel 
diffraction pattern, produces a dataset that is several gigabytes in size. Increasing the number of pixels in 
either the 2D images or the 2D diffraction patterns can further expand the size of a single data set to 
hundreds of gigabytes or even several terabytes[19]. Manually analyzing the vast quantity of data in even a 
small 4D-STEM data set is infeasible, making computational techniques critical for in-depth materials 
analysis. To facilitate material analysis with 4D-STEM, high computational power coupled with 
programmatic tools is essential. In the following section, we will outline some of the software available for 
analyzing 4D-STEM data.

To maximize the value of obtaining large 4D-STEM datasets, it is crucial to have tools available that enable 
researchers of various skill levels and backgrounds to extract meaningful data from these experiments. For 
instance, strain mapping requires measuring the spacing of diffraction disks, which is impractical to 
perform by manually identifying the disks and measuring their spacing. As discussed in previous sections, 
open-source software provides the best opportunity for widespread applications of these useful techniques.

One of the most valuable software packages for analyzing 4D-STEM data is py4DSTEM, an open-source 
Python package that facilitates data visualization and analysis[100,101]. A good starting point for 4D-STEM data 
analysis is multimodal imaging, which allows for the observation of various imaging modes (e.g., BF, 
HAADF, DPC, etc.) from a single dataset. In this context, py4DSTEM employs a graphical user interface 
that can generate images by selecting the diffraction information included in the image via a “virtual 
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detector”. Conversely, it allows the selection of a region of interest in the image to produce a Bragg Vector 
Map (BVM), which collapses the diffraction information into a single image[100,101]. This information can be 
collected at various points in the image for further analysis, such as orientation mapping and strain 
mapping. Furthermore, py4DSTEM has built-in functionalities that enable users to locate diffraction disks 
and make quantitative measurements for parameters such as strain and polarization. This capability ensures 
that measurements can be standardized and repeated across a variety of datasets, facilitating repeatable 
analysis.

Although programs, such as py4DSTEM, provide a strong foundation for analyzing 4D-STEM datasets, 
there are cases where researchers need to develop custom tools for their specific applications. Automated 
analysis is the most practical approach for such analyses, but often, custom solutions need to be built. For 
instance, some datasets may contain noisy and complex features that require filtering and fitting algorithms. 
One recently introduced program is AutoDisk, a Python-based code that performs automated diffraction 
processing for strain mapping. Variations in diffraction patterns can arise due to various factors, including 
thickness gradients and low probe currents for beam-sensitive materials, which can complicate automated 
analysis. AutoDisk addresses these variations by utilizing cross-correlations, blob detection, edge 
refinements, and lattice fitting to identify diffraction disks[102]. Once identified, this diffraction information 
can be used for various analyses, including characterizing phase, symmetry, and orientation. While there are 
many ways to analyze data, unique solutions may be necessary for analyzing specific datasets. There are 
numerous code repositories available for 4D-STEM data analysis, including py4DSTEM, HyperSpy, pyXem, 
LiberTEM, and Pycroscopy, which can serve as a basis for custom analysis[19].

SUMMARY AND OUTLOOK
In conclusion, electron microscopy is a dynamic and continuously advancing technique with immense 
potential for the analysis of ferroic and other functional materials. Ferroic materials exhibit a wide range of 
unique properties that can be utilized in countless applications. These properties stem from chemical and 
structural inhomogeneities that occur at the atomic scale.

S/TEM offers a distinct advantage in probing these features in both real space and reciprocal space through 
electron diffraction measurements. Recent advancements in electron microscopy technology have improved 
the usability and enabled unprecedented resolution of these instruments. To fully harness the potential of S/
TEM in the development of advanced materials, it is crucial to make data collection and analysis widely 
accessible to researchers. This accessibility will foster further exploration and utilization of S/TEM in 
material characterization. The field holds incredible potential, which can be further realized through 
ongoing advancements and the collaboration of researchers from various disciplines.

(1) Instrumentation availability and data analysis tools: STEM and TEM play a crucial role in the study of 
piezoelectric and other functional materials. While state-of-the-art instruments are not immediately 
available to all researchers, instruments are often accessible to external researchers at universities, national 
laboratories, and in industry. There are two aspects to make TEM and STEM available to more researchers:

a. Data collection: Modern S/TEM user interfaces are equipped with programmatic capabilities, enabling 
users to develop workflows to streamline data collection. S/TEMs can readily interface with Python code or 
support the user of custom scripts such as Gatan’s Digital Micrograph. It is essential to promote the open-
source nature of these programs so they can be utilized by researchers from various backgrounds. 
Simplifying data collection will allow researchers to allocate more time for analysis and characterization.
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b. Data analysis: With the advancement in S/TEM instrumentation, the alignment and probe-correction 
processes have become more streamlined, allowing researchers to dedicate more time to data processing. 
Whether it involves HAADF or 4D-STEM imaging, data analysis remains a critical step in extracting 
meaningful information from images. To promote the widespread accessibility of advanced electron 
microscopy and analysis, it is crucial to make these tools readily available to all researchers. When 
publishing data, it is important to provide the associated analysis tools to ensure the repeatability of 
measurements and enable further development. By making analysis tools readily available, researchers can 
reproduce and validate the results obtained by their peers. Moreover, it allows for the exploration of 
alternative analysis techniques and the advancement of the field. This open sharing of analysis tools fosters 
collaboration, facilitates scientific progress, and maximizes the value of the obtained data.

(2) Development of 4D-STEM: Direct electron and pixelated detectors have opened new possibilities for 
advanced electron microscopy. Despite significant advancements in the last decade, there are many 
opportunities for additional applications. This includes the use of 4D-STEM with in-situ microscopy to 
characterize dynamic processes in materials. Although the data collection process for 4D-STEM is typically 
slower than with conventional detectors, the technique allows in-depth characterization of features such as 
domains and strain fields. The stability of modern in-situ systems makes this a promising direction for 
functional materials research.

Overall, electron microscopy holds tremendous potential for advanced characterization in the study of 
ferroic and the broader category of functional materials. The continuous development of instrumentation 
and data processing methods has allowed for deep insights into the characterization of advanced materials, 
which are crucial for understanding the intricate relationships between structure and properties. While 
there have been significant advancements in the field, it is important to recognize that there is still work to 
be done. Further efforts are needed to expand the scope of characterization techniques and enhance the 
accessibility of electron microscopy to researchers from diverse backgrounds. This includes developing new 
imaging modalities, improving data analysis tools, and making these resources widely available. By pushing 
the boundaries of electron microscopy, we can unlock discoveries and gain a deeper understanding of 
piezoelectric materials. Continuous advancements and the collaborative efforts of scientists across 
disciplines will play a crucial role in expanding the capabilities and accessibility of electron microscopy for 
the benefit of scientific research and technological advancements.
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Abstract
Multiferroic materials, encompassing simultaneous ferroelectric and ferromagnetic polarization states, are enticing 
multi-state materials for memory scaling beyond existing technologies. Aurivillius phase B6TFMO 
(Bi6TixFeyMnzO18) is a unique room temperature multiferroic material that could ideally be suited to future 
production of revolutionary memory devices. As miniaturization of electronic devices continues, it is crucial to 
characterize ferroelectric domain configurations at very small (sub-10 nm) thickness. Direct liquid injection 
chemical vapor deposition allows for frontier development of ultrathin films at fundamental (close to unit cell) 
dimensions. However, layer-by-layer growth of ultrathin complex oxides is subject to the formation of surface 
contaminants and 2D islands and pits, which can obscure visualization of domain patterns using piezoresponse 
force microscopy (PFM). Herein, we apply force from a sufficiently stiff diamond cantilever while scanning over 
ultrathin films to perform atomic force microscopy (AFM)-based nano-machining of the surface layers. 
Subsequent lateral PFM imaging of sub-surface layers uncovers 45° orientated striped twin domains, entirely 
distinct from the randomly configured piezoresponse observed for the pristine film surface. Furthermore, our 
investigations indicate that these sub-surface domain structures persist along the in-plane directions throughout 
the film depth down to thicknesses of less than half of an Aurivillius phase unit cell (< 2.5 nm). Thus, AFM-based 
nano-machining in conjunction with PFM allows demonstration of stable in-plane ferroelectric domains at 
thicknesses lower than previously determined for multiferroic B6TFMO. These findings demonstrate the 
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technological potential of Aurivillius phase B6TFMO for future miniaturized memory storage devices. Next-
generation devices based on ultrathin multiferroic tunnel junctions are projected.

Keywords: Scanning probe microscopy, piezoresponse force microscopy, ultrathin films, chemical vapor 
deposition, ferroelectrics, multiferroics, atomic force microscopy-based nano-machining, domains, domain walls

INTRODUCTION
As miniaturization of electronic devices continues, a key condition for materials in memory storage 
technologies is the extension of their functional properties to ultrathin (sub-10 nm) thicknesses. This is 
challenging for multiferroics and ferroelectrics, given that ferroelectricity is a collective effect between 
competing short-range covalent repulsions and long-range Coulomb interactions. These interactions will 
alter as the collective distortion of unit cells (u.c.) within the lattice is adjusted on decreased thickness, and 
the spontaneous ferroelectric polarization is projected only to be supported above a particular critical 
thickness[1]. A consequence of fabricating low-dimensional ferroelectric nanostructures is an increase in 
surface area, which can result in enlarged depolarization field strengths (of magnitude inversely 
proportional to the thickness of the ferroelectric) if the surface charges are not completely screened. Below 
the critical thickness, out-of-plane ferroelectricity is destabilized, tending to a decline in performance and a 
lack of reproducibility. In 1997, this critical thickness was thought to be 20 nm[2]; however, considerable 
advancements in thin film synthesis and characterization over the last two decades[3] have enabled 
demonstration of stable out-of-plane ferroelectricity in high-quality ultrathin films at dimensions much 
thinner than this. Exploitation of epitaxial strain and confinement strain, along with effective screening of 
interface and surface charges, can counteract the opposing effects of thickness reduction and stabilize out-
of-plane ferroelectricity at reduced dimensions. Out-of-plane ferroelectricity has been measured at a 
minimum thickness of 4 nm (10 u.c.) for Pb(Zr0.2Ti0.8)O3

[4], 1.2 nm (3 u.c.) for PbTiO3
[5], 1 nm for BaTiO3

[6], 
and 1 nm (2 u.c.) for Hf0.8Zr0.2O2

[7].

Moreover, the problems pertaining to depolarization field effects are substantially diminished for in-plane 
polarization directions. Polarization is lateral to the surface for all in-plane directions and is, therefore, not 
impeded by contesting depolarization fields upon scaling down to ultrathin thicknesses[8]. A family of 
materials possessing large in-plane spontaneous polarizations [Ps (≈ 0.4 C m-2)] are the Aurivillius phase 
materials described by the general formula Bi2O2(Am1BmO3m+1))[9-14]. They are a well-established group of 
ferroelectrics and a technologically important class of material. SrBi2Ta2O9 (m = 2) and Bi3.25La0.75Ti3O12 
(m = 3) thin films have been exploited for commercial use in ferroelectric random access memory 
devices[15-18]. By intermixing differing types of A-site (Bi) and B-site (Ti, Mn, Fe) cations within the 
Aurivillius phase scaffold, the chemistries required for ferroelectricity and ferromagnetism can be combined 
in a single-phase to create the m = 5 B6TFMO(Bi6TixFeyMnzO18) composition (where x = 2.80 to 3.04; 
y = 1.32 to 1.52; z = 0.54 to 0.64). B6TFMO is a valuable example of a single-phase room temperature (RT) 
multiferroic joining other innovatively designed multiferroics such as the compositionally controlled tilt-
engineered perovskites[19] and the 3D strained vertically aligned nanocomposites of polar and magnetic 
materials[20,21]. B6TFMO displays saturation magnetization (MS) values (215 emu/cm3) two orders of 
magnitude larger than widely-studied BiFeO3

[22] and demonstrates the reversible linear RT magnetoelectric 
switching necessary for practical applications in future high data-storage, multi-state memory storage 
devices[23,24]. Furthermore, B6TFMO thin films are capable of hosting extraordinary polarization profiles, 
including charged domain walls and non-trivial polar vortex-type topologies. This further opens up 
technological prospects in nano-electronics, domain wall devices, and ultra-compact data storage[25]. 
Aurivillius layer structures [Figure 1A] are innately two-dimensionally nanostructured with large c-axis 
lattice parameters (e.g., c = 50.26 Å for B6TFMO)[24]. Thus, they are ideal candidates for probing ferroelectric 
behavior close to the unit cell level[26-30].
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Figure 1. (A) Schematic of an m = 5 Aurivillius phase crystal structure (space group B2eb) projected down the <110> orientation[43,59]. 
Half a u.c. (c/2) consists of five perovskite blocks between fluorite-type bismuth oxide layers. (B) Representative XRD patterns of 
7.9 nm and 5.6 nm B6TFMO films on NGO (001). (C) Representative HR-TEM image demonstrating 7.9 nm thick B6TFMO films on 
NGO (001) substrates. (D) XRR plot used to extract the thickness value of the 5.6 nm B6TFMO film on NGO (001).

It is widely acknowledged[31,32] that a ferroelectric domain structure is the initial governing factor in 
polarization switching behavior, influencing domain wall motion, evolution of existing ferroelectric 
domains, and the nucleation and development of further ferroelectric domains. The equilibrium domain 
configuration in a ferroelectric thin film arises from the minimization of the elastic and electrostatic 
energies in the crystal and is influenced by factors such as the film composition, growth mechanism, growth 
and cooling temperatures, underlying substrate, electrodes, and thin film thickness. Therefore, the 
characterization, understanding, and tailoring of ferroelectric domain structures in ultrathin films is 
imperative for controlling electromechanical properties and device applications. Piezoresponse force 
microscopy (PFM) is a powerful tool for probing ferroelectric phenomena at nanoscale and can reveal 
fundamental information on domain size, orientation, pattern, anisotropy/isotropy, and the nature of the 
domain walls that separate the ferroelectric domains. PFM experiments demonstrate that stable and 
switchable ferroelectricity persists in sub-8 nm Aurivillius B6TFMO films, initiating options for 
miniaturizing innovative multiferroic-based devices incorporating ultrathin tunnel junctions[27,28]. However, 
because B6TFMO thin film synthesis tends to proceed by a 2D nucleation and layer-by-layer growth 
mechanism[33], it can be difficult to control the formation of intermediary steps in the layer-by-layer growth 
mode, particularly at sub-10 nm film thickness. As a result, incomplete growth layers corresponding to 
heights of half of a unit cell of the Aurivillius phase (~2.5 nm thick) are visible on the film surface, 
complicating the surface PFM images and obscuring the ferroelectric domain configuration of the 
underlying B6TFMO film[24,27].
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In recent years, AFM tip-based nano-machining has been recognized as an emerging technology for 
machining nanostructures, nanometer-scale 3D imaging of material properties and photomask repair[34-39]. 
In this contribution, we employ a commercially available probe to perform atomic force microscopy 
(AFM)-based nano-machining to remove surface artifacts and expose the underlying ferroelectric domain 
configuration of 7.9 nm (1.5 u.c.) and 5.6 nm (1 u.c.) B6TFMO films. We perform PFM investigations as a 
function of milled depth (from surface to substrate) to investigate domain structures and persistence of 
ferroelectricity through the ultrathin B6TFMO films.

MATERIALS AND METHODS
Ultrathin film synthesis
B6TFMO thin films were fabricated using a horizontal flow AIXTRON AIX 200/4FE AVD direct liquid 
injection chemical vapor deposition (DLI-CVD) system using processes similar to those previously 
described by Keeney et al.[27,28]

, Bismuth, iron, and titanium precursor solutions [0.1 mol dm-3 solutions of 
Bi(thd)3, Fe(thd)3, and Ti(O-iPr)2(thd)2 (where thd = 2,2,6,6-tetramethyl 3,5-heptanedionate; 
O-iPr = isopropoxide) in toluene] were purchased from Epivalence Ltd. (The Wilton Centre, Redcar, 
Cleveland, TS10 4RF, United Kingdom) and were maintained under N2(g) in stainless steel bubbler 
containers. 0.025 mol dm-3 manganese precursor was prepared by dissolving Mn(thd)3 (99%, STREM 
chemicals) in anhydrous toluene (99.8%, Sigma-Aldrich) under N2(g) and transferring to a stainless steel 
bubbler. The pressure of the growth chamber was 9 mbar, and the temperature of the susceptor [rotated 
with 60 sccm N2(g)] heated substrate holder was maintained at 710 °C via an infra-red lamp assembly. The 
liquid precursors were injected using inert N2(g) carrier gas into a vaporizer kept at 220 °C, using four 
individual injectors, one for each precursor source. The micro-liter injected precursor volumes were 
regulated by tuning the numbers of pulses [between 75 and 100 injections for each precursor, depending on 
desired film thickness (between 5 nm and 8 nm)] and the opening time of the injectors (between 1.3 and 
11.3 ms) during a continuous injection mode (frequency of 1 Hz). The net volumetric precursor ratios were 
approximately 2.9:1.5:0.6 for Ti(O-iPr)2(thd)2, Mn(thd)3, and Fe(thd)3, respectively. Between 5 and 8% excess 
of Bi(thd)3 was utilized to mitigate bismuth migration during deposition. The total N2(g)/O2(g) flow in the 
growth chamber was 3,000 sccm, of which O2(g) flow was 1,000 sccm. The substrates used in this study were 
single-side polished (001)-orientated NdGaO3 (NGO) with average dimensions 10 mm × 10 mm × 0.5 mm 
(Crystal GmBH, Ostendstraße 25, D-12459 Berlin, Germany). The substrates were cleaned with isopropyl 
alcohol followed by distilled water and dried using N2(g).

Physical characterization
The crystallographic structure of the films was determined using a Panalytical MRD X-Pert Pro X-ray 
diffraction (XRD) system with a filtered Cu K radiation source (λ = 0.1541876 nm). The setup included a 
vertical magnetic strip mount, a 2 mm mask, and a divergence slit of 0.5°. Scans were conducted over a 2θ 
(2 theta) range of 5° to 50°, employing a precise step size of 0.006°. Each step was captured within 0.5 s, 
resulting in a total of 7,500 data points collected across the scan. To ensure accurate intensity comparisons, 
a uniform baseline correction was applied to both spectra using the second derivative method. Full Width at 
Half Maximum (FWHM) values for the peaks were established by integrating the peaks using a Gaussian 
function in the Origin software. The X-ray reflectivity (XRR) method was used to determine the film 
thickness of the B6TFMO film deposited using 75 injections. The same XRD system was used to detect the 
reflectometry on the ultrathin film and substrate. 2Theta-Omega scans were performed over an angular 2θ 
range of 0.2° to 7° with an angular Δθ step of 0.005°. A parabolic mirror was used as the incident optics, 
while a parallel plate collimator with a 0.09° slit was used as the diffracted optics. The XRR data was then 
analyzed through automatic fitting procedures implemented in the Panalytical XRR software package, 
where the number of layers, the density of each layer, their thickness, and the interface or surface roughness 
can be adjusted within a reasonable user-defined range. During the simulation, three layers were assumed: 
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the NGO substrate, the B6TFMO sample layer, and an extra oxidation layer on top (which is deemed
reasonable, as the sample had been kept in the air after deposition). The initial density value inputted for the
NGO substrate was taken from the datasheet provided by the substrate manufacturer (Crystal GmBH,
Ostendstraße 25, D-12459 Berlin, Germany), and that for the B6TFMO sample was taken from that reported
by Bartkowska et al. on the m = 5 Aurivillius phase compositions[40]. The deviation between the
experimental data curve and the fitted curve was calculated to be 2.37%. The thickness values obtained from
the XRR measurements were consistent with measurements obtained by transmission electron microscopy
(TEM) imaging of previous samples prepared under similar DLI-CVD conditions[27,28]. Micro-structural
analysis was performed by high-resolution TEM (HR-TEM) on a JEOL 2100 TEM, operated at 200 kV. To
enable HR-TEM imaging, the samples were coated with gold to counteract charging, followed by coating
with platinum to enable focused ion beam (FIB) cross sectioning. Cross-section lamellae were made using a
FEI Helios Nanolab 600i DualBeam FIB-scanning electron microscope (FIB-SEM) (final thinning settings:
93 pA current at 30 kV, final polish settings: 47 pA current at 5 kV). Thickness analysis of the B6TFMO film
deposited using 100 injections was performed from 55 measurements across a 7.6 µm wide lamella. The
standard deviation (SD) variability of the dataset was ±0.4 nm. An atomic force microscope (AFM), Bruker
Dimension Icon in PeakForce Tapping mode (with Bruker SCANASYST-AIR probes, Al reflex coated,
2 nm tip radius, 70 kHz resonant frequency) was used for topography analysis of the films. Film surface
roughness and surface impurity volume fraction measurements were accomplished by carrying out AFM
measurements (1 µm × 1 µm scan area) over five different areas of the sample surface. Average root mean
square (RMS) roughness (nm) figures are provided, along with the SD variability of the dataset. Average
volume fraction (vol.%) quantities were determined from impurity particle count area as a proportion of the
scan area.

AFM-based nano-machining and PFM experiments
AFM-based nano-machining of the surfaces of the ultrathin B6TFMO films was achieved using an Asylum
Research MFP-3DTM AFM by applying force from a sufficiently stiff diamond cantilever. NM-RC (single
crystal diamond, Au reflex coated, < 10 nm tip radius, 486 kHz resonant frequency, boron-doped) probes,
commercially available from Adama Innovations (c/o Republic of Work, 12 South Mall, Cork, T12 RD43,
Ireland), were used for the AFM-based nano-machining studies. The normal loading force, F (N), was
calculated using Hookes law, F = kz, where k is the spring constant (N/m), and z (m) is determined by
multiplying the calibrated deflection sensitivity (m/V) by the setpoint (V) (the difference between
photodiode signal when the cantilever is far from the surface and when it is at setpoint). The spring
constant [1.89 × 102 (±8.39%) N/m] was calibrated via the Sader method[41] by performing a thermal tune
(1,000 samples) in free air to measure the resonance frequency and the quality factor of the cantilever.
Loading forces of between 1.86 µN and 5.59 µN were utilized for each scan in this work. Successive scans 
were performed over 8 µm × 8 µm areas at a scan frequency of 0.75 Hz to progressively machine 
through the sample from the film surface until the substrate was reached. A machining scan angle of 
90° was utilized unless otherwise specified. The depths of the nano-machined areas were measured by 
performing line section height profiles of imaged areas. The measured RMS roughness values for the 
nano-machined areas of the 7.9 nm B6TFMO sample were, in general, rougher [values of 0.52 nm (SD 
= ±0.42 nm), 0.46 nm (SD = ±0.38 nm), 0.50 nm (SD = ±0.42 nm), and 0.57 nm (SD = ±0.48 nm) for 
depths of 0.7 nm, 2.0 nm, 3.8 nm, and 6.2 nm, respectively] compared with roughness values for 
the pristine B6TFMO surface [0.29 nm (SD = ±0.23 nm)], which may be due to fluctuations in 
composition, structures, and structural defects in the underlying film. Whereas, the measured RMS 
roughness values for the nano-machined areas of the 5.6 nm B6TFMO sample were, as expected, in 
general smoother [values of 0.66 nm(SD = ±0.51 nm), 0.09 nm (SD = ±0.07 nm), 0.08 nm (SD = ±0.07 
nm), and 0.12 nm (SD = ±0.09 nm) for depths of 0.4 nm, 3.7 nm, 4.6 nm, and 5.3 nm, respectively] 
compared with roughness values for the pristine B6TFMO surface [0.37 nm (SD = ±0.27 nm)]. The 
roughness values for when nano-machining reached the underlying NGO
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substrate were 0.09 nm (SD = ±0.07 nm) and 0.12 nm (SD = ±0.10 nm) for NGO underneath the 7.9 nm film 
and 5.6 nm film, respectively. Nanoscale electromechanical properties of the ultrathin films were evaluated 
by PFM using an Asylum Research MFP-3DTM AFM in contact mode in conjunction with a HVA220 
Amplifier and a cantilever scan angle of 90°. The Dual AC (alternating current) Resonance Tracking PFM 
(DART-PFM) mode was utilized to amplify both the vertical and lateral piezo signals. Apex Super Sharp 
conductive diamond probes AD-2.8-SS (boron doped, Au reflex coated, < 5 nm tip radius, 75 kHz resonant 
frequency) were purchased from Adama Innovations (c/o Republic of Work, 12 South Mall, Cork, T12 
RD43, Ireland) and used to image piezoelectric domains over 1 µm × 1 µm scan areas. Imaging of the same 
sample area by vertical PFM (Vert PFM) and lateral PFM (Lat PFM) enables corresponding measurements 
of the normal component of the piezoresponse vector (out-of-plane direction) and the transversal 
component of the in-plane piezoresponse (perpendicular to the cantilever axis), respectively[42]. The Lat 
PFM measurements were conducted by a comparable method to the Vert PFM measurements, except the 
“InFast” option was set to “Lateral” as opposed to “AC Deflection”, respectively. The drive frequencies were 
operated near contact resonance for lateral (480 to 520 kHz) and vertical (250 to 280 kHz) modes. PFM 
measurements were operated at AC drive amplitudes (VAC) of 4.0 VAC and below.

RESULTS AND DISCUSSION
Characterization of structure, surface morphology, and surface piezo-configurations of as-prepared 
ultrathin B6TFMO films
Two different thicknesses of B6TFMO films were synthesized on (001)-orientated NGO substrates by 
pulsing either 75 injections or 100 injections of each precursor during the DLI-CVD process. The pseudo-
cubic lattice parameter (ap′) of the perovskite-type layer in B6TFMO is 3.89 Å and ap′ is 3.858 Å for NGO; 
therefore, the lattice mismatch = -0.82%[27]. Out-of-plane XRD profiles, as shown in Figure 1B, are consistent 
with epitaxial films of an orthorhombic Aurivillius phase with five perovskite layers per half unit cell (m = 5) 
interleaved by bismuth oxide interfaces, as depicted schematically in Figure 1A[43]. Both B6TFMO films 
demonstrate a preference for orientating along the c-axis of the structure, with only (00l) Bragg reflections 
visible in the diffractograms. The broadening of the peaks [e.g., FWHM values for the (0010), (0012), and 
(0020) peaks are 1.721°, 0.400°, and 2.114° and are 1.534°, 0.389° and 1.186° for B6TFMO deposited with 75 
injections and 100 injections, respectively] is due to grain size effects and due to the fact that the X-ray beam 
is scattering from only three, or less, half-unit cell repeat entities[44]. Comparative XRD patterns obtained 
from B6TFMO films deposited with 75 injections and 100 injections demonstrate that the intensities of the 
film deposited using 75 injections [e.g., the log10 intensity of the (0010), (0012), and (0020) peaks are: 0.461, 
0.616, and 0.130 counts] are lower than the intensities of the film deposited using 100 injections [e.g., the 
log10 intensity of the (0010), (0012), and (0020) peaks are: 0.717, 0.951, and 0.371 counts], corresponding to a 
decreased film thickness for the film deposited using 75 injections. HR-TEM imaging [Figure 1C] confirms 
that the films have an m = 5 Aurivillius phase structure, displaying some regions with out-of-phase 
boundary defects and associated stacking faults (indicated by the blue arrows), typically observed for layered 
Aurivillius materials. This structural disorder within the samples would also contribute to peak broadening 
observed in the XRD profiles and might explain why there are additional variations in peak broadening 
between the 7.9 nm and 5.6 nm B6TFMO films [e.g., the FWHM value for the (008) reflection of the 7.9 nm 
film (1.079°) indicates that it is broader compared to the 5.6 nm film (0.970°)]. Contributions to the 
broadening of the asymmetric peaks may also result from segregation of secondary phases or crystal 
twinning, which will be discussed later. HR-TEM and XRR [Figure 1D] and [Supplementary Table 1] 
measurements yield average thickness values of 7.9 nm and 5.6 nm for B6TFMO films deposited using 100 
injections and 75 injections, respectively. The former equates to a thickness of approximately 1.5 unit cells, 
and the latter equates to a thickness of approximately 1 unit cell of the m = 5 Aurivillius phase. These 
thickness measurements are consistent with previous TEM measurements of B6TFMO films prepared on 
different substrates under similar growth DLI-CVD conditions[27,28].

microstructures3041-SupplementaryMaterials.pdf


Page 7 of Keeney et al. Microstructures 2023;3:2023041 https://dx.doi.org/10.20517/microstructures.2023.41 15

Epitaxial growth of layered Aurivillius phases under high supersaturation conditions is inclined to proceed
via a 2D nucleation and layer-by-layer (Frank-Van der Merwe) growth mode[27-30,33,45], as illustrated in
Figure 2A. Laterally grown layers with heights consistent with the lattice parameter of half of a u.c. of the
Aurivillius structure evolve and increasingly merge and condense to form a complete (flat) layer prior to the
nucleation of subsequent half-unit cell-thick layers. Each complete growth layer is ~2.5 nm in thickness for
B6TFMO. Depending on the level of saturation during intermediary steps in the layer-by-layer growth
mode, either 2D islands or pits (holes) can be seen on the film surface. The pits are referred to as “loch-
keime” (hole-nuclei), which are “negative” 2D islands[33]. These types of 2D islands and pits are visible in the
HR-TEM images in Figure 2B and the AFM image in Figure 2C for the 7.9 nm (1.5 u.c.) and 5.6 (1 u.c.) nm
B6TFMO films. The coalescence of the laterally grown layers can be seen in Figure 2C, where the majority
of the incomplete surface is covered by the growing 2-D layer, with darker regions in between
corresponding to the underlying layer beneath (“negative” 2D islands). The height (depth) of these
Aurivillius phase 2D islands (pits) is approximately 2.5 nm, corresponding to half a unit cell (c/2) of the
m = 5 B6TFMO structure. AFM imaging with a sharp (2 nm tip radius) probe exposes other island-type
surface contaminants present at a volume fraction of 6.7 vol.%. These surface features, encircled in red in
[Figure 2C], appear to be spherical in nature and are < 20 nm in diameter. While the HR-TEM imaging and
XRD analysis in this work could not identify the spherical surface features, it is possible that they
correspond to spinel-type secondary phases identified in previous reports for films of this type[27,28]. Note
that we have previously shown that these features can be reduced/eliminated by careful control of bismuth
excess to counteract its volatility during growth[28].

DART-PFM imaging [Figure 2D] and [Supplementary Figure 1] utilizing a conducting diamond probe with
an apex super sharp tip (radius < 5 nm) demonstrates that a random mixture of piezoresponse with
indiscriminate orientation is exhibited for measurements of the pristine surface of the 7.9 nm (1.5 u.c.) thick
B6TFMO film. 180 phase contrast is displayed for oppositely polarized domains, separated by curved
domain walls. Lateral PFM imaging [Figure 2D] and [Supplementary Figure 1A-C] enables measurement of
the in-plane polarization components[42], whereas vertical PFM images [Supplementary Figure 1D
and E] provide information on the out-of-plane component. Average surface in-plane domain sizes of
440 nm2 (SD = 1.6 × 103 nm2) and out-of-plane domain sizes of 378 nm2 (SD = 488 nm2) are
observed. Crystal symmetry of the m = 5 B6TFMO Aurivillius phase with an odd m number of
perovskite layers determines that the major polarization vector primarily lies along the a-axis (in-plane,
lateral direction). Only minor polarization is expected along the c-axis (out-of-plane, vertical direction)
[46]; therefore, a relatively weaker piezoresponse (pm) is observed in the corresponding out-of-plane
directed domains (Vert PFM images, [Supplementary Figure 1D and E]. The presence of non-ferroelectric
spinel-type impurities did not seem to impact the local ferroelectric signal measured. However, these
surface contaminants, in conjunction with surface Aurivillius phase 2D islands and pits, may have the
effect of introducing varying tip-sample contact areas and obscuring orientated domain configurations
corresponding to the underlying epitaxial B6TFMO film during surface PFM measurements.

Investigations of ferroelectric domain configuration in ultrathin B6TFMO as a function of AFM-based
nano-machined depth
Progress in the miniaturization of semi-conductor processes has created an increased demand for AFM-
based nanomachining to satisfy the role of defect removal with nano-meter level accuracy during
photomask repair[37-39]. In this work, we apply the AFM-based nano-machining approach to remove surface
contaminants from the ultra-thin B6TFMO films to uncover a complete Aurivillius phase surface layer.
Successive scanning allows progressive nano-machining of the film at increased depths with nanometer-
level control. A sufficiently stiff, commercially available diamond probe was used with a removal rate of
between 0.13 nm/scan and 0.41 nm/scan.
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Figure 2. (A) A schematic of the 2D nucleation and layer-by-layer (Frank-Van der Merwe) growth mode. (B) Representative HR-TEM 
images demonstrating the presence of 2D islands and pits in the 7.9 nm thick B6TFMO film on NGO (001). (C) Representative AFM 
image of 5.6 nm thick B6TFMO film NGO (001) substrates. A line section profile 1 is shown in white through the 2D pits indicating a 
height of 2.5 nm, corresponding to half a u.c. (c/2) of the m = 5 Aurivillius structure (see Figure 1A). Small circular island-type 
inclusions (< 20 nm diameter) are encircled in red. (D) Lateral (Lat) PFM Amp and Phase images of the pristine surface of a 7.9 nm 
thick B6TFMO film.

Next, we performed PFM imaging of the 7.9 nm (1.5 u.c.) B6TFMO film as a function of nano-machined 
thickness. Lateral PFM results, scanned with the long-axis of the cantilever orientated parallel to the NGO 
[010] direction, are shown in Figure 3. While a randomly distributed piezoresponse without a favored 
domain orientation is observed for the pristine film surface [Figure 3A-C], on removal of 0.7 nm of the film 
surface [Figure 3D-F], it is revealed that spontaneous polarization orientates in distinct stripe domain 
configurations along the a-b plane, at 45° to the orthorhombic b-axis of NGO. Vertical PFM images 
[Supplementary Figure 2] demonstrate that a weaker component of the spontaneous polarization exists out 
of the a-b plane (along the c-axis). This observed vertical response is expected for an m = 5, an odd-layered 
Aurivillius phase[47]. The measured domain widths are of the order of 0.14 µm for the nano-machined 7.9 
nm (1.5 u.c.) B6TFMO sample. The 45° stripe domains were observed to persist at nano-machined depths 
of 2.0 nm [Figure 3G-I], 3.8 nm [Figure 3J-L], and 6.2 nm [Figure 3M-O]. It is only until the sample is 
nano-machined all the way through the film to the underlying NGO substrate that the PFM signal is lost. 
Note that great care was taken to ensure that the striped domain features angled at 45° were not artifacts 
created by the nano-machining process. Nano-machining investigations using intentionally aggressive load 
forces as a function of nano-machining angle (0°, 45°, 90°) were performed to distinguish the deliberately-
created scan artifacts from the 45° stripe domains inherent to the B6TFMO films. Details establishing that 
45° stripe ferroelectric domains are independent of topography and nano-machining scan artifacts are 
described in the Supplementary Material and Supplementary Figure 3.

microstructures3041-SupplementaryMaterials.pdf
microstructures3041-SupplementaryMaterials.pdf
microstructures3041-SupplementaryMaterials.pdf
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Figure 3. Representative topography and lateral (lat) DART-PFM phase and amplitude (amp) images of 7.9 nm (1.5 u.c.) B6TFMO on 
NGO (001) as a function of AFM-based nano-machined depth. The scanning direction of the cantilever was parallel with the 
[010]substrate axis.

Gradauskaite et al.[29,30] and Keeney et al.[27] previously observed stripe domains for one u.c. thick (5 nm) 
Aurivillius phase films that were terminated with complete Aurivillius layers and exhibited an atomically 
flat surface. It was deemed that domain patterns are stabilized by the underlying NGO substrate, where the 
lattice mismatch is progressively lost as film thickness increases. For films of two unit cells in thickness, an 
isotropic random distribution of 180° domains was observed[29,30]. Therefore, the question arises as to 
whether the onset of 45° striped domain observation in this work happens solely due to the ability to image 
the B6TFMO film at decreased thickness, where the domain patterns are possibly stabilized by substrate 
strain effects. Alternatively, the onset of striped domain observation from the nano-machining process may 
be due to the removal of otherwise masking surface 2D islands, pits, and contaminants to reveal a smooth 
B6TFMO surface terminated with a complete Aurivillius layer.



Page 10 of Keeney et al. Microstructures 2023;3:2023041 https://dx.doi.org/10.20517/microstructures.2023.4115

To distinguish between the two possibilities, PFM imaging was performed on the thinner 5.6 nm (1 u.c.) 
B6TFMO film, prepared by the same layer-by-layer growth process as the 7.9 nm (1.5 u.c.) thick B6TFMO 
film. Lateral DART-PFM images, scanned with the long-axis of the cantilever orientated parallel to the 
NGO [100] direction, are shown in Figure 4. Based on the results of the 7.9 nm (1.5 u.c.) thick B6TFMO 
films in Figure 3G-I, where the milled depth corresponds to a thickness of 5.9 nm and results from previous 
5 nm-thick B6TFMO films exhibiting an atomically flat surface[27], we would expect to see 45° striped 
domain patterns for the 5.6 nm (1 u.c.) B6TFMO film. However, a random mixture of piezoresponse with 
indiscriminate orientation is exhibited for measurements of the pristine surface of the 5.6 nm (1 u.c.) thick 
B6TFMO film, as shown in Figure 4A-C. 180 degree phase contrast is displayed for oppositely polarized 
domains with average surface in-plane domain sizes of 209 nm2 (SD = 274 nm2). Therefore, the observation 
of the randomly distributed piezoresponse in this work is due to the surface 2D islands, pits, and 
contaminants complicating the surface PFM signal. Stripe domain configurations along the a-b plane, at 45° 
to b-axis of the orthorhombic unit cell of NGO, are uncovered by PFM imaging on removal of surface 
contaminants by nanomachining at depths of 0.4 nm [Figure 4D-F], 3.7 nm [Figure 4G-I], 4.6 nm 
[Figure 4J-L], and 5.3 nm [Figure 4M-O]. We deduce that for the pristine film surfaces imaged in this work, 
the ferroelectric domains are not themselves inherently isotropic-type domains. Rather, the PFM probe is 
accessing fragmented Aurivillius phase structures (2D islands and pits); therefore, the piezoresponse and 
orientation cannot be visualized as continuous at the pristine surface. The differences in piezo-configuration 
between the pristine surface and exposed sub-surfaces can be attributed to the effectiveness of AFM-based 
nano-machining in removing growth surface artifacts, which, otherwise, obscure the domain configurations 
of the underlying planar B6TFMO film.

The measured domain widths are of the order of 0.08 µm for the nano-machined 5.6 nm (1 u.c.) B6TFMO 
sample; narrower than that observed for the thicker 7.9 nm (1.5 u.c.) B6TFMO sample, consistent with the 
Landau-Lifshitz-Kittel scaling law[48-50]. In the PFM images, striped domains are directed from the top left to 
the bottom right in the 7.9 nm (1.5 u.c.) B6TFMO sample where the PFM cantilever was aligned parallel to 
the [010] substrate direction, whereas domains are directed from top right to bottom left in the 5.6 nm 
(1 u.c.) B6TFMO sample, which was turned 90° so that the PFM cantilever was aligned parallel with the 
[100] NGO substrate direction. Topography images [Figure 4D] of the sample machined to a depth of 
0.4 nm demonstrate that machining is somewhat “patchy” [with an RMS roughness value of 0.66 nm 
(±0.51 nm)] and did not completely remove the surface contaminants. PFM imaging [Figure 4E and F] 
shows a mixed image of domains with undefined orientation and 45° orientated stripe domains. 
Topography images [Figure 4M] of the sample machined to a depth of 5.3 nm show faint horizontal lines, 
which are scan artifacts of the nano-machining process as the film to substrate interface is approached. 
Remarkably, 45° striped domains and piezoresponse are also observed at this depth, which corresponds to 
less than half of an Aurivillius phase unit cell (< 2.5 nm). The nano-machining horizontal artifacts become 
more visible at machined depths of 7.2 nm [Figure 4P-R], correlating with the machining of the underlying 
NGO substrate and a loss in PFM signals. The 45° stripe domain configurations along the lateral a-b plane 
were observed to persist through the film, disappearing at depths consistent with the substrate. This is an 
interesting observation, as it suggests that the ferroelectric critical size limit may be absent for in-plane 
polarization directions in B6TFMO, similar to observations in optimized HfO2 and BiFeO3 films and 
thickness-dependent tomographic PFM studies of m = 4 Aurivillius phase films[7,51,52]. However, more 
detailed experiments correlating precise thickness measurements (e.g., using aberration-corrected scanning 
TEM) with PFM experiments are required in order to confirm whether or not a critical thickness exists for 
in-plane ferroelectricity in B6TFMO.
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Figure 4. Representative topography and lateral (lat) DART-PFM phase and amplitude (amp) images of 5.6 nm (1 u.c.) B6TFMO on 
NGO (001) as a function of AFM-based nano-machined depth. The scanning direction of the cantilever scanning direction was parallel 
with the [100]substrate axis.

Crystal symmetry of the Aurivillius phases dictates that the major in-plane spontaneous polarization 
component lies entirely along the a axis (with a minor polarization along the out-of-plane c-axis in odd-
layered structures)[43]. Therefore, there must be another physical origination for the experimentally observed 
45° striped domains. a-b crystal twinning is a common occurrence in layered materials such as the layered 
high temperature superconductors[53] and Aurivillius phases[54]. The lack of uniaxial polarization in this work 
indicates that crystal twinning is present in the B6TFMO thin films. The crystal twinning would originate 
from the orthorhombic crystal structure of the underlying (001) NGO substrate, which presents an 
anisotropic template for growth based on a pseudo-cubic unit cell[53]. The a axis of the pseudo-cubic cell lies 
along the ab diagonals of the orthorhombic NGO crystal structure, and a pseudo-cubic lattice constant of 
3.858 Å is presented for NGO. This provides a close lattice match to the ap’ of B6TFMO (3.89 Å) to grow 
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under minimal strain[27]; however, the angular anisotropy of the pseudo-cubic template would likely give rise 
to preferential twinning. The experimental observations of 45 orientated stripe domains, rather than 
expected in-plane uniaxial anisotropy, may be the result of crystal twinning in B6TFMO created by 
mimicking the pseudo-cubic symmetry of the underlying NGO substrate.

CONCLUSIONS
In summary, we demonstrate the use of AFM-based nano-machining using a commercially available 
diamond probe to remove surface contaminants from ultrathin B6TFMO films with nanometer-level 
precision. Complete Aurivillius layers are uncovered beneath the as-grown surface, with subsequent lateral 
PFM imaging revealing distinct stripe domain configurations along the a-b plane (at 45° to the NGO 
substrate b-axis), of stark contrast to the randomly distributed piezoresponse observed for the pristine film 
surface. We attribute the differences in piezo-configuration between the pristine surface and exposed sub-
surfaces to the effectiveness of AFM-based nano-machining in removing growth surface artifacts (fractional 
Aurivillius phase 2D islands/pits and secondary phase contaminants) that, otherwise, mask the domain 
configurations of the underlying planar B6TFMO film. The experimental observations of 45° orientated 
stripe domains rather than in-plane uniaxial anisotropy are likely ensuing from the presence of crystal 
twinning in B6TFMO to conform to the pseudo-cubic symmetry of the underlying NGO substrate. The 
width of the 45° stripe domains is narrower for the 5.6 nm B6TFMO films (0.08 µm) compared to the 7.9 
nm B6TFMO films (0.14 µm), consistent with the Landau-Lifshitz-Kittel scaling law[48-50]. Moreover, while 
previous PFM investigations of multiferroic m = 5 B6TFMO films demonstrated the persistence of stable 
ferroelectricity close to the unit cell level (5 nm to 8 nm)[27,28], the AFM-based nano-machining 
investigations in this work indicate that ferroelectricity persists at thicknesses lower than this. Stable sub-
surface ferroelectric domain structures and piezoresponses persist along the in-plane directions throughout 
the film depth, down to less than half of an Aurivillius phase unit cell (< 2.5 nm). These findings, along with 
evidence for sub-unit cell ferroelectricity in exfoliated flakes[26] and planar thin films[29] of m = 4 Aurivillius 
phases, demonstrate the technological potential of Aurivillius phase B6TFMO for future miniaturized 
memory storage devices. For example, devices based on in-plane tunnel junctions are an appealing prospect, 
as they would not be expected to be obstructed by opposing depolarization fields upon thickness-scaling to 
ultrathin dimensions. This means that higher tunnelling current ratios could be achieved with non-
destructive read processes. To date, no such in-plane devices have been commercialized; only theoretical 
device models based on monochalcogenides have been reported. However, it is difficult to synthesize high-
quality ultra-thin monochalcogenides by scalable growth methods[55-58]. As such, optimized multiferroic 
B6TFMO Aurivillius phases, which can be synthesized by scalable DLI-CVD growth methods, are perfect 
candidates for utilization in next-generation devices based on ultrathin multiferroic tunnel junctions.
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Abstract
Magnetic hyperthermia uses magnetic nanoparticles (MNPs) for conversion of magnetic energy into thermal 
energy under an alternating magnetic field (AMF) to increase local temperature for ablation of cancer cells. The 
magnetic thermal capacity of MNPs not only depends on the intrinsic properties of MNPs but is also affected by 
the microenvironmental matrices surrounding the MNPs. In this study, the influence of agarose hydrogels and 
gelatin porous scaffolds on the magnetic thermal property and anticancer effect of Fe3O4 nanoparticles (NPs) were 
investigated with a comparison to free Fe3O4 NPs. Flower-like Fe3O4 NPs were synthesized and embedded in 
agarose hydrogels and gelatin porous scaffolds. Under AMF irradiation, the free Fe3O4 NPs had the best magnetic 
thermal properties and the most efficiently increased the local temperature to ablate breast cancer cells. However, 
the Fe3O4 NPs embedded in agarose hydrogels and gelatin porous scaffolds showed reduced magnetic-thermal 
conversion capacity, and the local temperature change was decreased in comparison to free Fe3O4 NPs during AMF 
irradiation. The gelatin porous scaffolds showed a higher inhibitory influence than the agarose hydrogels. The 
inhibitory effect of agarose hydrogels and gelatin porous scaffolds on magnetic-thermal conversion capacity 
resulted in a decreased anticancer ablation capacity to breast cancer cells during AMF irradiation. The Fe3O4 NP-
embedded gelatin scaffolds showed the lowest anticancer effect. The results suggested that the matrices used to 
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deliver MNPs could affect their performance, and appropriate matrices should be designed to maximize their 
therapeutic effect for biomedical applications.

Keywords: Fe3O4 NPs, hydrogel, scaffold, agarose, gelatin, magnetic hyperthermia, anticancer

INTRODUCTION
Magnetic nanoparticles (MNPs) can convert magnetic energy to thermal energy when subjected to 
alternating magnetic field (AMF)[1,2]. The heat generated by MNPs under AMF irradiation increases the 
local temperature to ablate cancer cells, known as magnetic hyperthermia (MH)[3-5]. MH has been developed 
as an effective approach for cancer treatment due to its good biocompatibility and deep strong tissue 
penetration. This approach has also been combined with radiotherapy, chemotherapy, and immunotherapy 
to further improve the anticancer effect[6-12]. It is pivotal to increase magnetic-thermal conversion efficiency 
to achieve a maximized therapeutic effect with the minimized dosage of MNPs.

To achieve high magnetic-thermal conversion efficiency, many studies have reported the optimization of 
synthesis methods of MNPs[13,14] by controlling their structure and magnetic characteristics, including shape, 
size, size distribution, dispersion and aggregation state, crystallinity, composition, and magnetic 
parameters[15-26]. Except for the intrinsic properties of MNPs, their surrounding microenvironmental 
matrices can affect the magnetic-thermal conversion[27,28]. Incorporation of MNPs in hydrogels has been 
reported to change their magnetic-thermal conversion property [28-31]. Engelmann et al. immobilized them in 
acrylamide hydrogels and found that the heating efficiency of MNPs decreased when the hydrogel stiffness 
increased[28]. Suto et al. compared the influence of polyvinyl alcohol hydrogel and water[31]. The heating 
efficiency of MNPs dispersed in water was better than that dispersed in polyvinyl alcohol hydrogel, and 
their specific absorption rate value in hydrogel showed 67% less than that in water[31]. These studies suggest 
the inhibitory effects of hydrogels on the magnetic-thermal conversion property of MNPs.

In recent years, localized delivery of photothermal nanoparticles (NPs) has been demonstrated as an 
efficient strategy to accumulate and constrain them in tumors to maximize the photothermal ablation effect 
while decreasing their side effect[32-37]. Both hydrogels and porous scaffolds are good carriers for the local 
delivery of photothermal NPs. However, the influence of porous scaffolds on the magnetic-thermal 
conversion of MNPs remains elusive. It is desirable to compare the influence of aqueous solution, 
hydrogels[38-45], and porous scaffolds[46-48] on the magnetic-thermal conversion of MNPs to maximize their 
MH effect.

Based on the above considerations, in this study, different microenvironments of phosphate buffer saline 
(PBS), hydrogels, and porous scaffolds were used to investigate the magnetic-thermal conversion property 
and anticancer effect of MNPs under AMF irradiation [Figure 1]. The same concentration of Fe3O4 NPs was 
used in PBS, agarose hydrogels, and gelatin porous scaffolds to disclose the influence of the different 
matrices on magnetic thermal effects. Moreover, Fe3O4 NPs at different concentrations were incorporated in 
the same matrix to study the MNP concentration dependence. The free Fe3O4 NPs in PBS exhibited the best 
magnetic thermal property, while embedding in agarose hydrogels or gelatin porous scaffolds decreased the 
temperature change during AMF irradiation. The anticancer effect was investigated in vitro by incubating 
breast cancer cells (MDA-MB-231-Luc cells) with free Fe3O4 NPs, agarose/Fe3O4 hydrogels, and 
gelatin/Fe3O4 porous scaffolds under AMF irradiation. The free Fe3O4 NPs showed the highest anticancer 
effect under AMF irradiation, followed by Fe3O4 NPs in agarose hydrogels and then Fe3O4 NPs in gelatin 
porous scaffolds. The matrices for MNP delivery could affect the magnetic-thermal conversion property 
and anticancer effect of Fe3O4 NPs.
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Figure 1. Anticancer experimental scheme of free Fe3O4 NPs (A), agarose/Fe3O4 hydrogels (B-D), and gelatin/Fe3O4 porous scaffolds 
(E-G). Three modes (sitting, transwell, and adhesion modes) were used to simulate the cells near or far away from or directly adhered 
to the matrices.

MATERIALS AND METHODS
Materials
Iron (II) chloride tetrahydrate (FeCl2·4H2O, ≥ 99%), iron (III) chloride hexahydrate (FeCl3·6H2O, ≥ 97%), 
and sodium citrate tribasic dihydrate (≥ 99%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Diethylene glycol (DEG, 99%), sodium hydroxide (NaOH, 99.99%), acetic acid, ethanol, ethyl acetate, 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), and N-hydroxysuccinimide (NHS) were obtained 
from Wako Pure Industries, Ltd. (Tokyo, Japan). N-methyldiethanolamine (NMDEA, 99%) was purchased 
from Tokyo Kasei. Kogyo Co., Ltd, and gelatin (porcine) was obtained from Nitta Gelatin (Osaka, Japan).

Synthesis and Characterization of Fe3O4 NPs
Fe3O4 NPs were synthesized using Fe (II) and Fe (III) in a mixture solution of DEG and NMDEA 
(1:1, v/v)[49,50]. First, 4 mmol FeCl2·4H2O and 2 mmol FeCl3·z`6H2O were added and dissolved in an 80 mL 
polyols mixture under a nitrogen atmosphere at room temperature. Next, 40 mL of 400 mM NaOH in a 
polyol mixture was dropped into the iron salts solution and stirred for 3 h. Then, the mixed solution was 
heated to 220 °C and reacted for 12 h under the protection of nitrogen. After the reaction, the black 
precipitates were collected and washed with ethanol/ethyl acetate solvent (1:1, v/v) three times to obtain 
bare Fe3O4 NPs. The obtained bare Fe3O4 NPs were redispersed in sodium citrate aqueous solution and 
reacted at 60 °C for 24 h to modify the Fe3O4 NPs with citrate anions. After centrifugation, washing, and 
lyophilization, the citrate-modified Fe3O4 NPs were obtained. The prepared Fe3O4 NPs were redispersed in 
PBS to obtain the Fe3O4 NPs colloidal solution at a concentration of 5 mg mL-1, 10 mg mL-1, and 20 mg mL-1, 
which were named free Fe3O4-5 (5 mg mL-1), free Fe3O4-10 (10 mg mL-1), and free Fe3O4-20 (20 mg mL-1), 
respectively. The structure and mean diameter of the citrate-modified Fe3O4 NPs were analyzed by a 
transmission electron microscope (TEM, JEOL 2100F, Japan). The hydrodynamic size of the citrate-
modified Fe3O4 NPs was analyzed by dynamic light scattering (DLS, Beckman Coulter, USA).
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Preparation and characterization of agarose/Fe3O4 hydrogels and gelatin/Fe3O4 scaffolds
The agarose/Fe3O4 hydrogels were prepared by dispersing the citrate-modified Fe3O4 NPs in agarose 
hydrogels. At first, 0.1 g agarose was dissolved in 5 mL PBS at 110 °C. After the temperature of the agarose 
solution was cooled to around 40 °C, the citrate-modified Fe3O4 NPs suspension solution was added to 
prepare 1% agarose solution with Fe3O4 NPs at 5 mg mL-1, 10 mg mL-1, and 20 mg mL-1. Agarose hydrogels 
without Fe3O4 NPs were prepared as a control. After vortexing, the mixture was added into cylinder molds 
(Φ10 mm × H4 mm) and immediately transformed into a 4 °C refrigerator for 30 min to form agarose/Fe3O4 
hydrogels. The obtained hydrogels with different NP concentrations were referred to as agarose/Fe3O4-5 
(5 mg mL-1), agarose/Fe3O4-10 (10 mg mL-1), and agarose/Fe3O4-20 (20 mg mL-1).

The porous scaffolds of gelatin and Fe3O4 NPs were prepared by using ice particulate porogen methods[51-61]. 
Firstly, ice particulates with a diameter of 250-355 μm were obtained by spraying Milli-Q water into liquid 
nitrogen and sieved in a low-temperature chamber. Gelatin solution (8%, wt/v) in 70% acetic acid was 
mixed with the citrate-modified Fe3O4 NP suspension solution (1:1, v/v) to obtain gelatin/Fe3O4 NP mixture 
solution. Then, the temperature-balanced ice particulates (-4 °C) were added to the gelatin/Fe3O4 NP 
mixture solution (7:3, wt/v) in a -4 °C chamber, and the final concentrations of Fe3O4 NPs in the mixture 
solution were 5, 10, and 20 mg cm−3, respectively. The mixture was transformed into a silicone frame and 
frozen at -20 °C for 12 h and -80 °C for 4 h. Then, the lyophilized constructs were cross-linked by 
EDC (50.0 mM) and NHS (20.0 mM) in a series of ethanol/water mixture solvents [95/5, 90/10, and 85/5 (v/
v)] each for 8 h. Finally, the cross-linked scaffolds were immersed in 0.1 M glycine solution to block the 
activated residual carboxyl groups. The lyophilized gelatin/Fe3O4 NPs composite scaffolds prepared with 
different concentrations of citrate-modified Fe3O4 NPs were referred to as gelatin/Fe3O4-5 (5 mg cm−3), 
gelatin/Fe3O4-10 (10 mg cm-3), and gelatin/Fe3O4-20 (20 mg cm−3). A control scaffold without Fe3O4 NPs was 
also prepared and referred to as a gelatin porous scaffold. An optical microscope (Olympus, Japan) and a 
scanning electron microscope (SEM, Hitachi S-4800, Tokyo, Japan) were used to observe the gross 
appearances and the inner pore structures of the lyophilized agarose/Fe3O4 hydrogels and gelatin/Fe3O4 
scaffolds.

Magnetic thermal property of Fe3O4 NPs in different matrices
The magnetic thermal properties of free Fe3O4 NPs, agarose/Fe3O4 hydrogels, and gelatin/Fe3O4 porous 
scaffolds were investigated under AMF irradiation. First, 300 μL of free Fe3O4-5, Fe3O4-10, and Fe3O4-20 
solutions were added in 0.5 mL Eppendorf tubes, respectively. The samples were placed in the center of 
Double H CoilSets AMF (Frequency: 373.6 kHz; Field intensity: 130 Gauss) for 10 min using a D5 series 
machine (nB nanoScale BioMagnetics, Zaragoza, Spain). Subsequently, the IR1 thermal imaging system (nB 
nanoScale Biomagnetics, Zaragoza, Spain) was used to record the temperature change of different samples. 
Triplicate samples were used for each measurement.

Similarly, 300 μL of aqueous agarose solution without or with 5 mg mL-1, 10 mg mL-1, and 20 mg mL-1 of 
Fe3O4 NPs were added in 0.5 mL Eppendorf tubes, respectively. All samples were immediately transformed 
into a 4 °C refrigerator for 30 min to form agarose hydrogel, agarose/Fe3O4-5, agarose/Fe3O4-10, and 
agarose/Fe3O4-20 hydrogel samples. Before exposure to AMF, the agarose/Fe3O4 hydrogel samples were 
balanced at room temperature for 2 h. The temperature change of the agarose/Fe3O4 hydrogel samples was 
measured and recorded during 10 min AMF irradiation at 373.6 kHz of frequency and a field intensity of 
130 Gauss. Triplicate samples were used for each measurement.

The gelatin/Fe3O4 porous scaffolds were molded into cylinder discs (Φ10 mm × H4 mm) and hydrated with 
pure water (300 μL/disc) in silicone frames. The gelatin/Fe3O4 porous scaffold discs were exposed to AMF 
for 10 min (Frequency: 373.6 kHz; Field intensity: 130 Gauss), and the temperature change was measured. 
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Triplicate samples were used for each measurement.

Anticancer effect of Fe3O4 NPs in different matrices
The anticancer effect of free Fe3O4 NPs, agarose/Fe3O4 hydrogels, and gelatin/Fe3O4 porous scaffolds was 
investigated by incubating breast cancer cells in the different matrices under AMF irradiation[55-61]. Three 
culture modes were used to simulate the cells directly adhered to, near, or far away from the matrices 
[Figure 1]. The cells were seeded in wells of cell culture plates, and then free Fe3O4 NPs, agarose/Fe3O4 
hydrogels, or gelatin/Fe3O4 porous scaffolds were added to the adhered cells. The hydrogels and porous 
scaffolds were sitting on the adhered cells (sitting mode), which simulated the cells near the matrices. The 
second mode was a transwell mode by seeding cells in the bottom wells of the transwell plates and placing 
the hydrogels and porous scaffolds in the inserts, which simulated the cells far away from the matrices. The 
third mode was an adhesion mode by seeding cells on the hydrogels or in the porous scaffolds to allow the 
cells to adhere to the hydrogels or in the pores of the porous scaffolds, which simulated the cells directly 
adhering to the matrices.

Anticancer effect of free Fe3O4 NPs
The free Fe3O4 NPs could only be added in the culture medium. Therefore, only the sitting mode was used 
for investigating the anticancer effect of free Fe3O4 NPs. The sub-cultured MDA-MB-231-Luc cells were 
harvested and resuspended in a culture medium at a concentration of 2.5 × 105 cells mL−1. A 200 μL cell 
suspension solution was seeded in the wells of a 48-well plate (5 × 104 cells well-1). After culture in a 
humidified incubator (5% CO2, 37 °C) for 24 h, the culture medium was removed, and another 200 μL fresh 
culture medium was added. Then, 300 μL medium, without or with free Fe3O4-5, free Fe3O4-10 and free 
Fe3O4-20, was added to the wells, respectively. After co-incubation for 2 h, the wells were exposed to AMF 
(frequency: 373.6 kHz of; field intensity: 130 Gauss) for 10 min. Cell viability before and after AMF 
irradiation was visualized by live/dead staining and quantitatively analyzed by WST-1 assay. Triplicate 
samples were used for each measurement.

Anticancer effect of agarose/Fe3O4 hydrogels
The three culture modes were used for the investigation of the anticancer effect of the agarose/Fe3O4 
hydrogel. For the sitting mode, the MDA-MB-231-Luc cells were seeded and cultured in the wells of a 48-
well plate, as mentioned above. After the culture medium was changed with another 200 μL fresh medium, 
the agarose and agarose/Fe3O4 hydrogel discs (Φ10 mm × H4 mm) were placed on the cells. After co-
incubation for 2 h, the wells were exposed to AMF (frequency: 373.6 kHz of; field intensity: 130 Gauss) for 
10 min. Cell viability was investigated by live/dead staining and WST-1 assay before and after AMF 
irradiation. Triplicate samples were used for each measurement.

For the transwell mode, the MDA-MB-231-Luc cells were seeded in the centers of the wells of 24-well plate 
by using donut-shaped silicone rings (inner diameter 10 mm, outer diameter: 16 mm, height: 2 mm). The 
seeded cell number was the same (5 × 104 cells well-1). The agarose/Fe3O4 hydrogel discs were placed on the 
transwell inserts and co-cultured with the cells on the bottom wells. The transwell plates containing cells 
and discs were irradiated by AMF (frequency: 373.6 kHz; magnetic field: 130 Gauss) for 10 min. Before and 
after AMF irradiation, cell viability was investigated, as mentioned above. Triplicate samples were used for 
each measurement.

For the adhesion mode, the agarose/Fe3O4 hydrogel discs (Φ10 mm × H4 mm) were put in the wells of a 48-
well plate. Subsequently, 200 μL of cell suspension solution was seeded on the agarose/Fe3O4 hydrogel discs. 
After 2 h incubation, the plates were exposed to AMF (frequency: 373.6 kHz; magnetic field: 130 Gauss) for 
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10 min, and cell viability was investigated, as mentioned above. Triplicate samples were used for each 
measurement.

Anticancer effect of gelatin/Fe3O4 porous scaffolds
The three culture modes were also used for the investigation of the anticancer effect of the gelatin and 
gelatin/Fe3O4 porous scaffolds. All the experiment procedures were the same as those of agarose/Fe3O4 
hydrogel discs by using the porous scaffold discs (Φ10 mm × H4 mm). Triplicate samples were used for each 
measurement.

RESULTS
Characterization of Fe3O4 NPs
The morphology and size of the citrate-modified Fe3O4 NPs were characterized by TEM. As shown in
Figure 2A-C, the NPs displayed a flower-like shape, which should have a good magnetic-thermal conversion
capacity for MH. They had an average size of 30.8 ± 5.7 nm from the TEM images. The hydrodynamic size
of the citrate-modified Fe3O4 NPs was measured in aqueous solution by DLS, and the hydrodynamic size
was 108.5 ± 28.5 nm [Figure 2D].

Characterization of agarose/Fe3O4 hydrogels and gelatin/Fe3O4 porous scaffolds
The agarose/Fe3O4 hydrogel discs are shown in Figure 3A. As the concentration of Fe3O4 NPs increased, the
appearance of agarose/Fe3O4 hydrogel changed from transparent to black. SEM observation of the
lyophilized agarose/Fe3O4 hydrogel discs showed that the agarose hydrogels with different amounts of Fe3O4

NPs had similar structures [Figure 3B]. They had spindle-shaped pores. The gelatin porous scaffold without
Fe3O4 NPs was white, while the gelatin/Fe3O4 porous scaffolds became gray (gelatin/Fe3O4-5), dark gray
(gelatin/Fe3O4-10), and black (gelatin/Fe3O4-20) [Figure 3C]. The gelatin and gelatin/Fe3O4 porous scaffolds
had the same pore structures. They had large spherical pores that were surrounded by some small pores
[Figure 3D]. The large spherical pores were controlled by the ice particulates that were used as a porogen
material. The results indicated that the embedding of Fe3O4 NPs did not affect the pore structures of
hydrogels and porous scaffolds.

Magnetic thermal property of Fe3O4 NPs in different matrices
The magnetic thermal properties of Fe3O4 NPs in PBS, agarose hydrogels, and gelatin porous scaffolds were
investigated by applying AMF (frequency: 373.6 kHz; field: 130 Gauss) for 10 min, and the results are shown
in Figure 4 and Table 1. The temperature of PBS, agarose hydrogels, and gelatin porous scaffolds without
Fe3O4 NPs had no obvious change after AMF irradiation [Figure 4A and Table 1]. The results suggested that
PBS, agarose hydrogels, and gelatin porous scaffolds had no magnetic-thermal conversion capacity in the
absence of Fe3O4 NPs. When Fe3O4 NPs were added to PBS, hydrogels, and porous scaffolds, the
temperature change significantly increased under AMF irradiation.

The temperature change increased with the irradiation time and became plateau after 10 min AMF
irradiation [Figure 4B-D]. The temperature change of free Fe3O4-5, agarose/Fe3O4-5, and gelatin/Fe3O4-5
was 24.1 ± 1.7 °C, 14.0 ± 0.3 °C, and 5.2 ± 0.3 °C, respectively, after 10 min AMF irradiation
[Figure 4B and Table 1]. The temperature change of free Fe3O4-10, agarose/Fe3O4-10, and gelatin/Fe3O4-10
increased to 38.3 ± 1.1 °C, 22.8 ± 1.7 °C, and 9.1 ± 0.5 °C, respectively, after 10 min AMF irradiation
[Figure 4C and Table 1]. The temperature change of free Fe3O4-20, agarose/Fe3O4-20, and gelatin/Fe3O4-20
increased to 65.7 ± 1.4 °C, 33.8 ± 1.0 °C, and 13.2 ± 0.4 °C, respectively, after 10 min AMF irradiation
[Figure 4D and Table 1]. The results indicated that the temperature change of free Fe3O4 NPs, agarose/
Fe3O4, and gelatin/Fe3O4 was positively correlated with the concentration of Fe3O4 NPs. Increasing 
the concentration of Fe3O4 NPs resulted in a bigger temperature change.
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Table 1. Magnetic thermal property of Fe3O4 NPs in different matrices under AMF irradiation [Mean ± SD (n = 3)]

Sample ΔT of PBS (°C) ΔT of agarose 
hydrogel (°C)

Percentage compared 
to free NPs

ΔT of gelatin 
porous scaffold 
(°C)

Percentage compared 
to free NPs

No Fe3O4 NPs 0.7 ± 0.2 1.0 ± 0.2 / 0.8 ± 0.2 /

Fe3O4-5 mg mL-1 24.1 ± 1.7 14.0 ± 0.3 58.1% 5.2 ± 0.3 21.6%

Fe3O4-10 mg mL-1 38.3 ± 1.1 22.8 ± 1.7 59.5% 9.1 ± 0.5 23.8%

Fe3O4-20 mg mL-1 65.7 ± 1.4 33.8 ± 1.0 51.5% 13.2 ± 0.4 20.1%

Figure 2. TEM images of citrate-modified Fe3O4 NPs at low (A), middle (B), and high magnifications (C). Hydrodynamic size 
distribution of citrate-modified Fe3O4 NPs (D).

The free Fe3O4 NPs in PBS showed the highest temperature change. The temperature change was reduced to 
51.5%-59.5% when the Fe3O4 NPs were embedded in agarose hydrogels. The temperature change was 
further decreased to 20.1%-23.8% when the Fe3O4 NPs were embedded in gelatin porous scaffolds. The 
results indicated that the matrix where Fe3O4 NPs were embedded could significantly affect the magnetic-
thermal conversion property of Fe3O4 NPs.

Anticancer effect of free Fe3O4 NPs
MH uses the Fe3O4 NPs to absorb and convert magnetic energy to heat and raise the local temperature, 
thereby killing the cancer cells. In this study, MDA-MB-231-Luc cells were cultured in a culture medium 
supplemented with free Fe3O4 NPs under different concentrations. Cell viability before and after AMF 
irradiation was investigated by live/dead staining and WST-1 assay [Figure 5]. Before AMF irradiation, 
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Figure 3. Gross appearances (A) and SEM images (B) of agarose and agarose/Fe3O4 hydrogels with different concentrations of citrate-
modified Fe3O4 NPs. Gross appearances (C) and SEM images (D) of gelatin and gelatin/Fe3O4 porous scaffold with different 
concentrations of citrate-modified Fe3O4 NPs.

Figure 4. Heating curves of PBS, agarose hydrogels, and gelatin porous scaffolds without Fe3O4 NPs (A) and containing 5 mg mL-1 Fe3O4 
NPs (B), 10 mg mL-1 Fe3O4 NPs (C), and 20 mg mL-1 Fe3O4 NPs (D) during AMF irradiation.
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Figure 5. Anticancer effect of free Fe3O4 NPs. Live/dead staining of MDA-MB-231-Luc cells cultured without or with free Fe3O4 NPs 
before and after AMF irradiation (live cell: green fluorescence, dead cells: red fluorescence) (A). Quantified cell viability during culture 
without or with free Fe3O4 NPs before and after AMF irradiation (B). Cell viability was normalized to that cultured with PBS without free 
Fe3O4 NPs before AMF irradiation. Data are the mean ± SD (n = 3). Significant difference: ***P < 0.001. N.S. : no significant difference.

almost all the cells were alive [Figure 5A]. After AMF irradiation, the cells cultured without Fe3O4 NPs were 
still alive, while almost all the cells cultured with Fe3O4-5, Fe3O4-10, and Fe3O4-20 were dead. The results 
indicated that the cells cultured with free Fe3O4 NPs at a concentration of 5, 10, and 20 mg mL-1 were 
completely killed after AMF irradiation. Some of the dead cells cultured with 20 mg mL-1L free Fe3O4 NPs 
detached from the culture wells.

The WST-1 assay showed that the cells cultured without or with free Fe3O4 NPs had the same high viability 
before AMF irradiation [Figure 5B]. After AMF irradiation, the viability of cells cultured without free Fe3O4 
NPs did not change significantly, while the viability of cells cultured with free Fe3O4 NPs significantly 
decreased after AMF irradiation. Viability of cells cultured with 5, 10, and 20 mg mL-1 free Fe3O4 NPs 
decreased to 10.3% ± 6.9%, 3.1% ± 5.8%, and 2.7% ± 5.2%, respectively. All the live/dead staining and WST-1 
assay results indicated that the breast cancer cells could be killed by the free Fe3O4 NPs under AMF 
irradiation. A higher concentration of free Fe3O4 NPs resulted in a higher killing effect. The killing effect of 
free Fe3O4 NPs should be due to the high temperature generated by free Fe3O4 NPs during AMF irradiation 
[Figure 4]. A higher concentration of the Fe3O4 NPs could generate higher temperatures and enhance the 
killing efficiency.

Anticancer effect of agarose/Fe3O4 hydrogels
The interaction between cells and agarose/Fe3O4 hydrogels should be different from that between cells and 
free Fe3O4 NPs. The cells could be near the hydrogels without adhesion to the hydrogels. The cells could also 
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be far away from the hydrogels or directly adhere to the hydrogels. To simulate these interactions between
the breast cancer cells and hydrogels, three culture modes were used to investigate the MH anticancer effect
of the agarose/Fe3O4 hydrogels. When the MDA-MB-231-Luc cells were cultured near the agarose/Fe3O4

hydrogel discs (sitting mode), most of the cells near the agarose/Fe3O4-5 hydrogel discs were dead, and cell
viability decreased significantly after AMF irradiation [Figure 6A and B]. Almost all the cells near the
agarose/Fe3O4-10 and agarose/Fe3O4-20 were dead, and their viability further decreased to the lowest level.
The cell viability near agarose/Fe3O4-5, agarose/Fe3O4-10, and agarose/Fe3O4-20 decreased to 11.3% ± 4.8%,
3.9% ± 2.2%, and 3.6% ± 5.1%, respectively, after AMF irradiation [Figure 6B]. However, the cells near the
agarose hydrogel discs without Fe3O4 NPs were alive, and their viability did not change before and after
AMF irradiation.

When the breast cancer cells were cultured far away from the agarose/Fe3O4 hydrogel discs (transwell
mode), the agarose/Fe3O4 hydrogels with a high concentration of Fe3O4 NPs (agarose/Fe3O4-10 and
agarose/Fe3O4-20) could kill almost all the cells and significantly decrease cell viability to very low level by
AMF irradiation [Figure 6C and D]. However, only a small number of cells cultured with the
agarose/Fe3O4-5 were killed by AMF irradiation. After AMF irradiation, cell viability in the transwell of
agarose/Fe3O4-5, agarose/Fe3O4-10, and agarose/Fe3O4-20 decreased to 85.7% ± 5.7%, 6.0% ± 3.5% and 2.8% ±
5.9%, respectively [Figure 6D].

The breast cancer cells adhered on the agarose/Fe3O4 hydrogel discs (adhesion mode) were most efficiently
killed by AMF irradiation. Almost all the cells cultured with all the agarose/Fe3O4 hydrogel discs were dead,
and their viability was the lowest compared to the sitting and transwell modes [Figure 6E and F]. Viability
of breast cancer cells adhered on the agarose/Fe3O4-5, agarose/Fe3O4-10, and agarose/Fe3O4-20 decreased to
7.1% ± 1.2%, 2.7% ± 4.6%, and 2.3% ± 6.5%, respectively, after AMF irradiation [Figure 6F]. This should be
due to the direct heating effect of the cells by the agarose/Fe3O4 hydrogels when the cells adhered to the
hydrogels.

Anticancer effect of gelatin/Fe3O4 porous scaffolds
The anticancer effect of gelatin/ Fe3O4 porous scaffolds was investigated by using the same methods as those
used for the agarose/Fe3O4 hydrogels [Figure 7]. The cells cultured with the gelatin porous scaffold before
and after AMF irradiation and with the gelatin/Fe3O4 porous scaffolds before AMF irradiation were alive
with high viability. However, after AMF irradiation, some dead cells were observed in the gelatin/Fe3O4-5
and gelatin/Fe3O4-10, and almost all the cells were dead in the gelatin/Fe3O4-20 when the cells were cultured
near the scaffolds [Figure 7A] or adhered in the scaffolds [Figure 7E]. When the cells were cultured far away
from the scaffolds, a small part of the cells cultured with the gelatin/Fe3O4-20 were killed [Figure 7C]. After
AMF irradiation, the viability of breast cancer cells cultured with gelatin/Fe3O4-5, gelatin/Fe3O4-10, and
gelatin/Fe3O4-20 was 94.2% ± 9.1%, 80.3% ± 7.8%, and 6.2% ± 5.2% in sitting modes [Figure 7B],
99.8% ± 5.0%, 96.0% ± 5.1%, and 87.0% ± 3.4% in transwell modes [Figure 7D] and 90.8% ± 2.5%, 
67.8% ± 3.2%, and 4.7% ± 3.4% in adhesion modes [Figure 7F], respectively.

The above results indicated that the breast cancer cells could be killed by either free Fe3O4 NPs,
agarose/Fe3O4 hydrogels, or gelatin/Fe3O4 porous scaffolds. However, the anticancer effect depended on the
matrices and interactions. The free Fe3O4 NPs showed the highest killing effect, while the gelatin/Fe3O4

porous scaffolds showed the lowest. Matrices used to embed Fe3O4 NPs showed an inhibitory influence on
the killing effect of Fe3O4 NPs. In particular, the porous scaffolds had a more inhibitory influence than the
hydrogels. This should be due to the influence of matrices on the magnetic thermal property of the Fe3O4

NPs. The interaction between breast cancer cells and Fe3O4 NP-embedded hydrogels or porous scaffolds
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Figure 6. Anticancer effect of agarose/Fe3O4 hydrogels. Live/dead staining of MDA-MB-231-Luc cells cultured with the agarose/Fe3O4 
hydrogel discs via sitting (A), transwell (C), and adhesion (E) modes before and after AMF irradiation (live cell: green fluorescence, 
dead cells: red fluorescence). Quantified cell viability during culture without or with agarose/Fe3O4 hydrogel discs via sitting (B), 
transwell (D), and adhesion (F) modes before and after AMF irradiation. Cell viability was normalized to that cultured with agarose 
hydrogel without free Fe3O4 NPs before AMF irradiation. Data are the mean ± SD (n = 3). Significant difference: *P < 0.05, ***P < 0.001. 
N.S. : no significant difference.

could also affect their killing effect. The cells directly adhered to the hydrogels or in the porous scaffolds 
could be more easily killed by AMF irradiation. The cells that were far away from the hydrogels or scaffolds 
were less affected by the heat generated by the Fe3O4 NP-loaded hydrogels or porous scaffolds.

DISCUSSION
Fe3O4 NPs have been widely used for MH because of their excellent magnetic-thermal conversion property. 
Investigation of the influence of matrices surrounding Fe3O4 NPs on the magnetic-thermal conversion 
property and anticancer effect of Fe3O4 NPs is important for the biomedical application of Fe3O4 NPs to 
maximize their therapeutic effect. In this study, the magnetic-thermal conversion property and anticancer 
effect of free Fe3O4 NPs and Fe3O4 NPs embedded in agarose hydrogels and gelatin porous scaffolds were 
compared because agarose hydrogels and gelatin porous scaffolds have been frequently used to embed 
therapeutic drugs and NPs. During AMF irradiation, the temperature change of free Fe3O4 NPs, 
agarose/Fe3O4, and gelatin/Fe3O4 was positively correlated with the concentration of Fe3O4 NPs and 
irradiation time. Increasing the concentration of Fe3O4 NPs resulted in an increase of temperature 
alteration.

The matrices used to embed the Fe3O4 NPs could affect the magnetic thermal properties of Fe3O4 NPs. The 
free Fe3O4 NPs showed the best magnetic thermal properties. Embedding in hydrogels or porous scaffolds 
decreased the temperature change of Fe3O4 NPs during AMF irradiation. The temperature change of Fe3O4 
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Figure 7. Anticancer effect of gelatin/Fe3O4 porous scaffolds. Live/dead staining of MDA-MB-231-Luc cells cultured with gelatin/Fe3O4 
scaffold discs via sitting (A), transwell (C), and adhesion (E) modes before and after AMF irradiation (live cells: green fluorescence, 
dead cells: red fluorescence). Quantified cell viability after culture with gelatin/Fe3O4 scaffold discs via sitting (B), transwell (D), and 
adhesion (F) modes before and after AMF irradiation. Cell viability was normalized to that cultured with gelatin porous scaffold without 
free Fe3O4 NPs before AMF irradiation. Data are the mean ± SD (n = 3). Significant difference: *P < 0.05, **P < 0.01, ***P < 0.001. N.S. : 
no significant difference.

NPs in agarose hydrogels and porous scaffolds was decreased to 51.5%-59.5% and 20.1%-23.8% of that of 
free Fe3O4 NPs, respectively. The results of Fe3O4 NPs embedded in hydrogels were the same as the 
previously reported influence on their magnetic thermal property. Embedding in porous scaffolds further 
decreased the magnetic-thermal conversion capacity of Fe3O4 NPs.

The matrix influence should be due to the variation of Brownian relaxation of Fe3O4 NPs in the matrices. 
The heat generation mechanism of MNPs exposed to AMF includes Néel relaxation and Brownian 
relaxation[62]. Néel relaxation refers to the heating due to the energy loss produced by the rotation of 
individual magnetic moments within the MNPs under AMF irradiation, and Brownian relaxation refers to 
the rotation of entire MNPs to produce heat[63,64]. The Néel relaxation of Fe3O4 NPs in the hydrogels and 
porous scaffolds might not change. However, the matrices should affect the Brownian relaxation of Fe3O4 
NPs. The Brownian relaxation of Fe3O4 NPs under AMF irradiation should be partially suppressed in the 
agarose hydrogel, leading to a decreased heating effect of Fe3O4 NPs. When the Fe3O4 NPs were embedded 
in gelatin porous scaffolds, the Fe3O4 NPs were tightly constrained in the gelatin fibers, and the Brownian 
relaxation of Fe3O4 NPs should be heavily inhibited. Therefore, the Fe3O4 NPs in the gelatin porous scaffolds 
generated heat predominantly through Néel relaxation.

Due to the influence of matrices on the magnetic thermal property of Fe3O4 NPs, the anticancer effect of 
Fe3O4 NPs was also dependent on the matrices. The breast cancer cells cultured with free Fe3O4 NPs were 
most efficiently killed by AMF irradiation. Embedding in agarose hydrogels and gelatin porous scaffolds 



Page 13 of Wang et al. Microstructures 2023;3:2023042 https://dx.doi.org/10.20517/microstructures.2023.46 16

significantly decreased the killing effect of Fe3O4 NPs. Embedding in gelatin porous scaffolds showed the 
lowest killing effect. The decreased anticancer effects of Fe3O4 NPs embedded in agarose hydrogels and 
gelatin porous scaffolds could be explained by the decreased temperature change under AMF irradiation. 
The results of this study revealed that the magnetic thermal property and anticancer effect of Fe3O4 NPs 
were affected by their surrounding microenvironmental matrices. Although cancer cells and normal cells 
have different cytoplasmic properties[65,66] and cancer cells are more sensitive to heat compared to normal 
cells[67,68], the heat generated by Fe3O4 NPs under AMF irradiation should also affect viability of normal cells. 
The influence of Fe3O4 NP-embedded hydrogels and porous scaffolds on normal cell viability needs further 
investigation for controlling temperature to efficiently ablate cancer cells while minimizing negative effects 
on normal cells.

Furthermore, the interaction between the breast cancer cells and the Fe3O4 NPs could affect the killing 
effect. The free Fe3O4 NPs could be uptaken by breast cancer cells and generate heat inside the cells under 
AMF irradiation. When the Fe3O4 NP-embedded agarose hydrogels were applied, the breast cancer cells 
could be adhered to the hydrogel, near the hydrogels, or far away from the hydrogels. For the Fe3O4 NP-
embedded gelatin porous scaffolds, breast cancers could enter the scaffolds and adhere in the scaffolds, near 
the scaffolds, or far away from the scaffolds. Three cultured models (sitting, transwell, and adhesion modes) 
were used to simulate the interaction between the cells and matrices. The Fe3O4 NPs embedded in the 
agarose hydrogels and gelatin porous scaffolds should be less or not uptaken by the cells if the hydrogels 
and scaffolds were not degraded. Therefore, the heat should be generated by the scaffolds and then 
transmitted to the breast cancer cells for ablation. The breast cancer cells adhered to the hydrogels or in the 
scaffolds were most efficiently ablated. The cells far away from the hydrogels and porous scaffolds were less 
affected. The results should be due to the heat transmission effect of the hydrogels and porous scaffolds.

CONCLUSION
In this study, the magnetic thermal property and ablation effect of free Fe3O4 NPs and Fe3O4 NPs embedded 
in agarose hydrogels and gelatin porous scaffolds were investigated to elucidate the influence of 
microenvironmental matrices on these properties. The flower-like Fe3O4 NPs were embedded in agarose 
hydrogels and gelatin porous scaffolds. Their magnetic thermal property and anticancer effects were 
compared with those of free Fe3O4 NPs. Under AMF irradiation, the free Fe3O4 NPs showed the highest 
temperature increase. Embedding in agarose hydrogels and gelatin porous scaffolds inhibited the heating 
capacity of Fe3O4 NPs and decreased the temperature change. The gelatin porous scaffolds had the highest 
inhibitory influence. The anticancer effect of Fe3O4 NPs was also dependent on the matrices. The free Fe3O4 
NPs could most efficiently kill breast cancer cells under AMF irradiation. However, the ablation capacity of 
Fe3O4 NPs embedded in the agarose hydrogels and gelatin porous scaffolds significantly decreased under 
AMF irradiation compared to that of free Fe3O4 NPs. The reduced killing capacity of Fe3O4 NPs in agarose 
hydrogels and gelatin porous scaffolds was due to the inhibitory effect of the matrices on their magnetic 
thermal property. These results suggested that the matrices surrounding MNPs could affect the magnetic 
thermal property of MNPs and, therefore, affect their ablation capacity to cancer cells. The results should 
provide useful information for the design and application of MNPs for biomedical applications.
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Abstract
Cryogenic atom probe tomography (cryo-APT) is a new microstructure characterization technique with the 
potential to address challenges across various research fields. In this review, we provide an overview of the 
development of cryo-APT and the associated instrumentation that transforms conventional APT into cryo-APT. 
We start by introducing the APT principle and the instrumentation involved in the cryo-APT workflow, emphasizing 
the key techniques that enable cryo-APT specimen preparation. Furthermore, we shed light on the research made 
possible by cryo-APT, presenting several recent outcomes to demonstrate its capabilities effectively. Finally, we 
discuss the limitations of cryo-APT and summarize the potential research areas that can further benefit from this 
cutting-edge microstructural characterization technique.

Keywords: Atom probe tomography, cryogenic microscopy, microanalysis, materials characterization, hydrogen 
mapping
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INTRODUCTION
Atom probe tomography (APT) is an advanced microanalysis technique that offers a remarkable way to
visualize the distribution of atoms within materials at the nanoscale in three dimensions (3-D)[1-4]. It boasts
an impressive sub-nanometer spatial resolution and a high chemical resolution. The latter enables it to
achieve precision levels of approximately 20 atomic parts per million (at. ppm) for all elements, regardless of
their atomic masses[2,5]. The combination of these unique abilities allows the research on the distributions of
elements in materials, including those with low atomic mass, such as hydrogen, carbon, and lithium, which
are difficult to analyze using conventional optical or electron microscopes[6-8].

In 1955, Müller made a significant breakthrough by developing and utilizing a field ion microscope
(FIM), which laid the groundwork for the APT technique[9]. Using the FIM, they observed tungsten atoms
on a tungsten tip surface and achieved the world’s first atomic-scale image with an unprecedented
magnification of over 106 times[10]. Later, in 1968, Müller et al. further developed the atom-probe FIM[1],
integrating a mass spectrometer, which enabled the measurement of the time-of-flight (ToF) of evaporated
ions and their mass-to-charge ratios (m/z). This addition provided a chemical resolution to complement the
high spatial resolution of the FIM[11]. In 1970, Brenner and McKinney[12] also made a significant contribution
to the development and application of FIM and APT for the advancements in surface science.

Over the following decades, the continuous improvement in computational power facilitated computer-
assisted experimentation, leading to the development of modern APT instruments. The automation of ion
evaporation experiments, data acquisition, and tomographic reconstruction became possible. The first
commercial APT instrument was developed by the research group at the University of Oxford in the early
1990s[13], which later led to the foundation of Oxford Nanoscience Ltd. with their products of Position-
Sensitive Atom Probe and the subsequent Energy-Compensated Position-Sensitive Atom Probe. In 2001,
Imago Scientific Instruments introduced the commercial APT module, making the APT technique more
accessible to researchers[14]. In 2006, Oxford Nanoscience was acquired by Imago Scientific Instruments.
Subsequently, AMETEK acquired Imago Scientific Instruments in 2010 and merged it with CAMECA,
which became the sole APT instrument manufacturer to date. Since Müller’s pioneering work in the 1950s,
APT has found extensive use in various fields of research and development. Figure 1 depicts the increasing
number of APT-related publications by year in the Web of Science database, reflecting the growing
adoption of APT analyses. This technique has made significant contributions to advancements in materials
science[7,15], biology[16], chemistry[17], physics[18,19], geoscience[20], medicine[21], and energy science[15].

As depicted in Figure 2, to induce this field evaporation, a needle-shaped specimen with a tip diameter less
than 100 nm is necessary. The required sharp tips can be created using either electropolishing or focused
ion beam (FIB) annular milling techniques[22]. In the APT process, a high voltage of 2-15 kilovolts (kV) is
applied to the needle specimen, generating a powerful electric field at the apex of the tip. This electric field is
strong enough to strip the outer-shell electron(s) from the atoms at the apex and ionize them. Once ionized,
the charged particles are directed by the electric field toward a grounded, time-sensitive detector. The time
taken for the ions to travel from the evaporation point to the detector gives the ToF information. To
precisely determine the timing of the evaporation process, controlled pulsing with a marginal energy input
is applied to the APT tip specimen. The tip is at a constant high voltage of several thousand volts, which is
close to the threshold of the level required for field evaporation, and the ion evaporation only takes place
when the additional pulsing energy is applied. This energy pulsing can be achieved by using either of the
two methods -voltage pulsing and laser pulsing using a focused beam shed on the apex of the specimen,
which leads to voltage mode and the laser mode of modern APT, respectively[23].
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Figure 1. Numbers of Web of Science publications by year using a search term of “atom probe”.

Figure 2. Schematic illustration of the principle and essential components of APT.

Both modes of APT experiments require conducting the analysis on a cryogenic stage [Figure 2] at a 
temperature range of 30 to 80 Kelvin (K). This low temperature is crucial to minimize thermal vibrations 
that could otherwise compromise the spatial resolution of the final ion images. In the case of laser-pulsing 
APT, special attention is needed because the laser beam can potentially heat up the apex, causing the actual 
tip temperature to deviate from the set temperature. To deduce the m/z of the detected ions in APT, the 
ToF and the flight path (L) of the APT instrument are taken into account. The m/z values are derived from 
the conservation of electric potential energy (Ee) and kinetic energy (Ek) of the ions, represented by the 
equation:

where Q represents the ionization state of the ion, e is the fundamental electric charge, V is the voltage at 
which ion evaporation takes place at the tip, m is the mass of the ion, and v is the speed of the ion from the 
tip to the detector over the flight length (L) during a ToF measurement. The m/z can be related to ToF (t) 
through:
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Apart from providing excellent chemical resolution, the APT analysis also offers valuable spatial
information. This is achieved by using a position-sensitive ion detector that enables the back projection of
the spatial origins of ions based on the nominal ion trajectory path in the equipment [Figure 2][1,2]. As a
result, a 3-D reconstructed atom map is produced, providing a detailed visualization of the atomic
arrangement within the material under investigation.

To achieve the ultra-high vacuum required for ion evaporation and detection, the modern Local Electrode
Atom Probe instrument (LEAP, developed by CAMECA) employs a three-chamber system[13]. The first
chamber, known as the “load lock”, is responsible for pumping down from ambient pressure to around
10-5 Pa. Once this step is completed, the APT specimen can be transferred to the second chamber, called the
“buffer” chamber, which maintains a constant pressure of approximately 10-7 Pa. Finally, the APT specimen
is moved to the "analysis chamber", where the pressure is maintained below 10-9 Pa. This chamber is
equipped with various components, including the specimen cooling system, the ion detector for ToF
measurements, and the pulsing system.

In 2017, the groundbreaking development of cryogenic electron microscopy (cryo-EM) was honored with
the Nobel Prize in Chemistry[24]. This prestigious award recognized the seminal progress made in cryogenic
specimen handling, enabling electron microscopy specimens to be rapidly cooled to extremely low
temperatures and maintained in a "frozen" state throughout the transfer process. The key to this
advancement lies in the ability to quickly quench the specimens, leading to the formation of amorphous ice
from the water within them. This amorphous ice prevents ice crystallization, which could otherwise damage
delicate structures during slow cooling processes[25]. The innovation in cryo-specimen transfer has opened
up exciting possibilities for preserving biological specimens in their natural states before observation in
electron microscopes[26]. This breakthrough also served as inspiration for the development of a cryo-
specimen handling workflow dedicated to APT by Gerstl and Wepf[27]. This adaptation of cryogenic
techniques created opportunities to apply APT to soft matter and specimens containing diffusive solutes,
which require low temperatures to immobilize them. Following their pioneering work at ETH Zurich, other
APT laboratories have invested substantial efforts in enhancing and innovating cryo-workflows and
applications, leading to the emergence of a new microanalysis technique called cryogenic APT (cryo-
APT)[28-32]. This cutting-edge approach represents a promising frontier in the field of microanalysis.

CRYO-APT
When it comes to cryo-APT analysis, the critical aspect lies in maintaining the low temperature of the 
specimen between its preparation and the actual APT analysis. This involves two key processes: the "cryo-
transfer" (cryogenic transfer) to keep the specimen at a low temperature and the "cryo-specimen fabrication" 
to create the specific APT tip geometry. It is important to mention that the temperatures used for cryo-
specimen fabrication and cryo-transfer can vary depending on the purpose, the type of coolant used, and 
the efficiency of thermal conduction from the coolant. Generally, temperatures ranging from 120 to 140 K 
are required for forming vitrified ice, which helps prevent damage during ice crystallization in biological 
specimens[26]. On the other hand, temperatures around 150 K are necessary to inhibit the desorption of 
diffusive hydrogen solute from a metallic specimen[33,34].

The cryo-transfer process involves plunge-freezing or direct cooling in liquid nitrogen, which allows the 
specimen to reach temperatures as low as 77 K. Using liquid helium enables reaching even lower 
temperatures of around 4 K. However, in an indirect cooling process, the lowest temperature that the 
specimen can achieve is somewhat compromised due to limitations in thermal conduction efficiency at 
various interfaces of the physical components. As a rule of thumb, utilizing copper bands for cooling with 
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liquid nitrogen can reach temperatures as low as 120 K. These experimental details are crucial to enable 
successful cryo-APT analysis and open up new possibilities for research in this field.

Cryo-transfer
The success of cryo-transfer for cryo-APT tips depends on three critical factors: environmental moisture 
that may come into contact with cryo-specimens, the cooling process, including potential heat absorption 
from the surroundings to the cryo-specimens, and the evacuation process required to reach the UHV levels 
necessary for the APT experiment[29,35]. Out of these factors, the presence of moisture in the working space is 
particularly crucial in cryo-APT experiments. When a sharp tip is exposed to moisture, it can lead to frost 
formation on the surface of the tip, which compromises the required sharpness for APT field 
evaporation[36]. Therefore, it is imperative to conduct cryo-transfer for APT specimens in an extremely dry 
environment. This can be achieved by using a glovebox purged with dry, non-reactive gases such as 
nitrogen and argon. Figure 3A provides an example image of a glovebox used for cryo-APT.

After preparing and treating the specimen inside a glovebox, the next step in cryo-APT involves transferring 
the cooled specimen from the glovebox to either a FIB system for further tip-shaping or directly to the APT 
measurement setup. To accomplish this, a specimen loading mechanism is utilized. As shown in the inset of 
Figure 3A, this connection is achieved using a vacuum specimen carrier, often referred to as a "suitcase". 
The suitcase is equipped with a specimen stage containing a cold finger that connects to a dewar (indicated 
by the blue arrow). The cryo-and-vacuum suitcase requires a docking mechanism to connect it to the 
glovebox (shown as red circles in Figure 3A). Before the cryo-specimen is transferred into the suitcase 
through a loadlock (indicated by the green arrow in Figure 3A). The loadlock needs to be pre-evacuated to 
sufficiently low pressure, similar to that of the loadlock of the APT instrument, typically between 10-5 and 
10-6 Pa. This ensures a seamless transition of the specimen into the APT vacuum chambers. Additionally, 
the loadlock of the glovebox must be connected to a dewar (blue arrow in Figure 3A) that can be filled with 
coolant to cool the specimen docking stage before it comes into contact with the cryo-specimen[34]. Once the 
specimen reaches the desired low temperature and pressure, it is removed from the loadlock using a long 
magnetic-coupling transfer arm (the long rod on the left side of the inset in Figure 3A).

During the process of removing the specimen, the transfer arm operating at room temperature can 
inadvertently introduce heat, jeopardizing the cryogenic state of the specimen. To counteract this issue, it is 
necessary to use a thermos-insulating washer, which can be made of polyetheretherketone (PEEK), as 
shown by the red arrow in Figure 3B, which also shows the APT specimen carrier "puck" (the orange 
component) for commercial LEAP instruments. In commercial LEAP systems, a carousel is employed to 
facilitate the movement of specimens across various chambers, including the loadlock, buffer, and analysis 
chambers. To handle cryo-specimens, the carousel also requires a thermo-insulating adaptation. Figure 3C 
illustrates the need for a special carousel with a cryo-specimen docking slot made of PEEK to ensure proper 
cryo-transfer (red arrow). In addition to the cryo-transfer workflow shown in Figure 3 at the University of 
Sydney, Perea et al. developed a vacuum-cryo-transfer system at the Pacific Northwest National Laboratory 
in the US, which allows APT tips to expose a range of reactive gases such as hydrogen, oxygen, and carbon 
monoxide[28]. This new instrumentation opens up the possibility of applying APT for catalytic research at 
the nanoscale, relatable to the dimension of APT tips.

Using the specialized cryo-transfer components mentioned earlier, a typical workflow for pre-sharpened tip 
specimens mounted on a puck unfolds as follows: Firstly, the specimen undergoes the desired treatment 
process inside the glovebox, such as electrolytic hydrogen charging as demonstrated in[33,34]. Subsequently, 
the specimen is directly plunge-frozen in liquid nitrogen and then loaded into the pre-cooled loadlock of 
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Figure 3. Auxiliaries for enabling cryogenic APT specimen transfer. (A) Glovebox with a dewar (blue arrow) and a loadlock (green 
arrow) with a cooling stage and turbo pump. The inset shows a specimen-transfer suitcase (by Ferrovac) equipped with a cooling finger 
connecting to a dewar (blue arrow). Red circles show the docking port connecting the loadlock and the suitcase. (B) Cryo-puck with a 
thermo-insulating washer (red arrow). (C) Cryo-carousel compatible with commercial APT system (LEAP by CAMECA) with a slot 
dedicated to cryo-specimen (red arrow), which is distinct from a normal metallic slot (blue arrow). (D) Commercial APT instrument 
(LEAP 4000 XS) with a suitcase attached.

the glovebox (indicated by the green arrow in Figure 3A). The loadlock is indirectly cooled with a cold 
finger, which needs to be pre-evacuated to sufficiently low pressure typically between 10-5 and 10-6 Pa, which 
is similar to the level of the loadlock of a commercial APT instrument. The puck, containing the cryo-
specimens, is then evacuated within the loadlock before being transferred to the pre-cooled vacuum suitcase 
[Figure 3A inset] using the transfer arm. Next, the entire suitcase, along with the cryo-specimen, is 
transported to the APT instrument. A docking port is essential for accepting the specimen transferred from 
the suitcase (Arrow #1 in Figure 3D). Once the suitcase is connected to the APT loadlock, the cryo-
specimen is moved into the pre-cooled PEEK slot within the cryo-carousel [Figure 3C]. The cryo-carousel is 
then shifted into the buffer chamber (Arrow #2 in Figure 3D) before loading the cryo-puck/specimen into 
the cryo-stage in the analysis chamber for APT measurement (Arrow #3 in Figure 3D). To measure the 
specimen temperature, a method utilizing the temperature response of the cryo-stage after cryo-specimen 
loading was demonstrated in[34].

Cryo-specimen fabrication
The process of cryo-APT specimen fabrication is complex due to its stringent geometric requirements. The 
specimen must have a tip diameter of less than 100 nanometers while maintaining a low-temperature 
working condition. Electropolished metallic specimens with good mechanical strengths (see[37,38] for 
electropolishing) can undergo direct plunge-freezing in coolants after treatments such as deuteration[33,34] 
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and corrosion[39]. After treatment, these specimens can proceed with cryo-transfer[33,34,40]. However, this pre-
sharpening method is most effective when the materials being studied have uniform distribution and high 
density of microstructural features of interest, such as nanosized precipitates or grain boundaries (GBs) in 
fine-grain materials[33,34,40]. For specimens that require extracting a specific region of interest (ROI) from a 
bulk specimen, it is essential to use a FIB fabrication method that is compatible with low temperatures, 
often referred to as cryo-FIB[41-46].

Cryo-FIB necessitates cooling not just the specimen stage but also the lift-out micromanipulator[39]. Both 
can be achieved by connecting a flexible copper cold band finger to the coolant[36]. The process of FIB lift-
out involves trenching and extracting the ROI in a bar [Figure 4A1]. Subsequently, the bar is attached to the 
micromanipulator, which requires using a gas injection system (GIS) and targeted electron beam deposition 
to create the attachment or weld. Typically, this weld is made of platinum or carbon. After attachment to 
the micromanipulator, the bar is removed from the trench and placed onto the pre-sharpened microposts 
for further tip shaping.

However, working with both the specimen and the micromanipulator at cryogenic temperatures presents a 
challenge. The GIS deposition cannot function as usual since the injected gas will non-selectively condense 
onto the surfaces of both the specimen and the micromanipulator, hindering the site-specific attachment[22]. 
To address this challenge, Schreiber et al. developed a method to lift out and attach a frozen specimen onto 
the micromanipulator and the cooled micropost[39]. They utilized debris from the ion milling process of the 
cryo-specimen, which can re-deposit/condense onto the low-temperature surfaces. This creates site-specific 
nano-welds, enabling the cryo-specimen attachment to the micromanipulator and pre-sharpened micropost 
without requiring the GIS [Figure 4A2-A5]. This innovative method was successfully used to attach a lift-
out bar containing frozen water and water-corroded glass onto a silicon (Si) micropost [Figure 4A6]. This 
breakthrough allowed for the fabrication and analysis of an APT tip incorporating both frozen water and 
corroded glass [Figure 4B1 and B2] after annular milling.

For cryo-specimens where the ROIs are not buried and are identifiable at the surface of the specimen (as 
shown in Figure 4), El-Zoka et al. developed a method using plasma FIB (PFIB)[32,47]. PFIB offers higher ion 
milling efficiency compared to conventional gallium FIB, allowing for direct shaping of a tip from the 
surface of a bulk specimen. This approach avoids the need for a cryo-manipulator and cryo-attachments. 
The bulk specimen they worked with was nanoporous gold (NPG), which is inherently conductive and, 
hence, suitable for the APT field evaporation experiment. Additionally, the NPG incorporated frozen heavy 
water (D2O ice) as the specimen for analysis within its nanopores[32] (see[15] for the need of using heavy 
water). The scanning electron microscope (SEM) images displayed in Figure 5 illustrate the specimen 
preparation process, showing the NPG before tip shaping [Figure 5A], during sharpening [Figure 5B], and 
after tip fabrication at low and high magnifications [Figure 5C and D, respectively]. The use of PFIB in 
cryo-preparation has expanded the possibilities for APT analysis of nanosized specimens that can be carried 
in water and subsequently frozen in ice[32,47].

Besides the mentioned developments in cryo-FIB specimen preparation, significant progress has also been 
achieved in the cryo-electron microscopy community[48-52]. On the APT side, there are noteworthy outcomes 
that deserve attention, such as those for biomineral materials[53-58], poly(3-alkylthiophene)[58,59], biomolecules 
adhered on aluminum substrate tips[60], ferritin embedded in epoxy resin[61], immunoglobulin (IgG) 
embedded in a silica glass matrix[62], and mammalian cells fixed between gold layers[63]. These breakthroughs 
have expanded the scope and capabilities of cryo-microscopy, facilitating the investigation and 
understanding of diverse biological and mineral specimens at fundamental scales.
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Figure 4. Micrographs from the cryogenic FIB lift-out process of a buried frozen water/solid interface: (A1) ROI trenching, (A2 and A3) 
lift-out, (A4) placing the lift-out bar on a silicon (Si) micropost, (A5) nano-welds by the re-deposition of the milled debris, (A6) 
detachment of the lift-out bar, and (A7) high-resolution image the cryo-specimen before annular milling. (B1) APT tip containing the 
interface of frozen water and corroded glass after annular milling, and (B2) the high-resolution image of (B1). Reproduced with the 
permission of Ref.[39] Copyright 2023, Elsevier.

RESEARCH ENABLED BY CRYO-APT
The advancements in cryo-transfer and cryo-specimen fabrication have resulted in groundbreaking 
scientific discoveries across various research fields. This section aims to showcase the successes achieved 
through the application of cryo-techniques, which have extended the utility of APT beyond its conventional 
areas of use.

Hydrogen in metals and alloys
Hydrogen can cause a reduction in the strength and ductility of metals and alloys, a phenomenon known as 
hydrogen embrittlement[64,65]. Understanding the location of hydrogen atoms in materials is crucial as it 
allows for correlations with microstructural sites that may be susceptible to hydrogen-induced cracks or 
capable of trapping detrimental hydrogen solutes, preventing them from participating in the embrittling 
process. This knowledge has given rise to a material design concept for hydrogen-embrittlement-resistant 
alloys, where hydrogen "traps" are introduced to create safe sites that can accommodate hydrogen solutes in 
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Figure 5. APT specimen preparation from a bulk nanoporous gold (NPG) with frozen heavy water (D2O ice) in a plasma FIB. (A) NPG 
and D2O ice before annular milling with the 200- and 75-μm milling patterns. (B) D2O ice/NPG pillar during ion milling. (C) Ice/NPG tip 
after milling. (D) High-resolution view of the final APT tip. Reproduced with the permission of Ref.[32] Copyright 2023, Science 
Advances.

the metallic microstructure[66]. Among these traps, dispersoids, such as second-phase precipitates, are of 
great interest as they enhance material toughness while reducing the diffusible hydrogen content in the 
matrix[67].

APT exhibits exceptional sensitivity to light elements, including hydrogen, making it a promising technique 
for hydrogen mapping in materials. However, the high diffusivity of hydrogen in metals and alloys, 
regardless of the presence of traps, poses challenges, as hydrogen-charged metallic specimens are prone to 
desorption and signal loss. Recent advancements in cryo-transfer have enabled the study of frozen-in-place 
hydrogen atoms in metals and alloys using APT[40,46,68-73]. To ensure high-quality APT hydrogen analyses, a 
key experimental requirement is introducing deuterium (2H or D) into APT tip specimens. Deuterium is a 
less-abundant isotope of hydrogen with a similar chemical reactivity but an additional neutron, resulting in 
higher atomic mass (and slightly lower diffusivity) than protium (1H), the most abundant hydrogen isotope. 
Charging deuterium into APT specimens allows the distinction of experimentally introduced signals from 
the hydrogen background noise arising from the residual gas in the APT chamber[15]. While some studies 
have shown that using hydrogen charging can also provide qualitative measurements of hydrogen 
trapping[74], deuterium charging has been demonstrated to reduce ambiguity in observations[15]. 
Furthermore, deuterium charging must be combined with voltage-pulsed APT, as laser-pulsed APT can 
produce a significant amount of 1H2

+ peak at 2 m/z, leading to confusion when assigning 2 m/z to deuterium 
(2H+)[75]. A comprehensive discussion on using APT for high-quality hydrogen mapping can be found in a 
recent review[15]. The following section will present several example findings made possible by cryo-APT.
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Steels
In 2010, Takahashi et al. made a significant breakthrough by reporting the first high-resolution hydrogen
mapping using APT in ferrite steel containing titanium carbides (TiC), as displayed in Figure 6A[73]. They
achieved this successful analysis by employing a custom gaseous deuteration cell with thermal control on
the APT tip specimens. This allowed for controlled heating during tip deuteration and subsequent
quenching, facilitating the uptake of deuterium and minimizing its desorption thereafter. The study
revealed that the trapped deuterium atoms (represented by red spheres in Figure 6A) were localized in
regions where titanium and carbon atoms clustered, indicating hydrogen trapping at TiC. Subsequently,
Takahashi et al. demonstrated another successful analysis of trapped deuterium atoms in vanadium carbides
(VC) within a VC precipitation-strengthened steel, as shown in Figure 6B[76]. More recently, Takahashi et al.
utilized cryo-APT to correlate VC-trapped deuterium with the crystal orientation of VC in a peak-aged VC
steel, as depicted in Figure 6C[77]. This study provided valuable insights into the specific (001) plane trapping
of deuterium in the VC, further expanding the capabilities of cryo-APT in unraveling intricate hydrogen-
microstructure relationships. These studies showcase the potential of cryo-APT in advancing our
understanding of hydrogen behavior in steels.

Apart from the work by Chen et al. have also made contributions to observing hydrogen trapping in 
steels[40]. Instead of using a custom gaseous charging deuteration cell, they opted for a route using 
heavy water electrolysis for tip deuteration[40]. This approach generated a substantially higher
deuterium pressure (or fugacity) compared to the gaseous method used by Takahashi et al., leading to
improved data statistics of deuterium atoms in APT reconstruction[73]. This allowed for a more
unambiguous observation of hydrogen trapping sites. As shown in Figure 7A, Chen et al. utilized cryo-APT
to demonstrate the presence of trapped deuterium within vanadium-molybdenum-mixed (V-Mo) carbides,
which possess a rocksalt (NaCl) structure in a ferritic steel matrix[40]. The left figure in Figure 7A represents
a 10-nm-thick slice displaying deuterium and vanadium in red and blue, respectively. The right figure
presents a statistical analysis, superimposing all identified V-Mo carbides from the APT dataset. This
analysis reveals the distributions of deuterium in relation to other carbide-related elements (V, Mo, and C).
The elemental distribution profile indicates that deuterium atoms mainly localize within the V-Mo carbides
rather than at the interfaces of the carbides. As discussed, Chen et al. attributed this result to the presence of
carbon vacancies in the V-Mo carbides[15].

Subsequently, Chen et al. applied the same experimental method to examine hydrogen trapping in niobium
carbide (NbC) precipitates, as shown in Figure 7B[34]. Similar to the V-Mo carbides, the NbC also possesses a
NaCl structure in a ferritic steel matrix but with fewer carbon vacancies. The top right figures in Figure 8B
display 2-D slice views of the NbC precipitates and trapped deuterium (as schematized in the bottom left
figure), revealing the hydrogen trapping at the NbC-ferrite interface. The bottom right figures in Figure 7B
illustrate concentration profiles from two NbC precipitates (as schematized in the bottom left figure),
confirming the interface hydrogen trapping of NbC. The combination of results from Figure 7A and B
provides a comprehensive depiction of hydrogen trapping mechanisms in metal carbides with a NaCl
structure. In addition, Chen et al. utilized cryo-APT to achieve the first-ever high-resolution observations of
hydrogen segregation at dislocations and GBs, further demonstrating the power of cryo-APT in advancing
research on hydrogen trapping and embrittlement in steels[34]. These groundbreaking findings have opened
up new avenues for understanding the behavior of hydrogen in complex materials and its implications for
material performance and design.

Aluminum alloys
Pristine aluminum (Al) and its alloys have a natural ability to form a protective aluminum oxide layer when
exposed to oxygen, which shields them from further oxidation or corrosion. However, when these metals
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Figure 6. Observations of hydrogen (actually deuterium) atoms in steels by using cryo-APT. (A) 3-D atom maps of uncharged and 
deuterium-charged specimens of a TiC precipitation-strengthening steel. Reproduced with the permission of Ref.[73] Copyright 2010, 
Elsevier. (B) 3-D atom maps of deuterium-charged specimens of the VC precipitation steel. Reproduced with the permission of Ref.[76] 
Copyright 2012, Elsevier. (C) 3-D atom maps of a VC with trapped deuterium atoms. Reproduced with the permission of Ref.[77] 
Copyright 2018, Elsevier.
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Figure 7. Cryo-APT observations of hydrogen trapping in metal carbides in ferrite steels. (A) APT analyses of a deuterium-charged 
ferritic steel containing V-Mo carbides. Reproduced with the permission of Ref.[40] Copyright 2017, The American Association for the 
Advancement of Science. (B) APT analyses of a deuterium-charged ferritic steel containing NbC. Reproduced with the permission of 
Ref.[34] Copyright 2020, The American Association for the Advancement of Science.

Figure 8. APT analyses deuterium-charged Al-Zn-Mg-Cu alloys. (A) 2-D slice views that include Al3Zr dispersoids and (B) 1-D 
concentration profile from the arrow in (A). (C) 2-D slice views that include Al2CuMg S phase and (D) 1-D concentration profile from 
the arrow in (C). Scale bars in (A, C) represent 30 nm. Reproduced with the permission of Ref.[79] Copyright 2022, Springer Nature.

come into contact with water (H2O) or oxidize in a moist environment, hydrogen can be produced as a by-
product during the oxidation process. This hydrogen can then permeate the metal matrix and lead to 
hydrogen embrittlement, compromising the mechanical properties of materials[78]. To enhance the 
microstructures of aluminum alloys and improve their resistance to hydrogen attack, it is crucial to 
investigate how hydrogen can be trapped within the material. Using APT plays a vital role in this endeavor.

Recently, Zhao et al. achieved success in using cryo-FIB to fabricate cryo-APT specimens and measure 
trapped deuterium in aluminum alloys[79]. The team provided the first direct observations of hydrogen 
trapping in Al3Zr dispersoids (shown in Figure 8A and B) and the Al2CuMg second phase (commonly 
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referred to as the S phase, shown in Figure 8C and D). Figure 8A reveals co-located clusters of Zr, a 
component of the Al3Zr dispersoids, along with hydrogen (H) and deuterium (D), indicating that hydrogen 
and deuterium are trapped within these dispersoids. Figure 8B displays a 1-D concentration profile across 
the dispersoid, confirming the presence of trapped hydrogen and deuterium. Figure 8C presents atom maps 
showing the distribution of Al (matrix), Mg (S phase), and the trapped hydrogen and deuterium. Figure 8D 
shows the corresponding 1-D concentration profile from the region marked in the Mg map of Figure 8C. 
These findings offer valuable insights into the specific microstructures in aluminum alloys that have the 
capability to trap hydrogen, thus contributing to the development of materials that are more resistant to 
hydrogen embrittlement.

Titanium alloys
Titanium (Ti) alloys are highly sought after for aerospace applications due to their exceptional strength-to-
weight ratio and corrosion resistance. However, Ti alloys are susceptible to hydrogen embrittlement, a 
phenomenon where hydrogen combines with the metal to form brittle hydride, leading to crack initiation 
and propagation[65]. Characterizing the hydride and its impact in Ti alloys using conventional FIB and APT 
has been challenging, primarily because of the rapid formation of hydrides during specimen preparation, 
such as in FIB, where hydrogen is often present as a residual gas in the environment. This tendency to 
absorb environmental hydrogen and form artifact hydrides has caused significant confusion in material 
characterization when trying to identify the true origin of hydrides.

As such, Chang et al. developed specimen preparation methods using cryo-PFIB and cryo-APT to analyze 
commercially pure Ti (CP Ti) and a Ti-6Al-2Sn-4Zr-6Mo alloy (referred to as Ti6246) in their pristine 
states[46]. The researchers employed hydrogen-sensitive APT to examine tip specimens prepared by 
electropolishing, conventional Ga FIB, Xe PFIB operating at room temperature, and cryo-PFIB. Their 
findings revealed that only cryo-PFIB provided hydride-free APT tips, as depicted in Figure 9. 
Figure 9A and B displays the CP-Ti and Ti6246 samples prepared using conventional FIB, showing the 
presence of artifact hydrides or significant hydrogen uptake from the FIB environment. On the other hand, 
Figure 9C and D demonstrates that using cryo-PFIB produced hydride-free APT results for CP-Ti and 
Ti6246, allowing for the analysis of the beta phase, which is prone to hydrogen uptake, with low hydrogen 
content [Figure 9D]. These results suggest a promising path to enhance the quality of high-resolution 
hydrogen analysis in Ti-based alloys by utilizing cryo-APT and cryo-FIB.

Liquid and organic specimens
The research in analyzing mobile hydrogen atoms in metals has showcased the capabilities of cryo-APT and 
cryo-FIB workflows to achieve low temperatures. This breakthrough has paved the way for their application 
in the analyses and preparation of biological specimens, which predominantly consist of water and have 
poor conductivity. However, the existing knowledge of APT and its instrumentation is primarily geared 
towards conductive materials, especially metals. How organic and ice specimens can behave in APT 
evaporation experiments is still largely unknown, which could impede the data interpretation in the 3-D 
atom reconstruction.

As such, Schwarz et al. conducted APT analysis on ice using cryo-specimen fabrication and laser-pulsed 
APT, resulting in the collection of several tens of millions of atoms, as shown in the mass spectrum in 
Figure 10A[80]. The analysis identified several primary peaks related to ice evaporation, with the top five 
peaks in relative intensity being H3O+ at 19 m/z, (H2O)H3O+ at 37 m/z, (H2O)2H3O+ at 55 m/z, (H2O)3H3O2+ 
at 36.5 m/z, and (H2O)3H3O+ at 73 m/z (note the logarithmic scale). Building upon this achievement, 
Schwarz et al. performed another analysis on an aqueous solution saturated with glucose (chemical formula: 
C6H12O6) to demonstrate the ability of APT to distinguish glucose peaks from ice peaks[81]. Figure 10B serves 
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Figure 9. APT analyses of commercially pure Ti (CP Ti) and Ti6246 alloy. (A and B) are the atom maps and the corresponding 
concentration profiles of CP Ti and Ti6246, respectively, using conventional FIB specimen preparation at room temperature. (C and D) 
are the counterparts using cryo-PFIB, which show the low extent of hydrogen uptake from the specimen preparation processes. Scale 
bars are 20 nm. Reproduced with the permission of Ref.[46] Copyright 2019, Springer Nature.

as a reference for the peaks related to ice, displayed on a logarithmic scale. Figure 10C presents the peaks
associated with glucose, with higher m/z (> 100 m/z), depicted on a linear scale, and these peaks are clearly
distinguishable from the ice peaks. These results exemplify the potential of APT in studying organic species
encapsulated in an ice APT tip. Following the successes, Meng et al. further utilized cryo-APT and cryo-
FIB to analyze organic specimens, focusing on the fragmentation behavior of linear alkane chains, such as
n-tetradecanes[42]. In their preliminary study, they discovered an extremely intricate fragmentation behavior,
with numerous peaks associated with the CxHy ion species, where x can vary from 1 to 15. These findings
open up new possibilities for studying organic compounds using cryo-APT and cryo-FIB techniques.

Schreiber et al. successfully employed the cryo-lift-out method (as shown in Figure 4) for cryo-APT
specimens containing ice and non-homogeneous microstructures[39]. Their success resulted in the first APT
dataset that captured an interface between alkaline solution corroded glass and ice from the solution. In
Figure 11A, the 3-D reconstruction of the APT dataset is depicted with purple isoconcentration surfaces
(isosurfaces), highlighting areas rich in lithium (Li) and sodium (Na) that reveal the chemical heterogeneity
in the alkaline ice. Additionally, green calcium ions are displayed in Figure 11A, representing the location of
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Figure 10. (A) APT mass spectrum of pure water. Reproduced with the permission of Ref.[80] Copyright 2020, Springer Nature. 
(B and C) are APT mass spectra of a supersaturated glucose aqueous solution in a logarithmic scale from 0 to 100 m/z and in a linear 
scale from 100 to 220 m/z, respectively. Reproduced with the permission of Ref.[81] Copyright 2021, Springer Nature.

Figure 11. 3-D APT atom map and proximity histograms across the alkali-rich/alkali-poor interface in water and across the 
water/corroded glass interface. (A) 3-D APT atom map and proximity histograms across (B) the alkali-rich/alkali-poor interface in 
water and (C) across the water/corroded glass interface. Error bars indicate 1-sigma from standard counting error. Reproduced with 
the permission of Ref.[39] Copyright 2018, Elsevier.
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the corroded glass substrate at the bottom and their presence in the top ice region from the alkaline
solution. Figure 11B presents the proximity histogram (proxigram) of local composition, confirming the
variance of Li + Na concentration (magenta) and distinguishing it from the concentration profiles of other
non-background elements such as Si and oxygen (O). In Figure 11C, the proxigram of the local composition
near the solution-glass interface confirms the high concentration of calcium (Ca), indicating the location of
the glass substrate. These results demonstrate the power of combining cryo-APT and cryo-FIB to site-
specifically capture microstructural features of interest in ice, thereby opening up new applications for these
techniques in biological specimens, such as cells that primarily consist of water.

Energy storage materials
The push to develop long-lasting and high-capacity energy storage materials in order to reduce reliance on
carbon-based fossil fuels has gained significant momentum. APT, with its ability to offer high-resolution
mapping of light elements such as Li, holds great promise in this research field for developing improved
battery materials[82].

However, when it comes to using APT for nanoscale Li mapping in battery materials, including anodes,
cathodes, and electrolytes, a major challenge arises from in-situ delithiation and Li redistribution during
APT experiments. The strong electrostatic field used in APT, along with the thermal migration caused by
the laser beam, often leads to Li loss and inaccurate distribution in measurements, as observed in previous
studies[83,84]. Since many battery materials are reactive to air or ambient moisture, using glovebox, vacuum
transfer, and cryo-transfer for accurate measurement of Li distribution has been considered. However,
Kim et al. found that neither vacuum nor cryo-transfer provided satisfactory APT measurements[85]. In one
example dataset using a LiNi0.8Co0.1Mn0.1O2 (NMC811) cathode material and laser-pulsed APT with a
specimen temperature of 60 K and low laser energy of 5 pJ, a nominally homogeneous distribution of Li was
expected. However, a non-homogeneous distribution was measured, with higher Li concentration at the top
and lower concentration underneath due to in-situ delithiation in APT [Figure 12A].

Interestingly, in Figure 12B, the authors observed contrasting results when the specimen was transferred in
air and at room temperature, leading to the measurement of a nominally homogeneous Li distribution.
They attributed this to the shielding effect of the surface layer, formed as a reaction with the ambient
environment. Moreover, they found that cryo-FIB was necessary to prepare specimens with pristine
compositions. In conclusion, Kim et al. emphasized the significance of electric-field shields and cryo-FIB,
rather than cryo-APT, for obtaining high-quality APT results in Li mapping experiments[85]. These findings
highlight the importance of carefully considering the specimen preparation methods and environmental
factors in APT studies of battery materials.

Using the experimental cryo-FIB method developed by Singh et al. further used cryo-FIB for preparing 
APT tips from NMC811 particles, which is a Li-containing cathode material[86]. NMC811 particles are 
susceptible to corrosion in air, limiting their application in high-performance batteries. Additionally,
similar to other lithium materials, NMC811 is also prone to electron beam damage during electron
microscope observation, posing significant challenges in specimen preparation for APT.

To overcome these challenges, Singh et al. utilized the cryo-FIB method to prepare APT tips that
incorporated the surface of an NMC811 particle [Figure 13A and B][86]. The particle was encapsulated in a
chromium (Cr) layer deposited through physical vapor deposition (PVD) (shown in orange in Figure 13B).
As a result, a layer consisting of Li, C, and O, representing corrosion products, was successfully captured in
the APT data, as shown in Figure 13C. To provide detailed information about the composition of the layer,
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Figure 12. Li distribution of NMC811 specimens in APT. (A) APT data from a UHV transferred specimen with in-situ delithiation during 
the APT experiment. (B) APT data from an air-transferred specimen with the nominal Li composition and without delithiation, possibly 
due to the shielding effect of the surface corrosion product. The measurements were performed at a specimen temperature of 60 K and 
a pulsed laser energy of 5 pJ. Scale bars in (A and B) are 20 and 50 nm, respectively. Reproduced with the permission of Ref.[85] 
Copyright 2022, Royal Society of Chemistry.

Figure 13. APT analysis of corroded LiNi0.8Mn0.1Co0.1O2 (NMC811) particle. (A) Scanning electron microscope image of the NMC811 
particles. (B) Schematic illustrations of the APT specimen preparation method. The oxide layer of interest, as a corrosion product, is 
shown in orange. (C) 3-D reconstruction of the APT dataset of the tip incorporating the oxide later. (D) 1-D elemental concentration 
profile of the NMC oxide product from a cylindrical region of interest with 5 nm in diameter and 50 nm in length. Reproduced with the 
permission of Ref.[86] Copyright 2022, Wiley-VCH GmbH.

a 1-D concentration profile was generated from the region indicated in Figure 13C, as shown in Figure 13D. 
This direct evidence shed light on the chemical origin of the NMC811 corrosion, revealing that it is related 
to both oxygen and carbon, rather than solely oxygen. Such valuable insights were challenging to obtain 
using conventional electron microscopy techniques due to their limited ability to detect light elements. By 
employing cryo-FIB and APT in this study, Singh et al. demonstrated the power of these advanced 
techniques in providing crucial information on the corrosion behavior of NMC811 particles, which could 
contribute significantly to the development of more stable and efficient battery materials[86].
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In battery research, there is a continuous effort to develop new anode materials that can outperform 
graphite, the current benchmark, while remaining cost-effective[87]. In 1976, Lai et al. suggested that Si could 
be a promising candidate for anodes, as it has the potential to store more lithium than graphite[88]. However, 
Si anode batteries suffer from poor charge-discharge cyclability due to significant volumetric changes 
during cycling, leading to cracking and degradation. There has been a lack of analytical techniques with 
sufficient spatial resolution to study the role of lithium in this degradation process, which hampers rational 
material design to address the issue.

Recently, Kim et al. made significant progress by utilizing cryo-FIB, cryo-transfer, and cryo-APT[89], based 
on the experimental method developed by El-Zoka et al. [Figure 5][32]. They applied the technique to analyze 
the elemental distribution in a battery system comprising a liquid electrolyte and a single-crystal Si anode 
after various charge-discharge cycles. In Figure 14A, the researchers successfully analyzed the frozen 
pristine liquid electrolyte, which contains 1 M LiPF6 with a mixture of ethylene carbonate, (CH2O)2CO, and 
diethyl carbonate, OC(OCH2CH3)2, in a 1:1 volume ratio, using cryo-APT. They also provided a reference 
APT dataset of the single-crystal Si [Figure 14A]. After one cycle, a fragment consisting of Si and Si oxide 
species (SiOx) was found in the frozen liquid electrode, indicating Si anode degradation [Figure 14B]. After 
25 cycles, Figure 14C revealed a GB of Si nanocrystalline decorated with SiOx, confirmed by transmission 
electron microscope (TEM) analysis. These high-resolution elemental analyses of battery materials were 
made possible through the use of cryo-APT, which is sensitive to light elements, in combination with cryo-
FIB, allowing the analysis of liquid samples. This breakthrough paves the way for more applications in 
advancing other lithium-based energy storage devices using liquid electrolytes.

LIMITATIONS AND OUTLOOK
This article emphasizes the potential of cryo-APT and its combination with cryo-FIB specimen preparation 
for providing nanoscale elemental mapping of materials. Several examples were presented to showcase its 
applications in researching hydrogen in metals, liquid and organic specimens, and Li battery materials. 
However, it is important to acknowledge the limitations of APT. Firstly, the cryo-APT and cryo-FIB 
instrumentation is still under development and not yet optimal. Integrating temperature-tracking into 
commercial LEAP and FIB systems for a complete thermal history of specimens remains challenging. This 
affects the quantitative measurement of specimen temperature and precise control of ice sublimation for 
high-quality biological specimen preparation[90].

Secondly, the data yield of APT experiments is limited by a high tip fracture rate. The success rate for 
analyzing hydrogen-charged steel tips is currently lower than 10%, and it can be even lower for less 
structurally robust specimens with heterogeneous interfaces or organic matter. Additionally, APT is a 
destructive technique, making it impossible to reproduce measurements on the same specimen. This leads 
to a comprehensive APT analysis being highly challenging and time-consuming. Thirdly, similar to other 
high-resolution microscopy techniques such as TEM, APT has a limited field of view 50 × 50 × 300 nm3. 
Meaningful APT observations require more sampling compared to other imaging methods, further 
complicated by the low data yield due to the high fracture rate.

Despite these challenges, the future of cryo-APT looks promising, with various potential applications that 
can provide new insights in crucial scientific areas. For instance, a correlative imaging workflow can be 
developed to combine APT with TEM, enabling a direct correlation of hydrogen location and its effects[91,92]. 
It will also be interesting to correlatively apply imaging techniques that have wider fields of view than that of 
APT, such as X-ray-related techniques. This is vital for understanding hydrogen embrittlement and 
hydrogen storage. In analytical biology, cryo-FIB and cryo-APT can be utilized to study ionic transportation 
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Figure 14. Cryo-APT (the protocol from Stephenson et al.[36], mentioned above), along with cryo-FIB (the protocol from[32], mentioned 
above), to understand the degradation of a model Si anode in a Li-ion battery at the atomic scale. (A) The result after 0 cycles; (B) The 
result after one cycle; (C) The result after 25 cycles. Reproduced with the permission of Ref.[89] Copyright 2022, ACS publications.

at the sub-cellular level, providing valuable information previously only accessible through nanoscale 
secondary ion mass spectrometry (NanoSIMS) with sub-micrometer resolution[93]. Moreover, the methods 
developed by Schreiber et al. and El-Zoka et al. offer a wide range of applications for studying corrosion in a 
liquid environment[32,39]. Additionally, as more laboratories adopt cryo-workflows for APT, the accessibility 
of cryo-APT is rapidly increasing, leading to its widespread recognition and impact across the scientific 
community in the near future.
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Abstract
Compounds with perovskite structures have become one of the focuses in both materials science and condensed 
matter physics because of their fascinating physical properties and potential functionalities correlated to magnetic 
structures. However, the understanding of the intriguing physical properties is still at an exploratory stage. Herein, 
owing to the magnetic frustration prompted by Mn6N or Mn6C octahedra, the abounding magnetic structures of 
antiperovskites, including collinear antiferromagnetic, collinear ferromagnetic, collinear ferrimagnetic, non-collinear 
magnetic, and non-coplanar magnetic spin configurations, are systematically introduced through the updated 
coverage. In addition, owing to the “spin-lattice-charge” coupling of antiperovskites, a large number of physical 
properties, such as anomalous thermal expansion, giant magnetoresistance, anomalous Hall effect, 
piezomagnetic/baromagnetic effects, magnetocaloric effect, barocaloric effect, etc., are summarized by combining 
the discussions of the determined magnetic structures. This review aims to clarify the current research progress in 
this field, focusing on the relationship between the magnetic structures and the correlated physical properties, and 
provides the conclusion and outlook on further performance optimization and mechanism exploration in 
antiperovskites.

Keywords: Antiperovskite, magnetic structures, physical properties, strong correlation material
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INTRODUCTION
Since the 1980s, compounds with perovskite structures have become one of the focuses in both materials 
science and condensed matter physics because of their fascinating physical properties and potential 
functionalities. These properties include superconductivity, multiferroics, colossal magnetoresistance, 
negative thermal expansion (NTE), etc.[1-4]. In the antiperovskite compounds (antiperovskites) similar to the 
perovskite structure, numerous interesting physical properties have also been observed, such as NTE[5-25], 
giant magnetoresistance[26-27], anomalous Hall effect[28-30], piezomagnetic/baromagnetic effects[23,31-35], 
magnetocaloric effect[36-39], barocaloric effect[40,41], nearly zero temperature coefficient of resistivity[42-46], 
superconductivity[47,48], etc. Therefore, antiperovskites have gained significant attention. Nevertheless, the 
understanding of these abnormal physical properties is still in the exploratory stage, and the accumulation 
of experimental data and further deepening of theoretical research are required.

The so-called antiperovskite structure refers to a structure that is similar to perovskite. As shown in 
Figure 1, the face-centered position occupied by non-metallic elements, such as oxygen, in the original 
perovskite structure is occupied by transition group element atoms M, especially the magnetic element 
M = Mn, Fe, Ni, etc. The body center position originally occupied by metal elements is occupied by non-
metallic elements N or C, and the original vertex position is occupied by metal element X, thus forming a 
lattice belonging to a cubic unit cell with chemical formula M3XN(C) (M = Mn, Fe, Ni; X = Zn, Ga, Cu, Al, 
In, Sn). Among them, face-centered magnetic atoms (such as Mn) and body-centered N (C) atoms can form 
NMn6 or CMn6 octahedra, and six magnetic atoms Mn are located at the six corners of the octahedron, 
which is prone to magnetic frustration. Thereby it generates the abounding magnetic structures, including 
collinear antiferromagnetic (AFM), collinear ferromagnetic (FM), collinear ferrimagnetic (FIM), non-
collinear magnetic, and non-coplanar magnetic spin configurations[49-51]. On the other hand, the abundant 
magnetic structures in antiperovskite Mn3XN(C) compounds are very sensitive to changes in temperature, 
magnetic field, pressure, composition, and grain size. Its abnormal lattice change, magnetic phase transition, 
and electronic transport properties are interrelated and affect each other, showing its rich physical 
properties.

In this paper, we will summarize the magnetic structures and correlated physical properties in 
antiperovskites. We present the potential application of antiperovskites as novel materials in various 
emerging fields. In order to further optimize performance and explore mechanisms, the issues such as 
exploration of new magnetic structures, synthesis of single crystal samples, and practical application 
research for the in-depth research are deserved in the part of outlook.

MAGNETIC STRUCTURES IN MN-BASED ANTIPEROVSKITES
The research on the magnetic structures of antiperovskites mainly focuses on Mn-based compounds. 
Herein, the collinear, non-collinear, and non-coplanar magnetic structures in Mn-based antiperovskites will 
be introduced in this review.

Collinear magnetic structure
Both collinear AFM and collinear FM structures were determined by neutron diffraction in Mn3GaC as 
early as the 1970s. Upon warming, Mn3GaC displays several magnetic phase transitions: an AFM-
intermediate (AFM-IM) phase transition at 160.1 K, an intermediate-FM (IM-FM) phase transition at 
163.9 K, and a FM-paramagnetic (FM-PM) transition at 248 K[52]. As shown in Figure 2A, the determined 
magnetic moments m of AFM Mn3GaC alternates along the [111] direction with a propagation vector 
k = (1/2, 1/2, 1/2), corresponding to m = 1.8 ± 0.1 μB/Mn at 4.2 K reported by Fruchart et al. and 
m = 1.54 μB/Mn at 150 K revealed by Çakır et al.[53-55]. As seen from Figure 2B, the propagation vector for FM 
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Figure 1. (A) Perovskite structure ABO3; (B) antiperovskite structure Mn3XN.

Figure 2. The collinear (A) AFM structure and (B) FM structure of Mn3GaC.

Mn3GaC is k = (0, 0, 0), displaying m = 1.3 ± 0.1 μB/Mn at 193 K[53,54]. The direction [111] of easy 
magnetization is also confirmed by the Mössbauer effect[56].

Mn3ZnN is characterized by two first-order magnetic transitions: PM-AFM at 183 K and AFM-AFM at 
140 K. As shown in Figure 3A, the low temperature AFM phase is collinear within a  2a sub-lattice 
of manganese, exhibiting two inequivalent magnetic atoms with different ordered magnetic moments[57]. 
The values of moments 0.61 μB on Mn1 (000) and 1.03 μB on Mn2 (1/4, 1/4, 1/4) were clarified by 
Fruchart et al.[58]. In 2012, we determined the ordered moments of 1.40 μB on Mn1 and 2.44 μB on Mn2 at 
80 K for Mn3Zn0.99N by neutron diffraction[20]. Moreover, for Mn3.19Zn0.77N0.94, we observed a collinear FIM 
structure with a propagation vector k = (0, 0, 0) below 200 K [Figure 3B]. The magnetic moments alternate 
along the [111] direction with different values, corresponding to 0.5(1) (face-centered atom) and 
1.3(7) (corner atom) μB/Mn for Mn atoms at 120 K[21].

Non-collinear magnetic structures
It is worth noting that two non-collinear AFM phases belonging to Γ4g and Γ5g types, respectively, have been 
studied extensively in antiperovskites. In this case, the compounds remain cubic with the propagation 
vector k = (0, 0, 0). For Γ5g type shown in Figure 4A, the magnetic moments of Mn atoms are located in the 
(111) plane with a triangular arrangement. As seen from Figure 4B, the magnetic moments of Γ4g are 
triangularly located in the (111) plane achieved by rotating 90° coherently from Γ5g type. In Γ4g and Γ5g 
magnetic structures, two Mn atoms form an angle of 120° with each other in the (111) plane, and the 
magnetic moments of the three atoms cancel each other out to generate a zero net magnetic moment.
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Figure 3. The collinear (A) AFM structure of Mn3ZnN[57] and (B) the FIM structure of Mn3.19Zn0.77N0.94
[21].

Figure 4. The non-collinear (A) Γ5g and (B) Γ4g AFM structures of antiperovskites.

So far, five typical undoped antiperovskites displaying the non-collinear magnetic structures of Γ4g and Γ5g 
types have been reported experimentally, including Mn3NiN, Mn3ZnN, Mn3GaN, Mn3AgN, and Mn3SnN. 
The magnetic structure of Mn3NiN below 163 K, Mn3ZnN between 140 K and 183 K, Mn3GaN below 298 K, 
and Mn3AgN between 55 and 290 K belongs single-phase Γ5g type, corresponding to the magnetic moments 
0.98 μB/Mn (T = 77 K), 1.21 μB/Mn (T = 159 K), 1.17 μB/Mn (T = 4.2 K), and 3.1 μB/Mn (T = 4.2 K), 
respectively[54]. This type of magnetic structure has had an important impact on the mechanism exploration 
of the NTE behavior, piezomagnetic effect, and barocaloric effect of antiperovskites. In addition, the 
magnetic structures of Mn3NiN between 163 K and 266 K, Mn3AgN below 55 K and Mn3SnN between 
237 K and 357 K are composed of Γ4g and Γ5g types, showing the magnetic moments 0.8 μB/Mn at 250 K, 
3.1 μB/Mn and 2.5 μB/Mn at 250 K at 4.2 K, respectively[54]. It was suggested that the magnetic behavior of 
antiperovskites is very sensitive to the differences of sample composition. In Mn3Ni0.9N0.96, the magnetic 
structure is a combination of Γ4g and Γ5g symmetries below TN = 264 K, and the moments undergo a rotation 
in the (111) plane upon warming[59]. Moreover, for Mn3Zn96N, the sample fully transforms to the Γ5g phase 
upon cooling below 185 K, and the low-temperature collinear magnetic structure existing in Mn3ZnN 
disappears[20].

The non-collinear Γ5g AFM structure is also examined by both neutron diffraction and the correlated 
thermal expansion behavior in doped antiperovskites, such as Mn3Cu1-x(Ge, Sn)xN, Mn3Zn1-x(Ge, Sn)xN, and 
Mn3Ga1-xSnxN, etc.[5-22]. Particularly, the undoped Mn3CuN does not display the Γ5g magnetic configuration. 
As shown in Figure 5, a cubic structure with the Γ5g magnetic configuration was determined by neutron 
study in Mn3Cu1-xGexN (x ≥ 0.15), which is suggested to be a key ingredient of a large magnetovolume effect 
in antiperovskites[18]. Meanwhile, the NTE behavior determined by Γ5g magnetic order was also observed in 
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Figure 5. Phase diagram of Mn3Cu1-xGexN. TC and TN denote the Curie and Néel temperatures, respectively[18].

Mn3Zn1-xGexN[11,20]. In Mn3Cu1-xSnxN, the AFM transition closely coupled with the volume change is
broadened upon Sn doping, producing the NTE behavior[19]. The characterization of magnetic structures in
doped systems still requires careful study by neutron scattering.

Non-coplanar magnetic structures
A non-coplanar FIM structure with the propagation vector k = (1/2, 1/2, 0) has been reported in
Mn3CuN[54,60]. The magnetic ordering temperature of the Mn3CuN compound is 143 K[54]. With cooling, the
compound shows a transition from a high-temperature cubic phase to a low-temperature tetragonal phase.
Herein, the magnetic moment direction of Mn atoms in the z = 0 plane is along the [001] direction, while
the atoms in the z = 0.5 plane have two magnetic components, namely the FM arrangement in the [001]
direction and the “square” AFM arrangement in the z = 0.5 plane[54]. It is worth noting that the
antiperovskite Mn3SnC with a magnetic ordering temperature of 294 K has the same type of magnetic
structure as Mn3CuN. Moreover, as shown in Figure 6A, an orthorhombic magnetic structure model with 
P1 symmetry was determined in Mn3Cu0.89N0.96. The sub-lattice of a magnetic structure is 2c × 2a × b, 
where a, b, and c are nuclear lattice parameters. At 6 K, neutron diffraction revealed that the Mn 
moments show an AFM component of 3.65 μB/Mn on the z = 0.5 plane and a FM component of 0.91 
μB/Mn parallel to the y-axis on the x = 0.25 and 0.75 planes[39].

Figure 6B gives a non-collinear magnetic structure M-1 of Mn3Ga0.95N0.94. The M-1 phase remains 79% in
coexistence with Γ5g magnetic configuration between 6 K and 50 K[35]. It can be seen that the sub-lattice of
the M-1 phase is  a, where a is the lattice parameter of the nuclear structure. For the M-1 phase, the
results of neutron diffraction indicate that Mn atoms comprise three different locations, including Mn1 1a
(0, 0, 0), Mn2 2b (0.5, 0.5, 0), and Mn3 4d (0.25, 0.25, 0.5). Mn1 and Mn2 display the AFM components
along the z axis. Mn3 consists of two magnetic components; one is the “square” AFM component on the
plane z = 0.5, and the other one is the FM component along a z axis direction. At 6 K, the AFM moment is
0.89 μB/Mn for Mn1 and Mn2, while Mn3 includes a FM moment of 2.18 μB/Mn and an AFM moment of
0.7 μB/Mn.

Recently, the non-collinear FIM structures were determined in the (1-x)Mn3GaN- xMn3SbN (0.2 ≤ x ≤ 0.8)
heterogeneous system[61][Figure 6C]. Upon cooling, Mn3SbN undergoes a PM-FIM phase transition at
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Figure 6. The non-coplanar FIM structures of (A) Mn3Cu0.89N0.96
[39], (B) Mn3Ga0.95N0.94

[35], (C) Mn3 SbN[61], and (D) Mn3.39Co0.61N
[62].

~353 K and FIM-M2 phase transition at ~250 K. Neutron diffraction pattern at 300 K reveals the non-
collinear FIM phase with a sub-lattice a, a, 2c where a and c are the lattice parameters of the tetragonal 
nuclear structure. The Mn atoms are located at six different types of sites with a P4 space group. Mn1 (0.5, 
0.5, 0) and Mn2 (0.5, 0.5, 0.5) display the FM component 2.5 μB/Mn along the z axis. Moreover, the tiled 
magnetic moments were uncovered for Mn3 (0.5, 0, 0.25), Mn4 (0, 0.5, 0.25), Mn5 (0.5, 0, 0.75), and 
Mn6 (0, 0.5, 0.75), corresponding to (−2.47, 2.47, −2.16) μB/Mn, (2.47, −2.47, −2.16) μB/Mn, (2.47, −2.47, 
−2.16) μB/Mn, and (−2.47, 2.47, −2.16) μB/Mn, respectively. At 5 K, another non-coplanar magnetic structure 
M2 with  a was revealed in Mn3SbN. Herein, Mn atoms on the plane z = 0.5 show a “square” AFM 
arrangement with the moment 2.3 μB/Mn, while the other Mn atoms display the AFM component along the 
z axis with the moment 2.5 μB/Mn. The minor differences between the presented magnetic structure and the 
previously reported one may arise from the tiny elemental components[54]. Even more interesting in 
antiperovskites is that the propagation vector k = (0, 0, kz) of Mn3SnN varies with temperature from kz = 0.25 
at 50 K to kz = 0.125 at 237 K[54].

The effect of magnetic element doping on the magnetic structure was also investigated in antiperovskites. 
For Mn-doped Mn3+xNi1-xN and Mn3.39Co0.61N compounds [Figure 6D], a FM component along the [111] 
direction coexisting with canted Γ5g AFM component was resolved by neutron diffraction technique[15,62]. 
Table 1 summarizes the magnetic structures and corresponding temperature ranges of typical 
antiperovskites.

PHYSICAL PROPERTIES OF ANTIPEROVSKITES
The research on antiperovskite structure compounds can be traced back to the 1930s when there were not 
many studies on physical properties. Since the 1980s, this type of compound has been paid attention by 
scientists, and the basic physical properties of antiperovskites have been studied by means of neutron 
diffraction, X-ray diffraction (XRD), Mössbauer spectroscopy, and nuclear magnetic resonance. Extensive 
research of these basic physical properties mainly includes crystal structures, magnetic properties (magnetic 
structures), phase diagrams, etc. At the beginning of the 21st century, superconductivity, giant 
magnetoresistance, magnetocaloric effect, abnormal thermal expansion, and near-zero temperature 
coefficient of resistance behaviors were successively reported in antiperovskites. The discovery of these 
physical properties prompted more and more researchers to pay attention to antiperovskites and their 
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Table 1. Magnetic structures and corresponding temperature ranges in antiperovskites

Antiperovskites Magnetic ordering Spin configurations Temperature range

Mn3GaC[52] Ferromagnetic 
intermediate 
antiferromagnetic

Collinear 163.9 K < T < 248 K  
160.1 K < T < 163.9 K 
T < 160.1 K

Mn3ZnN[58] Antiferromagnetic Γ5g 
Collinear

140 K < T < 183 K 
T < 140 K

Mn3NiN[54] Antiferromagnetic Γ5g + Γ4g 
Γ5g

163 K < T < 266 K  
T < 163 K

Mn3GaN[54] Antiferromagnetic Γ5g
T < 298 K

Mn3AgN[54] Antiferromagnetic Γ5g 
Γ5g + Γ4g

55 K <T < 290 K 
T < 55 K

Mn3SnN[54] Antiferromagnetic Collinear 
Γ5g + Γ4g

357 K < T < 475 K  
237 K < T< 357 K

Mn3CuN[54] Ferrimagnetic Non-coplanar T < 143 K

applications. In the past decade or so, a large number of physical properties correlated to magnetic 
structures have been reported.

Anomalous thermal expansion in manganese-based antiperovskites
Materials with zero thermal expansion (ZTE) and NTE behaviors have attracted widespread attention 
because of their broad applications in modern technology, such as high-precision optical instruments, 
microelectronics, aerospace devices, etc.[63-69]. A great deal of work has focused on the discovery of new 
materials and the improvement of thermal expansion properties. Nevertheless, the investigations for the 
mechanism of anomalous thermal expansion (ATE) (mainly including ZTE and NTE) are still needed. For 
ZrW2O8

[67] and ScF3
[68], the mechanism associated with the soft phonon mode of the frame structure is 

adopted; moreover, the ATE behavior of the material has a strong coupling effect with other physical 
properties, such as the valence state change in LaCu3Fe4O12

[69], BiNiO3
[70], and YbGaGe[63] and the 

ferroelectric characteristics in PbTiO3-BiFeO3
[71]; in addition, the ATE behavior emerges with magnetic 

transitions in various materials, such as the NTE in La(Fe,Si,Co)13
[72] and Ca2Ru1−xCrxO4

[73] and near ZTE in 
FeNi Invar[74] and SrRuO3

[75]. It is worth noting that although a large number of studies have shown that the 
Invar effect is related to the magnetic properties of materials, an adequate understanding of this property is 
still required. Therefore, the exploration of new materials with ATE will contribute to the clarification of 
mechanisms[75-80].

Some manganese nitrogen compounds (such as Mn3ZnN at 185 K, Mn3GaN at 298 K, etc.) are accompanied 
by a sudden change in volume during the magnetic transition, that is, the so-called magnetovolume effect. 
In 2005, Takenaka et al. reported the NTE behavior in the Ge-doped antiperovskite structure compound 
Mn3Cu1-xGexN[5]. For Mn3CuN, the compound itself has no magnetovolume effect. Through the doping of 
Ge, the discontinuous volume change caused by the magnetic volume effect is broadened, thereby realizing 
the regulation of the thermal expansion coefficient and temperature range of the NTE behavior. With 
increasing the doping amount of Ge, the magnetovolume effect of Mn3Cu1-xGexN was broadened and moved 
to the high temperature region, resulting in NTE behavior near room temperature. As shown in Figure 7A 
and 7B, near room temperature, the linear expansion coefficient α of Mn3Cu0.53Ge0.47N and Mn3Cu0.5Ge0.5N 
are -16 × 10-6 K-1 and -12 × 10-6 K-1, respectively. In order to further reduce the material cost, Takenaka et al. 
used Sn as the dopant, which is cheaper than Ge. The doping of Sn can also broaden the NTE behavior of 
antiperovskites[6].



Page 8 of Deng et al. Microstructures 2023;3:2023044 https://dx.doi.org/10.20517/microstructures.2023.4218

Figure 7.  Linear thermal expansion of antiperovskites (A, B) Mn3Cu 1 - xGex N[5], (C) Mn3Ga0 . 5Ge0 . 4Mn0 . 1N 1 - xCx
[7], (D) 

Mn3Cu0.6SixGe0.4-xN
[8], (E) Mn3+xAg1-x N[9], and (F) Mn3Zn1-xGexN

[11].

The thermal expansion behavior of Mn3Ga0.5Ge0.4Mn0.1N1-xCx was also reported, and a single-phase ZTE 
material with a wider temperature range has been obtained[7]. As shown in Figure 7C, the thermal expansion 
behavior of Mn3Ga0.5Ge0.4Mn0.1N1-xCx changes with the doping of C. When x = 0.1, the compound exhibits 
low thermal expansion in the temperature range of 190-272 K with |α| < 0.5 × 10-6 K-1. In addition, a very 
close correlation between N content and NTE behavior was found in Mn3Cu0.5Sn0.5N1-δ. The N content in the 
compound decreases with the increase of the sintering temperature. When the sintering temperature is 
950 degrees, the linear expansion coefficient of the compound with the N content of about 0.8 in the 
temperature range of 307-355 K with |α| < 0.5 × 10-6 K-1.

Huang et al. carried out research on Ge and Si co-doped Mn3Cu0.6SixGe0.4−xN and obtained a low-
temperature NTE material[8]. As shown in Figure 7D, with the co-doping of Si, the NTE temperature range 
of the compound moves to a lower temperature. When x = 0.15, Mn3Cu0.6Si0.15Ge0.25N shows NTE behavior 
in a wide temperature range in the temperature range of 120-184 K, and its linear expansion coefficient is 
α = -16 × 10-6 K-1. Comparing Mn3Cu0.6SixGe0.4-xN and Mn3Cu1-xGexN, it can be seen that the single doping of 
Ge has a narrow volume mutation temperature range in the low temperature region (such as Mn3Cu0.8Ge0.2N 
around 155 K), while the co-doping of Si can make that the temperature range of the volume change of the 
compound is broadened and the behavior of NTE appears. The co-doping method provides a way to 
regulate the thermal expansion behavior of single-phase materials.

Lin et al. reported the thermal expansion and magnetic properties of antiperovskite manganese nitrides 
Mn3+xAg1-xN[9]. The substitution of Mn for Ag effectively broadens the temperature range of NTE and moves 
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it to low temperatures [Figure 7E]. When x = 0.6, the Mn3.6Ag0.4N compound shows ZTE with
α = -0.48 × 10-6 K-1 (temperature range 5 - 87 K). Moreover, Lin et al. revealed a giant NTE covering room
temperature in nanocrystalline Mn3GaNx

[10]. By reducing the average grain size to ~10 nm, the temperature
window ΔT for NTE exceeds 100 K, and α remains as large as -30 ppm/K (-21 ppm/K) for x = 1.0 (x = 0.9).

The influence of Ge and Sn doping on the thermal expansion behavior of Mn3Zn1-xGe(Sn)xN has been
investigated by us[11,12]. Figure 7F shows the variation of lattice constant with temperature in Mn3Zn1-xGexN.
The doping of Ge broadens the magnetovolume effect of Mn3Zn1-xGexN and moves the temperature zone to
the higher one, thereby realizing the regulation of NTE behavior. A similar behavior was also observed in
Sn-doped Mn3Zn1-xSnxN compounds[12]. On the other hand, the regulation of the thermal expansion
behavior of Mn3NiN-based compounds has also been reported[13,14]. Antiperovskite Mn3Ni0.5Ag0.5N shows
NTE behavior in a wide temperature range (260-320 K) near room temperature with α = -12 × 10-6 K-1. The
Mn3Ni0.5Cu0.5N exhibits NTE in the temperature range of 160-240 K (ΔT = 80 K) with α = -22.3 × 10-6 K-1.
Interestingly, a new type of Invar-like material exhibiting ZTE has been revealed in Mn3+xNi1-xN[15].

Song et al. revealed the ZTE behavior of Mn3Cu0.5Ge0.5N due to the size effect[16]. When Mn3Cu0.5Ge0.5N was
prepared from polycrystalline samples (average size of 2.0 μm) to ultra-nanocrystals (average size of 12 nm),
the occupancy rate of Mn in the sample changed from 100% to 78.7% [Figure 8A]. Meanwhile, the ultra-
nanocrystalline sample exhibits ZTE behavior in a wide temperature range ΔT = 218 K (12-230 K) with
α = 1.18 × 10-7 K-1.

The mechanism for the NTE of antiperovskites was investigated by Iikub et al. The neutron diffraction
results indicate that the non-collinear Γ5g AFM structure plays a key role in the magnetovolume effect of
Mn3Cu1-xGexN, which leads to the appearance of NTE behavior. Moreover, Iikub et al. further revealed that
the local lattice distortion plays a very important role in the NTE of Mn3Cu1-xGexN[17] [Figure 8B]. As
suggested by the pair distribution function (PDF) analysis, Mn3Cu1-xGexN maintains a cubic structure within
a certain doping range, while the Mn6N octahedrons in Mn3Cu1-xGexN rotate along the z-axis with Ge
doping to form a local lattice distortion. This structural instability displays a strong correlation with the
broadness of the growth of the ordered magnetic moment, which is considered as a trigger for broadening
the volume change[18]. Moreover, Tong et al. studied the magnetic transition broadening and local lattice
distortion in Mn3Cu1-xSnxN with NTE[19]. The PDF results indicate that the distribution of Cu/Sn-Mn bonds
is linked to the fluctuations of the AFM integral. This may account for the broadening of the volume change
in antiperovskites.

Through the study of Mn3(Zn, M)xN(M = Ag, Ge), we revealed the quantitative relationship between
thermal expansion and atomic magnetic moments in antiperovskites and realized the regulation of thermal
expansion[20]. A collinear AFM structure MPTE and a non-collinear AFM structure Γ5g are observed in
Mn3ZnxN. Herein, the MPTE phase displays PTE behavior, while the Γ5g configuration shows NTE behavior.
The NTE of Γ5g phase can balance the contributions from PTE generated by the anharmonic vibration in the
sample, producing the ZTE of antiperovskites. By introducing vacancies into Mn3ZnxN, the existence of a
temperature range for Γ5g configuration can be effectively regulated, thereby obtaining a ZTE material with a
wider temperature range. In addition, we also discussed the quantitative relationship between the
anomalous change of the lattice and the atomic magnetic moments for the Γ5g phase. As shown in Figure 8C,
both the lattice change aNTE - aT and the atomic magnetic moment m in Mn3ZnxN gradually decrease with
the increase of temperature, and the change trends for both factors are consistent. By defining
r(T) = (aNTE - aT)/m, it is obtained that r(T) hardly changes with temperature where aNTE, aT and m are the
lattice constants and magnitude of the ordered magnetic moment, which confirms that there is a strong
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Figure 8. (A) ZTE behavior of Mn3Cu0.5Ge0.5 N[16]; (B) local lattice distortion of Mn3Cu1-xGex N[17]; (C) the relationship between the 
anomalous change of the lattice and the atomic magnetic moments for Γ5g phase of Mn3ZnxN

[20].

spin-lattice coupling between the lattice constant and the atomic magnetic moment in Mn3ZnxN. In 
addition, the strong spin-lattice coupling that can be tuned to achieve ZTE behavior was further confirmed 
in antiperovskite Mn3+xNi1−xN and Mn3.19Zn0.77N0.94 within Γ5g phase[15,21]. Meanwhile, in Mn3Ga1−xSnxN with Γ5g 
phase, the increase of the phonon contribution to the thermal expansion induced by Sn doping and the 
corresponding decrease of dm/dT are revealed to be the key parameters for tuning the magnetovolume 
effect[22].

The first-principle calculations have been adopted for understanding the NTE behavior of antiperovskites. 
The primary theoretical works focus on the comparison of differences in equilibrium volumes of 
antiperovskites with different magnetic structures. Lukashev et al. found that the equilibrium volume of the 
Γ5g AFM state in Mn3GaN is larger than that of the PM state, which confirms that the magnetic transition in 
the material can lead to volume change (magnetovolume effect)[23]. Qu et al. calculated the energy-lattice 
curves of various magnetic configurations, and the results show that the Γ5g AFM state has the largest 
volume. This work also confirms that the Γ5g AFM state has the largest volume compared to other magnetic 
configurations[24]. In addition, Mochizuki et al. constructed a classical spin model with frustrated exchange 
interactions and magnetic anisotropy to study the nontrivial magnetic orders in the antiperovskite Mn3AN. 
With a replica-exchange Monte Carlo technique, the Γ5g and Γ4g spin configurations, known to trigger the 
NTE, have been reproduced[25].

Electronic transport properties in antiperovskites
There is a strong correlation between the lattice, spin, and charge of Mn3GaC. Therefore, a giant 
magnetoresistance effect was found near its collinear AFM - collinear FM magnetic transition[26]. The size of 
magnetoresistance can be expressed by [ρ(H) - ρ(0)]/ρ(0), and ρ(H) and ρ(0) represent the resistivity when 
the external magnetic field is finite and 0, respectively. As shown in Figure 9A, Mn3GaC generates a 
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Figure 9. (A) Giant magnetoresistance effect of Mn3GaC at selected temperatures[26]; (B) magnetoresistance of Mn3.338Ni0.651N after 
cooling in zero field and in ±9 T[27]; (C) anomalous Hall conductivity versus field measured in single crystalline Mn3Ni0.35Cu0.65N film on 
MgO (111) substrate[30].

magnetoresistance of about 50% under an external magnetic field of 3 kOe. With the further increase of the 
external magnetic field, the magnetoresistance value is almost unchanged, but its peak width is broadened 
and reaches 20 K at 50 kOe. Kamishima et al. suggested that the magnetoresistance effect in Mn3GaC is 
aroused by the difference of resistivity between AFM and FM states, and the external magnetic field can 
induce the temperature shift of AFM-FM phase transition[26]. In addition, an electroresistance-like behavior 
of the antiperovskite Mn3GaC, revealed by a resistivity change of 50% due to the local Joule heating, is 
reported around the collinear AFM- intermediate phase transition. The currents significantly reduce the 
proportion of the higher resistivity AFM phase relative to the lower resistivity interphase with warming, 
showing a change in resistivity. On the other hand, for a non-coplanar magnet Mn3.338Ni0.651N with triangular 
lattice, a high-resistivity state can be frozen along the direction of the cooling field while a low-resistivity 
state is determined in the reversed field direction, indicating an asymmetry with respect to H [Figure 9B]. 
This characteristic further demonstrates a switchable scalar spin chirality of Mn3.338Ni0.651N.

Recently, the anomalous Hall effect, originating from the nonvanishing momentum space Berry curvature, 
has been reported in the non-collinear AFM antiperovskites. Among the magnetic orders, a typical non-
collinear AFM configuration is Γ4g, whose atomic magnetic moments point to the triangle "inside" or 
"outside" in the triangular lattice of the antiperovskite (111) surface, forming a phase similar to that of 
Mn3A(X = Sn, Ge, Pt) non-collinear magnets. Another typical AFM phase Γ5g can be obtained by rotating 
the atomic magnetic moments in Γ4g by 90 degrees in the (111) plane. Both of these two magnetic phases 
have zero scalar chirality, and theoretical studies show that the former and the latter magnetic order display 
a finite and zero anomalous Hall resistivity, respectively. In 2019, Gurung et al. used symmetry analysis and 
density functional theory to study the anomalous Hall conductance in non-collinear magnetic 
antiperovskites, revealing that the Γ4g magnetic phase in Mn3GaN shows a finite value of anomalous Hall 
conductivity, while the Γ5g magnetic phase displays zero anomalous Hall conductivity[28]. In 2020, 
Samathrakis et al. theoretically calculated the tailoring of the anomalous Hall effect in the non-collinear 
antiperovskite Mn3GaN, revealing the large intrinsic anomalous Hall effect caused by the strain in the Γ5g 
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and Γ4g magnetic phases[29]. In 2019, Zhao et al. experimentally observed the anomalous Hall effect in the 
non-collinear AFM Mn3Ni1-xCuxN, which is attributed to the nonzero Berry curvature of the Γ4g magnetic 
phase in momentum space [Figure 9C][30]. The research on the anomalous Hall effect of antiperovskites is 
attracting widespread attention for novel spintronic applications.

Piezomagnetic/baromagnetic effects in antiperovskites
The piezomagnetic effect has been reported in non-collinear AFM antiperovskites[23,33]. In 2008, 
Lukashev et al. predicted that the non-collinear magnetic structure of Mn3GaN can be controlled by a small 
applied biaxial strain [Figure 10A][23]. Figure 10B shows the net magnetic moment of Mn3GaN and the 
rotational angle of the magnetic moment of Mn atoms as a function of axial strain. It can be seen that the 
atomic magnetic moment rotates when the strain is applied. This piezomagnetic effect is linear and displays 
magnetization reversal with the applied strain. As the compressive strain is 1%, the magnetization is about 
0.04 μB/f.u. Therefore, this property can be utilized for the application of the magnetoelectric effect, such as a 
combination of piezomagnetic and piezoelectric phases or a combination of magnetostrictive and 
piezoelectric phases[31,32]. In addition, Zemen et al. theoretically performed a systematic study of the 
piezomagnetic effect in nine cubic antiperovskites Mn3XN (X = Rh, Pd, Ag, Co, Ni, Zn, Ga, In, Sn), 
revealing an extraordinarily large piezomagnetic effect in Mn3SnN at room temperature[33]. Boldrin et al. 
demonstrate experimentally that a giant piezomagnetic effect is indeed manifest in the AFM antiperovskite 
Mn3NiN[34].

In 2016, the baromagnetic effect of Mn3Ga0.95N0.94 was determined by both neutron diffraction analysis and 
magnetic measurements[35]. Interestingly, Mn3Ga0.95N0.94 displays a new tetragonal non-coplanar magnetic 
structure M-1 below 50 K, which is in coexistence with Γ5g spin configuration under atmospheric pressure. 
As shown in Figure 10C and D, the sample exhibits the piezomagnetic effect. When the applied pressure is 
750 MPa at 130 K, the magnetic phase transition from M-1 to Γ5g AFM appears, generating the 
piezomagnetic characteristic of 0.63 μB/f.u. Combined with the refined results of neutron diffraction, the 
change of Mn-Mn distance and spin rearrangement caused by pressure is considered to be the trigger of the 
observed baromagnetic effect.

Magnetocaloric effect
The magnetocaloric effect of antiperovskites was primarily reported in Mn3GaC[36]. The collinear AFM- 
intermediate magnetic transition of Mn3GaC showing a first-order characteristic can be controlled by an 
external magnetic field, generating the magnetocaloric effect. Figure 11A shows the temperature 
dependence of the maximum value of magnetic entropy change ΔSmag. The peak of ΔSmag reaches 17 J/(kg·K) 
when the external magnetic field is 10 kOe, and the peak value broadens to a "platform" shape with further 
increase of the magnetic field. In addition, by introducing C vacancies, the magnetic properties of Mn3GaC 
were changed, thereby affecting the magnetocaloric effect[37]. The magnetic entropy of Mn3GaC0.78 decreased 
to 3.7 J/kg·K under a 5 T magnetic field. In Mn3-xCoxGaC, Co doping can reduce the first-order phase 
transition temperature from 164 K to 100 K without a significant decrease of magnetic entropy and realize 
the magnetocaloric effect covering a wider temperature range (50-160 K)[38].

A large magnetic entropy change was observed in Mn3Cu0.89N0.96
[39] [Figure 11B]. By introducing vacancies, 

the onset of the FIM-PM transition is slightly reduced from 150 K of Mn3CuN to 147.7 K of Mn3Cu0.89N0.96, 
and a new non-coplanar FIM structure with an orthorhombic symmetry was determined. The total entropy 
change of Mn3Cu0.89N0.96 obtained by DSC is about 60 J/kg·K, while the maximum magnetic entropy change 
ΔSmag is 13.52 J/kg·K under a magnetic field of 50 kOe near the temperature of FIM-PM transition. Neutron 
diffraction results indicate that the magnetic entropy change of Mn3Cu0.89N0.96 is caused by the magnetic 
transition from the AFM to the FM component in the tetragonal phase and the phase transition from cubic 
to tetragonal under a magnetic field.
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Figure 10. (A) Variation of magnetic moment of Mn Atoms in the (111) Plane of Γ5g AFM Mn3GaN with axial strain[23]; (B) variation of 
net magnetic moment and rotation angle of Mn atomic magnetic moment with axial strain for Mn3 GaN[23]; (C) piezomagnetic effect 
determined by magnetization curve in Mn3Ga0.95N0.94

[35]; (D) piezomagnetic effect of in Mn3Ga0.95N0.94 at 130 K and 170 K[35].

Figure 11. Magnetocaloric effect of (A) Mn3GaC[36] and (B) Mn3Cu0.89N0.96
[39].

Barocaloric effect
A significant barocaloric effect is expected when strong cross-correlations between the volume and 
magnetic order appear in materials. In 2015, Matsunami et al. reported the giant barocaloric effect enhanced 
by the frustration of the AFM phase in Mn3GaN[40]. As shown in Figure 12A, when a hydrostatic pressure 
change of 139 MPa is applied, Mn3GaN exhibits an entropy change of 22.3 J kg-1 K-1. By applying a 
depressurization of 93 MPa, the change of adiabatic temperature is determined to be about 5 K. 
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Figure 12. (A) The entropy change of Mn3GaN under different hydrostatic pressures as a function of temperature[40]; (B) isothermal 
entropy and adiabatic temperature changes[41].

Matsunami et al. further suggests that the magnitude of the barocaloric effect of Mn3GaN is determined by 
the volume change at the transition and stability of the AFM phase against the pressure[40]. In 2018, 
Boldrin et al. further investigated the barocaloric effect in the geometrically frustrated antiferromagnet Mn3

NiN [Figure 12B][41]. It is worth noting that a large barocaloric entropy change, which is a factor of 1.6 than 
that of Mn3GaN, is observed. Boldrin et al. proposed that the barocaloric effect of Mn3NiN originates from 
multisite exchange interactions amongst the local Mn magnetic moments and their coupling with itinerant 
electron spins[41].

CONCLUSION AND OUTLOOK
As reviewed in this article, owing to the magnetic frustration prompted by Mn6N or Mn6C octahedra, 
antiperovskites display the abounding magnetic structures, including collinear AFM, collinear FM, collinear 
FIM, non-collinear magnetic and non-coplanar magnetic spin configurations. In antiperovskites, the 
magnetic phase transition (magnetic structures), abnormal lattice change, and electronic transport 
properties are interrelated and affect each other, showing a large number of physical properties such as 
ATE, electronic transport properties, piezomagnetic/baromagnetic effects, magnetocaloric effect, 
barocaloric effect, etc. Therefore, antiperovskites will be an excellent candidate for exploring new smart 
materials. In order to further optimize performance and explore mechanisms, the following issues for in-
depth research deserve attention and solutions:

Exploration of new magnetic structures. The examination of new physical properties is one of the important 
directions of the development of modern smart materials. Due to the strong correlation of "lattice-spin-
charge", antiperovskites show a series of rich and unique physical properties within some specific magnetic 
structures. Although the determination of the magnetic structures is a central issue in antiperovskites, there 
is still a lack of systematic and in-depth research, especially on how the magnetic structures and correlated 
physical properties evolve in the case of elemental doping, variated temperatures, varied magnetic fields, 
and pressurization.

Synthesis of single crystal samples. The current research work on antiperovskites is mainly focused on 
polycrystalline. From the perspective of mechanism research and application, single crystal research has 
greater advantages. However, it is difficult to precisely control the nitrogen/carbon contents of 
antiperovskites in preparation, and the change of contents has a great influence on its physical properties. 
Therefore, the synthesis of three-dimensional single crystal materials with excellent physical properties is 
challenging.
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Practical application research. Selecting some typical antiperovskites with fascinating physical properties, 
the practical applications can be explored in the fields of optics, microelectronics, refrigeration, aerospace, 
etc.
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Abstract
In many commercially utilized ferroelectric materials, the motion of domain walls is an important contributor to the 
functional dielectric and piezoelectric responses. This paper compares the temperature dependence of domain wall 
motion for BaTiO3 ceramics with different grain sizes, point defect concentrations, and formulations. The grain 
boundaries act as significant pinning points for domain wall motion such that fine-grained materials show smaller 
extrinsic contributions to the properties below the Curie temperature and lower residual ferroelectric contributions 
immediately above the Curie temperature. Oxygen vacancy point defects make a modest change in the extrinsic 
contributions of undoped BaTiO3 ceramics. In formulated BaTiO3, extrinsic contributions to the dielectric response 
were suppressed over a wide temperature range. It is believed this is due to a combination of reduced grain size, 
the existence of a core-shell microstructure, and a reduction in domain wall continuity over the grain boundaries.

Keywords: Ferroelectrics, dielectric nonlinearity, grain size, ceramics

INTRODUCTION
It is well documented that the dielectric and piezoelectric responses of many ferroelectric materials include 
contributions from the motion of domain walls, even when the electric field used to excite the material is 
well below the coercive field[1-6]. This motion of domain walls is important to understand, as it will govern 
much of the field, time, and frequency dependence of the properties of a ferroelectric material. As an 
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example, domain wall motion contributes substantially to the room temperature permittivity of BaTiO3-
based multilayer ceramic capacitors.  Similarly, up to 75% of the piezoelectric response of soft PbZr1-xTixO3 
ceramics arises from domain wall motion, albeit at the expense of increased hysteresis. The relative extent of 
domain wall motion for a given material depends explicitly on the history of the sample, the sample 
microstructure[7,8] and orientation, and the excitation conditions.  For example, the following factors are 
critical to the observed extent of extrinsic contributions to the properties:

Electric field
Higher amplitudes of the AC electric field (EAC 0-pk) act to drive domain walls more strongly and can 
substantially increase the extrinsic contributions to the properties. This increases the relative permittivity 
and loss tangent with the AC field, which is called dielectric nonlinearity. Often, the increase in relative 
permittivity is linear with AC electric field, producing the so-called Rayleigh regime (from a modified 
version of the Rayleigh law originally developed for magnetic materials)[9], i.e.,

where ε' is the relative permittivity, ε'init is the reversible Rayleigh coefficient that includes both the intrinsic 
response and reversible motion of domain walls or phase boundaries, and α' is the irreversible Rayleigh 
coefficient[10]. The Rayleigh law is typically observed up to modest electric fields under conditions where the 
domain structure is unchanged during the measurement and the distribution of the restoring forces for the 
domain walls is Gaussian[11]. In cases where the domain wall density is changed by the applied field, the 
Rayleigh law will not be observed, and a more complex formalism, such as first-order reversal curves, needs 
to be employed[12-16]. In many but not all ferroelectric materials, significant levels of domain nucleation are 
observed at EAC 0-pk exceeding ~a third to a half of the coercive field.

In contrast, because DC biases stabilize the domain state, they also act to suppress extrinsic contributions to 
the properties. This produces a far stronger DC bias dependence of the relative permittivity[4] than would be 
predicted based on phenomenological descriptions of the field dependence of the intrinsic permittivity (e.g., 
intrinsic dielectric stiffening)[17,18]. This progressive loss of the extrinsic contributions to the permittivity is 
problematic in multilayer ceramic capacitors where the voltage saturation significantly depresses the usable 
capacitance[19]. In contrast, the suppression is very helpful in some piezoelectric sensing applications, as it 
increases the figure of merit = piezoelectric coefficient/relative permittivity[20].

Temperature
There is a strong coupling between temperature and extrinsic contributions to the properties. First, domain 
wall motion is thermally activated such that domain walls become more mobile as temperature increases. 
Therefore, extrinsic contributions typically rise as the Curie temperature is approached. Other ferroelectric-
ferroelectric phase transitions also tend to favor the motion of the mobile interfaces and will induce 
increases in the extrinsic contributions. Secondly, because domain wall and phase boundary motions are 
inherently dissipative, substantial levels of extrinsic contributions can increase the sample temperature[21]. 
Thirdly, changes in temperature can perturb the domain structure and so de-age the material, increasing the 
extrinsic contributions temporarily.

Time
Domain structures, especially in ceramic materials, are rarely fully stable as a function of time. Thus, over 
the course of time, the domain structure progressively seeks lower energy configurations. As this occurs, the 
remaining domain walls tend to be less mobile. This is one of the contributions to the aging of the dielectric 
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or piezoelectric response[22]. Time dependence is also observed in cases where poorly poled piezoelectrics are 
excited with unipolar waveforms, as is sometimes done in piezoelectric microelectromechanical systems. In 
this case, the sample poles progressively during use, increasing the remanent piezoelectric coefficient but 
decreasing the achievable strain during actuation due to progressive loss of the poling strain that is caused 
by polarization alignment. It is also critical to note that these factors of microstructure, time, temperature, 
and field are all inextricably linked such that the aging rates will depend on the amplitude of the field used 
for their characterization[23].

This paper illustrates the temperature dependence of the domain wall contributions to the dielectric 
properties of BaTiO3 ceramics, with an emphasis on the role of phase transitions, grain size, core-shell 
microstructures, and point defect concentrations in the response.  The resulting temperature dependence of 
the dielectric response is a complex interplay between these factors.

EXPERIMENTAL PROCEDURE
Samples
Undoped BaTiO3 ceramics were prepared using a BaTiO3 powder (BT02, with a Ba/Ti ratio of 0.996, Sakai 
Chemical Industry Co., Ltd., Sakai, Japan). To study the effect of grain size, BaTiO3 ceramics with grain sizes 
of 1.2 µm and 76 µm were prepared. The former was prepared by sintering a BaTiO3 compact at 1,300 °C for 
2 h and post-annealing the sintered body at 1,000 °C for 9.5 h[24], while the latter was prepared by sintering 
the compact at 1,350 °C for 2 h[25]. The grain sizes were measured from the microstructures of polished and 
chemically etched ceramic surfaces observed by scanning electron microscopy (SEM). Figure 1A and B 
shows the SEM images of the undoped BaTiO3 ceramics. Two grain lengths were measured for each grain, 
and the average of these two lengths was calculated for more than 90 grains. The grain size given is the 
average of the two-length average, and the error bar for the grain size is the standard deviation. The grain 
sizes were calculated to be 1.2 ± 0.5 µm and 76 ± 37 µm for the BaTiO3 ceramics sintered at 1,300 °C and 
1,350 °C, respectively. To study the effect of oxygen partial pressure (pO2) during sintering, BaTiO3 ceramics 
were sintered at 10-9 atm pO2 at 1,300 °C for 2 h[24]. A microstructure similar to that of the undoped BaTiO3 
ceramics sintered at 1,300 °C in air (10-2 atm pO2) was observed by SEM, and the grain size was 1.2 ± 0.4 µm. 
The dielectric properties were compared with those of the air-sintered BaTiO3 ceramics with a grain size of 
1.2 µm. Formulated BaTiO3 ceramics, which fulfill X7R specifications, were prepared using a BaTiO3-based 
powder (EV540N, Ferro, Cleveland, OH, USA). The compact of the BaTiO3-based powder was sintered at 
1,300 °C for 2 h in the air (10-2 atm pO2) or at 10-9 atm pO2

[24]. No reoxidation post-annealing was 
performed. Figure 1C and D shows the SEM images of the formulated BaTiO3 ceramics. Two formulated 
BaTiO3 ceramics had the same grain size of 0.5 ± 0.2 µm. The thickness of both undoped and formulated 
BaTiO3 ceramics was about 0.5 mm. For dielectric measurements, 100 nm thick Au electrodes were formed 
by sputtering. The details of the sample preparation and additional electric data are described elsewhere[24,25].

The grain size effect was also studied for model multilayer ceramics capacitors (MLCCs). The size of model 
MLCCs was 3.2 mm × 1.6 mm × 0.4 mm, and they consisted of ten 7.7-µm-thick BaTiO3-based dielectric 
layers with X7R specifications and Ni internal electrodes. The grain sizes of the dielectrics were changed 
from 0.28 ± 0.1 µm, 0.36 ± 0.1µm, and 0.39 ± 0.1 µm by changing the sintering temperature, while the 
composition of the dielectrics was held constant. The details for the model MLCCs can be found in 
Refs.[26,27].

Measurement methods
For the undoped and formulated BaTiO3 ceramics, the ac field dependence of the dielectric properties was 
measured using a lock-in amplifier (SR830, Stanford Research Systems Inc., Sunnyvale, CA, USA), a voltage 
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Figure 1. SEM images for undoped BaTiO3 ceramics with grain sizes of (A) 1.2 µm and (B) 76 µm and formulated BaTiO3 ceramics 
sintered at (C) 10-2 atm pO2 and (D) 10-9 atm pO2.

amplifier, and a charge converter[24]. An ac field frequency of 100 Hz was utilized. The ac field amplitude 
was increased up to 4 kV/cm; the coercive fields are 4 kV/cm for air-sintered undoped BaTiO3 ceramics 
with 1.2 µm and 76 µm grain sizes, 3 kV/cm for undoped BaTiO3 ceramics sintered at 10-9 atm pO2 with a 
1.2 µm grain size, and 5 kV/cm for formulated BaTiO3 ceramics. The coercive fields were determined from 
polarization - electric field (P-E) loops measured by a custom-made measurement system at room 
temperature, as shown in Figure 2.

For the model MLCCs, the ac field dependence of the dielectric properties was measured using an LCR 
meter (4284A, Agilent Technologies Inc., Santa Clara, CA) with a frequency of 1 kHz. The ac field 
amplitude was increased up to 12-15 kV/cm. The coercive fields of the samples were about 10-15 kV/cm.

The temperature dependence of the dielectric properties was measured upon cooling from 150 °C to 
-150 °C or -180 °C, and the temperature of the samples was controlled by a furnace (DELTA 9023, Delta 
Design, Poway, CA); the chamber was cooled with liquid nitrogen. The dielectric data were measured on 
cooling to reduce artifacts associated with condensed moisture.

RESULTS AND DISCUSSION
Figure 3 illustrates the temperature dependence of the relative permittivity (ε') (prime) of a BaTiO3 ceramic 
sample as a function of ac field amplitude. Several points are immediately apparent.  First, at temperatures 
well above the Curie temperature Tc ~125 °C (i.e., measurements at 150 °C), where there should be no 
ferroelectric domains, there are no domain wall contributions to the properties. As a result, the dielectric 
permittivity shows very limited dependence on the amplitude of the ac electric field. As the temperature 
drops to the Curie temperature (data at 125 °C), it is apparent that there is a finite field dependence of ε', 
which may be due to persistent micropolar regions[28]. Below Tc in the tetragonal ferroelectric regime (data 
at 80 °C), there is a large population of mobile ferroelectric domain walls in the ceramics, and the 
nonlinearity in ε' increases. Near any of the phase transitions (apparent as peaks in the permittivity data), 
both the intrinsic polarizability and the domain wall contributions to the properties rise. The latter is clearly 
apparent as enhanced dielectric nonlinearity (for example, the data set at 20 °C). Substantial dielectric 
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Figure 2. P-E loops measured at room temperature for (A) undoped BaTiO3 ceramics with a grain size of 1.2 µm and 76 µm, (B) 
undoped BaTiO3 ceramics sintered at 10-2 atm pO2 and 10-9 atm pO2, (C) formulated BaTiO3 ceramics sintered 10-2 atm pO2 and 10-9 
atm pO2, and (D) model MLCCs with various grain sizes. The ac frequency was 10 Hz.

Figure 3. Temperature and the ac field dependence of the dielectric constant of a BaTiO3 ceramics with a grain size of 1.2 mm. The ac 
field frequency was 100 Hz. The peaks in the permittivity correspond to the phase transition in BaTiO3; on increasing temperature, the 
material transforms from a rhombohedral ferroelectric to an orthorhombic ferroelectric to a tetragonal ferroelectric to a paraelectric 
cubic structure.

nonlinearity is observed in the rhombohedral, orthorhombic, and tetragonal ferroelectric phases of BaTiO3. 
Although not shown here, the domain wall motion contributions to the small signal properties are gradually 
lost as the temperature approaches 0 K[29].

The magnitude of the temperature dependence of the extrinsic contributions to the properties is a function 
of the grain size of the ceramics, as can be seen in comparing the data in Figures 3-5 (Figure 3 uses the same 
data as Figure 5, and Figure 5 has more data). Figure 4 shows selected data for the dielectric nonlinearity for 
a large-grained (76 mm average grain size) BaTiO3 ceramics. One consequence of the increased domain wall 
mobility in large-grained materials is that the electric fields at which the materials transition from Rayleigh-
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like to non-Rayleigh-like behavior decreases. As a result, Figure 4 shows marked departures from Rayleigh-
like behavior at ac field magnitudes under 1 kV/cm in the tetragonal phase field for the BaTiO3. Above these 
fields, the permittivity first rises very quickly as new domains are nucleated and then goes through a 
maximum before decreasing as the field amplitude is further increased. This is in contrast to the data in 
Figures 3 and 5 for finer-grained ceramics, where no marked maximum in the relative permittivity is 
observed up to 4 kV/cm over the same temperature range.

Figure 5 shows the ac field dependence of the dielectric properties of the undoped BaTiO3 ceramics with a 
grain size of 1.2 µm measured at various temperatures. It was observed that the ac field dependence was 
suppressed compared to the large-grained sample over the whole temperature range, as has been reported 
elsewhere[23]. Grain boundaries are regions where the crystallography of the material is disrupted, and in 
many cases, these grain boundaries act as pinning centers for the domain walls[25,30-33].

The dielectric data for samples with different grain sizes were quantified by a pseudo-Rayleigh analysis that 
replaced εinit' with ε'j - the dielectric constant measured at a small field amplitude j. α' was replaced with α'i - 
the slope for the dielectric constants measured at the field amplitudes j and i (i > j). In this case, pseudo 
refers to the fact that the permittivity does not increase truly linearly as a function of ac field. Figure 6 shows 
the temperature dependence of the pseudo-Rayleigh parameters of the BaTiO3 ceramics with a grain size of 
1.2 µm and 76 µm. The field i was chosen to ~0.5 kV/cm or ~2 kV/cm to quantify domain wall 
contributions at subcoercive fields. The temperature dependence of the ε'0.03kV/cm was similar to that of the 
small signal dielectric constant, except that no dielectric peak was observed at 125 °C for the large-grained 
ceramics due to its higher Tc of 128 °C[25]. The observation that the ε'0.03kV/cm of the 1.2 µm grain size sample is 
larger than that of the 76 µm grain size sample below Tc is due to the so-called grain size effect of BaTiO3

[7]. 
For the 76 µm grain size sample, the α'i values were larger than those of the 1.2 µm grain sample due to 
reduced domain wall pinning at grain boundaries. The α'i values were increased at the rhombohedral to 
orthorhombic phase transition and orthorhombic to tetragonal phase transition temperatures. In addition, 
they were increased at 80 °C for the 76 µm grain size sample. This is probably due to a combination of 
increased domain wall mobility and decreased polarization with increasing temperature. For the 1.2 µm 
grain size sample, the increases at 80 °C were not observed due to suppressed domain wall mobility. For the 
76 µm grain size sample, α'2kV/cm is larger than α'0.5kV/cm above -70 °C, indicating a superlinear ac field 
dependence. This, in turn, suggests a sublinear response below this temperature, which would be consistent 
with a restriction in long-range domain wall motion and/or a reduction in the nucleation of new domains.

Given that domain wall motion is a function of the concentration of pinning sites in the sample, it is also 
interesting to consider the effect of point defects as potential pinning points.  Here, the oxygen vacancy 
concentration was varied by sintering undoped BaTiO3 ceramics at different oxygen partial pressures, as 
described elsewhere[24]. Figure 7 shows the ac field dependence of the dielectric properties of BaTiO3 
ceramics sintered at 10-9 atm pO2 with a 1.2 µm grain size measured at various temperatures. It was found 
that the response was similar to that of the sample sintered at 10-2 atm pO2, except that the larger increase in 
the dielectric properties at moderate ac fields than that of the sample sintered at 10-2 atm pO2 below Tc and 
larger loss above Tc.

The effect of the pO2 on the dielectric nonlinearity was quantified at various temperatures, as shown in 
Figure 8. Neither sample showed a true Rayleigh regime, presumably due to a combination of defect dipoles 
associated with oxygen vacancies, residual stresses[34], and pinning from the grain boundaries. It was found 
that the temperature dependence of the pseudo-Rayleigh parameters was similar, except that the α'i of 
10-9 atm pO2 sample were larger than those of the 10-2 atm pO2 sample, which is attributable to the de-
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Figure 4. The ac field dependence of the dielectric properties of undoped BaTiO3 ceramics with a grain size of 76 µm measured at 
various temperatures.

Figure 5. The ac field dependence of the dielectric properties of undoped BaTiO3 ceramics with a grain size of 1.2 µm, measured at 
various temperatures.
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Figure 6. Temperature dependence of the pseudo-Rayleigh parameters of the BaTiO3 ceramics with grain sizes of 1.2 µm and 76 µm.

Figure 7. The ac field dependence of the dielectric properties of the undoped BaTiO3 ceramics sintered at 10-9 atm pO2 measured at 
various temperatures.
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Figure 8. Temperature dependence of the pseudo-Rayleigh parameters of the BaTiO3 ceramics sintered at 10-9 atm pO2 and the BaTiO3 
ceramics sintered at 10-2 atm pO2 and post-annealed.

pinning of domain walls from weak pinning centers associated with the defect dipoles[24].

In most multilayer ceramic capacitors, the BaTiO3 is formulated to reduce the temperature dependence of 
the permittivity and increase the reliability when base metal electrodes are utilized[35]. It is thus interesting to 
compare the temperature dependence of the extrinsic contributions of a formulated dielectric to that of 
undoped ceramics. Figure 9 shows the ac field dependence of the dielectric properties of formulated BaTiO3 
ceramics sintered at 10-2 and 10-9 atm pO2; these samples showed core-shell microstructures[24]. Above Tc, the 
dielectric constant of both samples was independent of pO2; the permittivities of the two samples were 
nearly identical in this regime due to the similar grain sizes (both samples had grain sizes of ~0.5 µm) and 
the absence of a large concentration of mobile interfaces. As expected, provided that the samples are far 
enough above Tc, there are few residual micropolar regions, and the nonlinear dielectric response of 
formulated and undoped ceramics is similar. In contrast, below Tc, the irreversible contributions to the 
permittivity were substantially suppressed in the formulated ceramics relative to the undoped materials. At 
20 °C, the ac field dependence of the 10-2 atm pO2 sample was almost linear, while that of the 10-9 atm pO2 
sample was sublinear.

The dielectric responses were quantified using the pseudo-Rayleigh analysis, as shown in Figure 10. Below 
Tc, the ε'0.03kV/cm of the 10-2 atm pO2 sample monotonically decreased with temperature, while that of the 
10-9 atm pO2 sample showed a core/shell response. This is consistent with the temperature dependence of 
the small signal dielectric permittivity of the samples[24]. With decreasing temperature, α'i increased up to the 
orthorhombic to rhombohedral phase transition and then decreased, which is consistent with the α'i for the 
small-grained undoped BaTiO3 ceramics (although the increase at the tetragonal to orthorhombic phase 
transition was smeared). It was found that the difference of the α'i between the formulated samples was 
small above the Tc of the shell region. This suggests that the domain wall contributions are strongly 
influenced by the shell region. Note that near room temperature, α'2kV/cm and α'0.5kV/cm of the 10-2 atm pO2 
sample were similar, which corresponds to the Rayleigh behavior.
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Figure 9. The ac field dependence of the dielectric properties of the formulated BaTiO3 ceramics sintered at 10-2 atm pO2 and 10-9 atm 
pO2 measured at various temperatures.

Figure 10. Temperature dependence of the pseudo-Rayleigh parameters of formulated BaTiO3 ceramics sintered at 10-2 atm pO2 and 
10-9 atm pO2.
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Figure 11. The ac field dependence of the dielectric properties of model MLCCs with different grain sizes measured at various 
temperatures.

It is also notable that the values for α'i for these formulated BaTiO3 ceramics are approximately an order of 
magnitude smaller than those of the undoped BaTiO3 in the ferroelectric phases. There may be several 
reasons for this. First, the formulated ceramics had a small grain size of ~0.5 µm, which induced additional 
grain boundary dilution of the response. Secondly, the formulated BaTiO3 has a lower volume fraction of 
the ferroelectric phase associated with the introduction of shell regions.  These non-ferroelectric regions will 
also act as capacitors in series that suppress the extrinsic contributions to the response. Thirdly, it is also 
possible that the core-shell microstructures act to suppress the long coupling of the domain wall motion. It 
has been shown that domain walls often have some level of continuity across grain boundaries[36] and that 
the resulting ensembles of domain walls often move as clusters rather than as isolated walls[37,38]. It is not 
straightforward to separate the relative importance of each of these factors since the second and third, in 
particular, will also be functions of temperature themselves.

Figure 11 shows the ac field dependence of the dielectric constant for formulated BaTiO3 MLCCs with 
various grain sizes measured at various temperatures. Above Tc, the dielectric constant was independent of 
the ac field amplitude. However, the permittivity data do not superimpose for the different grain sizes, 
presumably because of a difference in the grain boundary dilution of the response[39]. Below Tc, the dielectric 
constant depends on the ac field, and the ac field dependence increases with decreasing temperature. The ac 
field dependence was quantified using pseudo-Rayleigh analysis, as shown in Figure 12. The ε'j followed a 
core/shell response of the dielectric constant. With decreasing grain size, the ε'j decreased. The temperature 
dependence of the α'i was similar to the formulated BaTiO3 ceramics. The peak at the orthorhombic to 
rhombohedral phase transition decreased with grain size. This is consistent with the grain size dependence 
of the undoped BaTiO3 ceramics. It was observed that the grain size dependence of α'i was relatively weak 
above the Tc of the shell. This result is consistent with the pO2 dependence of α'i for the formulated BaTiO3 
ceramics, suggesting the influence of the shell region on irreversible domain wall contributions.
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Figure 12. Temperature dependence of the pseudo-Rayleigh parameters of the MLCCs with various grain sizes.

will perform in working conditions. Given that domain wall motion is thermally activated, it also depends 
on temperature.  The relative magnitude of the extrinsic contributions to the properties is a strong function 
of the microstructure of the ceramics, especially the grain size and the existence of core-shell 
microstructures; it is a much weaker function of the concentration of oxygen vacancies.
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Abstract
Single crystals of 0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 (PMN-30PT) with a composition close to the morphotropic 
phase boundary have demonstrated remarkable electromechanical properties, stimulating intensive research 
interest in the field of piezoelectrics. Domain structures have long been associated with their overall piezoelectric 
properties, thereby garnering particular research interest for the enhancement of piezoelectric properties. Here, we 
report on three distinct domain structures in this material. Through a combination of X-ray diffraction reciprocal 
space mapping and piezoresponse force microscopy measurements, an MA crystal structure has been confirmed. 
The three-dimensional polar vectors of the three domain structures have been reconstructed with two 4MA and 
one 2MA domain structures. Correlations between different domain structures and their local electrical switching 
properties have been revealed. Our study of the PMN-30PT single crystal examines diverse domain structures at 
the mesoscale in detail, which provides valuable insight into the relationship between structures and properties of 
the material.
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INTRODUCTION
Relaxor ferroelectric solid solutions of (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-xPT) have long been the 
research focus over the last few decades by virtue of their superb piezoelectric and electromechanical 
performance that is closely related to their complex microstructure[1-6]. In pursuit of high piezoelectric 
properties, normally two approaches are adopted: the intrinsic one through composition tuning of the solid 
solution or doping[5,7,8] and the extrinsic one through domain/domain wall engineering[9-11]. To achieve high 
electromechanical properties in the PMN-xPT system, regarding the intrinsic approach, the composition x 
is usually tuned to a composition of x~0.3 near the morphotropic phase boundary (MPB), which separates 
the rhombohedral and tetragonal phases. The improved piezoelectric performance has been attributed to 
the intermediate monoclinic phase bridging the adjacent rhombohedral and tetragonal phases, thus 
allowing easy polarization rotation[2,8,12]. The resulting domain structures at the MPB region in various 
systems have also demonstrated beyond-binary multilevel switching and memristive behavior, which is 
promising for the new paradigms of non-volatile memory applications[13,14]. When it comes to the extrinsic 
approach, both direct current (DC) poling and an emerging alternating current (AC) poling approach, 
along with various other approaches, have been utilized to enhance the piezoelectricity through domain wall 
engineering[1,3,15-28].

Therefore, PMN-30PT is of particular research interest for revealing its structure-property relationship. 
This interest stems not only from its status as an MPB composition but also from its rich domain structures. 
From the composition perspective, the hierarchy of domain structures has been known to evolve with 
different Ti concentrations. Pb(Mg1/3Nb2/3)O3 (PMN) and PbTiO3 (PT) are typical relaxors and classic 
ferroelectric systems featuring short-range-ordered polar nanoregions and long-range-ordered domains, 
respectively. The increased concentration of PT leads to an increased off-center polar displacement within 
the unit cell accompanied by mechanical stress[29,30]. To accommodate the elastic strain, smaller domains are 
self-assembled into larger ones with orientations along the polarization variants. Bian et al. have 
investigated the domain structures of PMN-xPT systems at diverse compositions and their associated local 
piezoresponse[31]. From the domain engineering perspective, significant effort has been made to examine the 
relationship between the domain structure and the electromechanical performance in PMN-xPT systems. 
The piezoelectric response of PMN-PT has been enhanced more than three times by increasing the domain 
wall density through DC poling[1,16]. Recently, it has been found that three varied domain structures can be 
induced by the DC poling on the patterned electrodes[32]. Under AC poling, it is suggested that the field-
induced MA phase contributes to the enhanced piezoelectricity in PMN-PT[22]. It has also been discovered 
that with increasing AC poling cycles, the domain structure can evolve from 4R to 2R with a concomitant 
increasing length of 109° domain walls[23]. To note, 4R/2R denotes that there are four/two possible 
spontaneous polarization directions along the polar axis in the rhombohedral phase[23]. Additionally, the 
elimination of light-scattering 71° domain walls has been used to fabricate transparent PMN-PT single 
crystals under AC poling[3,33].

In this work, three distinctive domain structures have been revealed in different regions of PMN-30PT 
single crystals using piezoresponse force microscopy (PFM). X-ray diffraction (XRD) reciprocal space 
mappings (RSM), a series of rotational in-plane (IP) PFM, and trailing field experiments have been used to 
confirm the MA structure of the crystal, and three-dimensional (3D) polar domain variants have been 
reconstructed. The correlation between the domain structures and the local electrical switching properties 
has been revealed using switching spectroscopy PFM (SSPFM).
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EXPERIMENTAL METHODS
PMN-30PT single crystals with (100) orientation were obtained from MTI Corporation, China. The crystals 
were synthesized by an improved Bridgman method. The size of the crystals is 5 mm × 5 mm × 0.2 mm, 
two-sided polished with a surface roughness (Ra) less than 10 Å.

High-resolution θ-2θ XRD studies and RSMs were carried out using a PANalytical X’Pert Pro diffractometer 
with CuKα-1 radiation. The optical images were taken using a Nikon ECLIPSE LV100POL optical 
microscope.

All measurements were performed by two commercial AFM systems, an AIST-NT Smart scanning probe 
microscopy (SPM) 1000 and an Asylum Research MFP-3D Infinity at room temperature under ambient 
conditions. The IP PFM signal depends on the sample orientation with respect to the cantilever. It means 
that only the projected component of the IP polarization vector perpendicular to the cantilever contributes 
to the IP PFM signal, as IP PFM modes rely on the torsional vibration of the cantilever. Therefore, in order 
to resolve the IP polarization vectors, angle-resolved PFM measurements were carried out by changing the 
azimuthal angle between the cantilever and the sample. Consequently, the directions of the IP polarization 
variants have been resolved by high-resolution PFM images acquired at the quasi-identical region by 
changing the cantilever-sample orientation from 0° to 360° with an interval of 45°. To note, during the 
angle-resolved PFM measurements, the orientation of the cantilever is fixed, and only the angle of the 
sample is rotated with respect to the cantilever. The angle-resolved PFM measurements were performed 
with an AC excitation bias between 1.0 to 2.0 V (peak to peak) with platinum-coated tips (HQ:NSC35/Pt, 
Mikromasch) at an off-resonance frequency of 100 kHz to avoid any crosstalk from the topography or 
resonance frequencies. For SSPFM measurements, commercial silicon tips with conductive Ti/Ir coating 
(ASYELEC.01-R2, Asylum Research) were used.

RESULTS AND DISCUSSION
The composition of PMN-30PT single crystals is at the MPB that separates the rhombohedral and 
tetragonal phases, and the existence of intermediate monoclinic phases at this regime is argued to facilitate 
the rotation path between these two phases. To analyze the polarization variants in the sample, RSMs were 
performed to determine the crystal structure. A twofold and a threefold peak splitting were observed around 
310  and 311  re f l ec t ions ,  respect ive ly ,  conf i rming  a  monoc l in ic  A (M A) s t ructure  
[Supplementary Figure 1][34,35].

Type 1 domain structures with a typical zigzag feature on the topography are shown in Figure 1. The long 
vertical zigzag stripes [Figure 1A], with an average stripe/domain width of 2.5 mm, can be observed in the 
majority of the sample regions, as evidenced by the optical image shown in Figure 1G. Coinciding with the 
topography, the out-of-plane (OOP) phase shows the same zigzag domain structure, with a clear 180° phase 
reversal between the adjacent two stripe domains [Figure 1B]. Such topography-domain correlation 
originates from a mechanochemical polishing effect that leads to a polarization-dependent mechanical 
property upon polishing. Of note, the downward polarization demonstrates a higher surface height in 
comparison to the upward polarization, as confirmed in the OOP poling experiment in 
Supplementary Figure 2. Two sets of IP PFM images [Figure 1C-F] were obtained by changing the tip-
sample rotation angle from 0 to 90 to resolve the IP polarization variants as the polarization component 
perpendicular to the cantilever leads to a torsional movement of the cantilever that can be sensitively 
detected. The 0° and 90° rotation IP PFM phase signals in Figure 1C and E show checkerboard domain 
structures with four-color contrast, indicating four polarization variants. Figure 1C and E is then binarized 
to Figure 1D and F with only black and white contrast. The trailing field, which is equivalent to an IP 

microstructures3057-SupplementaryMaterials.pdf
microstructures3057-SupplementaryMaterials.pdf
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Figure 1. Type 1 domain structure. (A) Topography of type 1 domain structure. (B) The corresponding OOP phase signal. (C) IP phase 
signal measured at a tip-sample orientation of 0. The IP polarization variants are denoted on each domain. (D) The binarized version of 
(C). (E) IP phase signal measured at a tip-sample orientation of 90. (F) The binarized version of (E). (G) The optical image of type 1 
domain. (H) The reconstructed three-dimensional polarization vectors for type 1 domain.

electric field with a direction co-determined by the tip motion direction and the polarity of the tip bias, has 
been used to resolve the directions of the binary black and white contrast [Supplementary Figure 3][36]. All 
the PFM signals in this paper were measured at off-resonance frequency to avoid the crosstalk from the 
topography and possible phase flipping near the resonance frequency. By combining the two IP directions, 
as denoted in Figure 1D and F, the polarization vectors for each domain can be established in this (100) 
oriented MA PMN-PT sample. The IP projections of the four variants are shown in Figure 1C. Additionally, 
in Supplementary Figure 4, full angle-resolved PFM measurements were performed at the quasi-identical 
region by altering the cantilever-sample orientation from 0° to 360° at an interval of 45°. IP phase values of 
the four domains are plotted as a function of tip rotation angle, and then trigonometric fitting is used to 
resolve the relative phase differences between each of the four domains. The same reconstruction result of 
the polarization vectors is obtained and shown in Supplementary Figure 5, which is also confirmed by the 
trailing field experiments shown in Supplementary Figures 6 and 7. The domain structure shows a 4MA 
domain configuration with non-charged head-to-tail 71° domain walls (m1+ and m2+, m1- and m2-) and 
180° domain walls (m2+ and m2-, m1+ and m1-), which can be seen from the reconstructed four 
polarization vectors shown in Figure 1H. There are no 109° domain walls in this type 1 domain structure. 
To note, the PMN-30PT is an MPB composition with an MA structure, which closely resembles the 
rhombohedral structure due to the slight structural deviations; therefore, the names of domain wall types 
still conform to the conventional usage, denoted as 71, 109, and 180, as defined within a pseudocubic 
structure[37,38].

microstructures3057-SupplementaryMaterials.pdf
microstructures3057-SupplementaryMaterials.pdf
microstructures3057-SupplementaryMaterials.pdf
microstructures3057-SupplementaryMaterials.pdf
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Type 2 domain structures with a checkerboard feature in the topography are shown in Figure 2. The
alternating yellow and brown quadrilateral patterns [Figure 2A], with an average base/height of 1.5/3 mm,
can only be observed in a minority of the sample regions embedded in the matrix of type 1 domain
configurations. The OOP phase image shows the same alternating checkerboard domains in comparison
with the topography, exhibiting distinct 180° phase differences [Figure 2B]. The optical image shows a
consistent checkerboard pattern [Figure 2G]. Two sets of IP PFM images with different tip-sample
orientations, i.e., 0° and 90°, were measured to determine the polarization vectors [Figure 2C and E]. Based
on the binarized IP phase values [Figure 2D and F], the reconstructed four polarization vectors with both
upward and downward directions are shown in the schematic in Figure 2H. The IP polarization projections
are denoted in corresponding domains in Figure 2C. Compared to the type I domain structure, 71° domains
are non-existent, but 109° domain walls emerge (m1+ and m3+, m1- and m3-) in addition to the 180°
domain walls that are present in both type 1 and type 2 domain structures. The existence of 180° domain
walls in both type 1 and 2 domain structures is due to the allowed polarization states in both upward and
downward directions.

Type 3 domain structures have a prominent horizontal long stripe domain arrangement along [010], as
shown in Figure 3A. The stripes have a typical width of around 1-2 mm. Not all stripe domains are
continuous, as some of them terminate or merge to form larger stripes. The OOP phase also demonstrates a
clear 180° phase difference between adjacent stripe domains, as shown in Figure 3B. The optical image also
shows a consistent structure, as shown in Figure 3C. It should be noted that the type 3 domain only emerges
at certain regions that are adjacent to the sample edge, as denoted by the red dashed boxes in
Supplementary Figure 8. The same rotational experiments were done and are shown in Figure 3D-G. The 
0° rotational IP phase signals [Figure 3D and E] show the same phase contrast as the OOP phase 
signal [Figure 3B]. The 90° rotational IP phase signals [Figure 3F and G], by contrast, present a 
uniform bright phase contrast. This indicates that the polarization components perpendicular to the 
cantilever from all variants now have the same direction with respect to the cantilever. The reconstructed 
polarization vectors with only two allowed directions, sharing the same m1+ and m3+ variants as 
compared to the type 2 domain, are shown in the schematic in Figure 3H. In this domain 
configuration, only non-charged 109° domain walls exist due to the existence of only two polarization 
variants.

A PMN-xPT system is a well-known relaxor ferroelectric system, and the hierarchy of domain structures is
known to vary on length scales from nanometer to millimeter with different Ti concentrations. PMN is a
pure relaxor with short-range-ordered polar nano regions (PNRs), while PT is a classical ferroelectric with
long-range-ordered large domain structures. The introduction of Ti4+ increases the off-center displacement,
and the distortion inside the PNRs results in a mechanical mismatch between regions with different
polarization orientations. To accommodate the generated mechanical strain or minimize the elastic energy,
the small PNRs tend to amalgamate into larger domains of micrometer sizes, such as the observed stripe
domains or checkboard patterns, following their macroscopic symmetries[31]. The observed domain
configurations in all three types of domains show macroscopic domain structures, which is consistent with
previous studies[3,21,31,32]. On a close inspection, type 1 and 2 domain structures, while both showing a clear
four-variant domain configuration, are slightly different from the commonly reported ones[3,21,32]. A very
typical four-rhombohedral domain configuration after DC or AC poling will have four allowed polarization
orientations only in the OOP directions[3,21], either upward or downward. A checkerboard domain structure
along [110] directions and alternating long stripe domains along [010] directions are presented for the OOP
and IP domain structures, respectively. The coexistence of 71° and 109° domains and the absence of 180°
domains are seen. By comparison, a type 1 domain shows zigzag and checkboard domain structures in the
OOP and IP images, respectively, with a coexistence of 71° and 180° domains. Type 2 does show a

microstructures3057-SupplementaryMaterials.pdf
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Figure 2. Type 2 domain structure. (A) Topography of type 2 domain structure. (B) The corresponding OOP phase signal. (C) IP phase 
signal measured at a tip-sample orientation of 0. The IP polarization variants are denoted on each domain. (D) The binarized version of 
(C). (E) IP phase signal measured at a tip-sample orientation of 90. (F) The binarized version of (E). (G) The optical image of type 2 
domain. (H) The reconstructed three-dimensional polarization vectors for type 2 domain.

checkerboard domain structure in the OOP plane but no alternating stripe domains, with a coexistence of 
109° and 180° domains. A Type 3 domain structure is consistent with the reported 2M configuration, 
showing long stripe domains in both OOP and IP directions. One unique feature of the type 3 domain is the 
existence of pure 109 domain walls that do not induce light scattering in comparison to 71 domain walls, 
making transparent crystals possible[3]. However, due to the small fraction of the type 3 domain, the 
transparency of the region is not very apparent under the optical microscope [Supplementary Figure 8]. The 
formation of a type 3 domain structure may be due to the unusual strain state at the edge of the dented 
region [Supplementary Figure 8]. It is known that strain can effectively modify the domain structures or 
even alter the phase in the PMN-PT system[39,40], which is especially prominent in the PMN-30PT system, 
which is close to the MPB and, therefore, has a small anisotropy.

The local ferroelectric properties are further probed by SSPFM mappings of the three different types of 
domains [Figure 4]. The imprint field mappings calculated from the SSPFM mapping (Vi = (|Vp| - |Vn|)/2), 
where Vp and Vn are positive and negative switching voltages, are also shown. The typical topography image 
for type I domain structures with OOP polarization directions is shown in Figure 4A. The corresponding Vi 
mapping exhibits a nice correlation with the topographical feature, which also resembles the domain 
structure in the OOP direction, as shown in Figure 4A. Figure 4C shows the SSPFM curve averaged over 
200 groups of data (100 groups of data each for downward and upward domains). Figure 4D-I contain the 
same information on the topography, the Vi imprint mapping, and the averaged SSPFM curve for type II 
and type III domain structures, respectively. The extracted critical fields for each domain type have been 
summarized in Table 1. Vi-SSPFM and Vi-map are the imprint fields extracted from the averaged SSPFM curve 

microstructures3057-SupplementaryMaterials.pdf
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Table 1. Local switching properties of the three types of domain structures

Type Vi-SSPFM (V) Vi-map (V) Vc-SSPFM (V) Vc-map (V)

Type 1 -0.6 -1.28 7.1 7

Type 2 -3.55 -3.5 13.77 14

Type 3 -0.95 1.5 11.9 11.5

Figure 3. Type 3 domain structure. (A) Topography of type 3 domain structure. (B) The corresponding OOP phase signal. (C) The 

optical image of type 3 domain. (D) IP phase signal measured at a tip-sample orientation of 0. The IP polarization variants are denoted 

on each domain. (E) The binarized version of (D). (F) IP phase signal measured at a tip-sample orientation of 90. (G) The binarized 

version of (F). (H) The reconstructed three-dimensional polarization vectors for type 3 domain.

and the SSPFM mappings, respectively. Vc-SSPFM and Vc-map are coercive fields extracted from the averaged 
SSPFM curve and the SSPFM mappings, respectively, where Vc = (|Vp| + |Vn|)/2. From the imprint 
mappings [Figure 4B, E, H], it can be seen that in all three types of domain structures, the downward 
domains consistently have a negative imprint while the upward domains have a positive imprint, which may 
be due to the alignment of the high concentration of defect dipoles, e.g., oxygen vacancies, during the DC 
switching processes. Vi-map for type 1, 2, and 3 domain structures are -1.28, -3.5, and 1.5 V, respectively. As a 
comparison, Vi-SSPFM shows a similar trend (-0.6, -3.55, and -0.95 V), and the deviation might originate from 
different sample sizes as the Vi-SSPFM is based on only 200 groups of datasets. The coercive fields, Vc-SSPFM and 
Vc-map, show that a type I domain structure has the smallest coercive field, around 7 V, compared to about 14 
and 11 V for type 2 and 3 domain structures. The divergence is probably due to the different polarization 
variants in type 1, m1 and m2, in contrast to m1 and m3 in type 2 and 3 domain structures. The resultant 
vectors m1+ and m2+ or m1- and m2- are closer to the OOP direction of the electric field along the [100] 
directions than m1 and m3 pairs, which allows the electrical switching at a lower voltage. The coercive field 
of the type 3 domain is slightly smaller than that of the type 2 domain. It is possible that a larger domain size 
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Figure 4. Local electrical switching properties for three types of domains. (A-C) The topography, SSPFM mapping, and averaged SSPFM 
curves for type 1 domain. (D-F) The topography, SSPFM mapping, and averaged SSPFM curves for type 2 domain. (G-I) The 
topography, SSPFM mapping, and averaged SSPFM curves for type 3 domain.

in the type 3 domain leads to a larger depolarization field and elastic energy, which makes the domain 
unstable and easier to switch. The detailed Vc-map mappings and averaged SSPFM loops for upward and 
downward domains are shown in Supplementary Figure 9. The cross-boundary regions between type 1 and 
type 3, alongside those type 1 and type 2, are shown by the optical microscope images in 
Supplementary Figure 10.

CONCLUSION
In summary, three different types of domain structures have been systematically studied using SPM in 
PMN-30 PT single crystals with an MA crystal structure. High-resolution PFM and trailing field experiments 
were performed to reconstruct the polarization variants in 3D space for three different domain structures. 
Type 1 and 2 domain structures have been shown to possess two varying 4MA domain structures featuring a 
180°/71° domain wall type and a 180°/109° domain wall type. A Type 3 domain structure has a pure 109° 
domain wall type. Detailed electrical switching properties have been studied through the SSPFM mappings, 
and the divergence of coercive fields in different types of domains is likely to be associated with different 
domain sizes and types. Furthermore, the perfect correlation between the morphology and ferroelectric 
domains allows for pinpointing diverse domain structures using optical microscopy. The detailed study of 
PMN-30PT single crystal at mesoscale can provide a better understanding of various domain structures and 
insight into the structure-property relationship of the material.

microstructures3057-SupplementaryMaterials.pdf
microstructures3057-SupplementaryMaterials.pdf


Page 9 of Zhang et al. Microstructures 2023;3:2023046 https://dx.doi.org/10.20517/microstructures.2023.57 11

DECLARATIONS
Authors’ contributions
Experimental design: Zhang D, Seidel J
Experiments and data collection: Zhang D, Wang L
Data analysis: Zhang D, Wang L, Li L, Sharma P
Manuscript writing and revision: Zhang D, Wang L, Li L, Sharma P, Seidel J
Supervision: Seidel J

Availability of data and materials
The data that support the findings of this study are available from the corresponding author upon 
reasonable request.

Financial support and sponsorship
This work was supported by the Australian Research Council through Discovery Grants and the ARC 
Centre of Excellence in Future Low Energy Electronics Technologies (FLEET), the National Natural Science 
Foundation of China (No. 12204096), the Natural Science Foundation of Jiangsu Province (BK20220797), 
the Open Research Fund Program of the State Key Laboratory of Low-Dimensional Quantum Physics (No. 
KF202203), the open research fund of Key Laboratory of Quantum Materials and Devices (Southeast 
University), Ministry of Education,  the Fundamental Research Funds for the Central Universities, an 
Australian Government Research Training Program (RTP) Scholarship, the Flinders University start-up 
grant. Some of the data presented in this work was acquired using instruments at the Mark Wainwright 
Analytical Centre (MWAC) of UNSW Sydney with the assistance of personnel, which is in part funded by 
the Research Infrastructure Programme of UNSW.

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Authors(s) 2023.

REFERENCES
Park SE, Shrout TR. Ultrahigh strain and piezoelectric behavior in relaxor based ferroelectric single crystals. J Appl Phys 
1997;82:1804-11.  DOI

1.     

Fu H, Cohen RE. Polarization rotation mechanism for ultrahigh electromechanical response in single-crystal piezoelectrics. Nature 
2000;403:281-3.  DOI  PubMed

2.     

Qiu C, Wang B, Zhang N, et al. Transparent ferroelectric crystals with ultrahigh piezoelectricity. Nature 2020;577:350-4.  DOI3.     
Li F, Cabral MJ, Xu B, et al. Giant piezoelectricity of Sm-doped Pb(Mg1/3Nb2/3)O3-PbTiO3 single crystals. Science 2019;364:264-8.  
DOI

4.     

Li F, Lin D, Chen Z, et al. Ultrahigh piezoelectricity in ferroelectric ceramics by design. Nat Mater 2018;17:349-54.  DOI5.     
Li L, Yang Y, Zhang D, et al. Machine learning-enabled identification of material phase transitions based on experimental data: 
exploring collective dynamics in ferroelectric relaxors. Sci Adv 2018;4:eaap8672.  DOI  PubMed  PMC

6.     

Zhang S, Shrout TR. Relaxor-PT single crystals: observations and developments. IEEE Trans Ultrason Ferroelectr Freq Control 
2010;57:2138-46.  DOI  PubMed  PMC

7.     

Singh AK, Pandey D. Evidence for MB and MC phases in the morphotropic phase boundary region of(1-x)[Pb(Mg1/3Nb2/3)O3]-xPbTiO3: 
a rietveld study. Phys Rev B 2003;67:064102.  DOI

8.     

https://dx.doi.org/10.1063/1.365983
https://dx.doi.org/10.1038/35002022
http://www.ncbi.nlm.nih.gov/pubmed/10659840
https://dx.doi.org/10.1038/s41586-019-1891-y
https://dx.doi.org/10.1126/science.aaw2781
https://dx.doi.org/10.1038/s41563-018-0034-4
https://dx.doi.org/10.1126/sciadv.aap8672
http://www.ncbi.nlm.nih.gov/pubmed/29670940
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5903900
https://dx.doi.org/10.1109/tuffc.2010.1670
http://www.ncbi.nlm.nih.gov/pubmed/20889397
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3180875
https://dx.doi.org/10.1103/PhysRevB.67.064102


Page 10 of Zhang et al. Microstructures 2023;3:2023046 https://dx.doi.org/10.20517/microstructures.2023.5711

Sun E, Cao W. Relaxor-based ferroelectric single crystals: growth, domain engineering, characterization and applications. Prog Mater 
Sci 2014;65:124-210.  DOI  PubMed  PMC

9.     

Wada S, Yako K, Kakemoto H, Tsurumi T, Kiguchi T. Enhanced piezoelectric properties of barium titanate single crystals with 
different engineered-domain sizes. J Appl Phys 2005;98:014109.  DOI

10.     

Wada S, Suzuki S, Noma T, et al. Enhanced piezoelectric property of barium titanate single crystals with engineered domain 
configurations. Jpn J Appl Phys 1999;38:5505.  DOI

11.     

Vanderbilt D, Cohen MH. Monoclinic and triclinic phases in higher-order Devonshire theory. Phys Rev B 2001;63:094108.  DOI12.     
Park MH, Lee YH, Kim HJ, et al. Morphotropic phase boundary of Hf1-xZrxO2 thin films for dynamic random access memories. ACS 
Appl Mater Interfaces 2018;10:42666-73.  DOI

13.     

Sarott MF, Rossell MD, Fiebig M, Trassin M. Multilevel polarization switching in ferroelectric thin films. Nat Commun 2022;13:3159.  
DOI  PubMed  PMC

14.     

Chang WY, Chung CC, Yuan ZY, et al. Patterned nano-domains in PMN-PT single crystals. Acta Mater 2018;143:166-73.  DOI15.     
Yamamoto Y, Itsumi K, Hosono Y. Effects of manganese oxides/gold composite electrode on piezoelectric properties of lead 
magnesium niobate titanate single crystal. Jpn J Appl Phys 2011;50:09NC05.  DOI

16.     

Luo C, Wan H, Chang WY, et al. Effect of low-frequency alternating current poling on 5-mm-thick 0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 
single crystals. Appl Phys Lett 2019;115:192904.  DOI

17.     

Wan H, Luo C, Chang WY, Yamashita Y, Jiang X. Effect of poling temperature on piezoelectric and dielectric properties 
of 0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 single crystals under alternating current poling. Appl Phys Lett 2019;114:172901.  DOI

18.     

Yamashita Y, Yamamoto N, Hosono Y, Itsumi K. Piezoelectric transducer, ultrasonic probe, and piezoelectric transducer 
manufacturing method. 2015. Available from: https://patents.google.com/patent/US20150372219 [Last accessed on 1 Dec 2023].

19.     

Yamamoto N, Yamashita Y, Hosono Y, Itsumi K, Higuchi K. Ultrasonic probe, piezoelectric transducer, method of manufacturing 
ultrasonic probe, and method of manufacturing piezoelectric transducer. 2014. Available from: https://patents.google.com/patent/
US20140062261A1/en [Last accessed on 1 Dec 2023]

20.     

Deng C, Ye L, He C, et al. Reporting excellent transverse piezoelectric and electro-optic effects in transparent rhombohedral PMN-PT 
single crystal by engineered domains. Adv Mater 2021;33:e2103013.  DOI

21.     

Chang WY, Chung CC, Luo C, et al. Dielectric and piezoelectric properties of 0.7 Pb(Mg1/3Nb2/3)O3-0.3 PbTiO3 single crystal poled 
using alternating current. Mater Res Lett 2018;6:537-44.  DOI

22.     

Wan H, Luo C, Liu C, Chang WY, Yamashita Y, Jiang X. Alternating current poling on sliver-mode 
rhombohedral Pb(Mg1/3Nb2/3)O3-PbTiO3 single crystals. Acta Mater 2021;208:116759.  DOI

23.     

Xu J, Deng H, Zeng Z, et al. Piezoelectric performance enhancement of Pb(Mg1/3Nb2/3)O3-0.25PbTiO3 crystals by alternating current 
polarization for ultrasonic transducer. Appl Phys Lett 2018;112:182901.  DOI

24.     

Zhuo F, Zhou X, Gao S, et al. Anisotropic dislocation-domain wall interactions in ferroelectrics. Nat Commun 2022;13:6676.  DOI  
PubMed  PMC

25.     

Zhuo F, Zhou X, Gao S, et al. Intrinsic-strain engineering by dislocation imprint in bulk ferroelectrics. Phys Rev Lett 
2023;131:016801.  DOI

26.     

Zhang D, Sando D, Pan Y, Sharma P, Seidel J. Robust ferroelectric polarization retention in harsh environments through engineered 
domain wall pinning. J Appl Phys 2021;129:014102.  DOI

27.     

Zhang D, Sando D, Sharma P, et al. Superior polarization retention through engineered domain wall pinning. Nat Commun 
2020;11:349.  DOI  PubMed  PMC

28.     

Bai F, Li J, Viehland D. Domain hierarchy in annealed (001)-oriented Pb(Mg1⁄3Nb2⁄3)O3-x%PbTiO3 single crystals. Appl Phys Lett 
2004;85:2313-5.  DOI

29.     

Rodriguez BJ, Jesse S, Morozovska AN, et al. Real space mapping of polarization dynamics and hysteresis loop formation in relaxor-
ferroelectric PbMg1/3Nb2/3O3-PbTiO3 solid solutions. J Appl Phys 2010;108:042006.  DOI

30.     

Bian JH, Xue P, Zhu R, et al. Fingerprints of relaxor ferroelectrics: characteristic hierarchical domain configurations and quantitative 
performances. Appl Mater Today 2020;21:100789.  DOI

31.     

Luo CT, Chang WY, Gao M, et al. Multi-layered domain morphology in relaxor single crystals with nano-patterned composite 
electrode. Acta Mater 2020;182:10-7.  DOI

32.     

Finkel P, Cain MG, Mion T, et al. Simultaneous large optical and piezoelectric effects induced by domain reconfiguration related to 
ferroelectric phase transitions. Adv Mater 2022;34:e2106827.  DOI

33.     

Liu HJ, Chen HJ, Liang WI, et al. Structural study in highly compressed BiFeO3 epitaxial thin films on YAlO3. J Appl Phys 
2012;112:052002.  DOI

34.     

Christen HM, Nam JH, Kim HS, Hatt AJ, Spaldin NA. Stress-induced R-MA-MC-T symmetry changes in BiFeO3 films. Phys Rev B 
2011;83:144107.  DOI

35.     

Chen C, Chen D, Li P, et al. Deterministic manipulation of multi-state polarization switching in multiferroic thin films. Adv Funct 
Mater 2023;33:2208244.  DOI

36.     

Sharma P, Zhang Q, Sando D, et al. Nonvolatile ferroelectric domain wall memory. Sci Adv 2017;3:e1700512.  DOI  PubMed  PMC37.     
Li L, Xie L, Pan X. Real-time studies of ferroelectric domain switching: a review. Rep Prog Phys 2019;82:126502.  DOI38.     
Khakpash N, Khassaf H, Rossetti GA, Alpay SP. Misfit strain phase diagrams of epitaxial PMN-PT films. Appl Phys Lett 
2015;106:082905.  DOI

39.     

https://dx.doi.org/10.1016/j.pmatsci.2014.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25061239
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4104389
https://dx.doi.org/10.1063/1.1957130
https://dx.doi.org/10.1143/jjap.38.5505
https://dx.doi.org/10.1103/physrevb.63.094108
https://dx.doi.org/10.1021/acsami.8b15576
https://dx.doi.org/10.1038/s41467-022-30823-5
http://www.ncbi.nlm.nih.gov/pubmed/35672404
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9174202
https://dx.doi.org/10.1016/j.actamat.2017.10.016
https://dx.doi.org/10.1143/JJAP.50.09NC05
https://dx.doi.org/10.1063/1.5094362
https://patents.google.com/patent/US20150372219
https://patents.google.com/patent/US20140062261A1/en
https://patents.google.com/patent/US20140062261A1/en
https://dx.doi.org/10.1002/adma.202103013
https://dx.doi.org/10.1080/21663831.2018.1498812
https://dx.doi.org/10.1016/j.actamat.2021.116759
https://dx.doi.org/10.1063/1.5027591
https://dx.doi.org/10.1038/s41467-022-34304-7
http://www.ncbi.nlm.nih.gov/pubmed/36335109
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9637100
https://dx.doi.org/10.1103/physrevlett.131.016801
https://dx.doi.org/10.1063/5.0029620
https://dx.doi.org/10.1038/s41467-019-14250-7
http://www.ncbi.nlm.nih.gov/pubmed/31953393
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6969134
https://dx.doi.org/10.1063/1.1793353
https://dx.doi.org/10.1063/1.3474961
https://dx.doi.org/10.1016/j.apmt.2020.100789
https://dx.doi.org/10.1016/j.actamat.2019.10.017
https://dx.doi.org/10.1002/adma.202106827
https://dx.doi.org/10.1063/1.4746036
https://dx.doi.org/10.1103/physrevb.83.144107
https://dx.doi.org/10.1002/adfm.202208244
https://dx.doi.org/10.1126/sciadv.1700512
http://www.ncbi.nlm.nih.gov/pubmed/28691100
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5482552
https://dx.doi.org/10.1088/1361-6633/ab28de
https://dx.doi.org/10.1063/1.4913706
https://doi.org/10.1063/1.5127292


Page 11 of Zhang et al. Microstructures 2023;3:2023046 https://dx.doi.org/10.20517/microstructures.2023.57 11

Belhadi J, Gabor U, Ursic H, et al. Growth mode and strain effect on relaxor ferroelectric domains in epitaxial 
0.67Pb(Mg1/3Nb2/3)O3-0.33PbTiO3/SrRuO3 heterostructures. RSC Adv 2021;11:1222-32.  DOI  PubMed  PMC

40.     

https://dx.doi.org/10.1039/d0ra10107a
http://www.ncbi.nlm.nih.gov/pubmed/35424096
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8693390


1. Submission Overview
Before you decide to publish with Microstructures, please read the following items carefully and make sure that you are 
well aware of Editorial Policies and the following requirements.

1.1 Topic Suitability
The topic of the manuscript must fit the scope of the journal. Please refer to Aims and Scope for more information.

1.2 Open Access and Copyright
The journal adopts Gold Open Access publishing model and distributes content under the Creative Commons Attribution 
4.0 International License. Copyright is retained by authors. Please make sure that you are well aware of these policies.

1.3 Publication Fees
Microstructures is an open access journal. When a paper is accepted for publication, authors are required to pay Article 
Processing Charges (APCs) to cover its editorial and production costs. The APC for each submission is $600. There are no 
additional charges based on color, length, figures, or other elements. For more details, please refer to OAE Publication Fees.

1.4 Language Editing
All submissions are required to be presented clearly and cohesively in good English. Authors whose first language is not 
English are advised to have their manuscripts checked or edited by a native English speaker before submission to ensure 
the high quality of expression. A well-organized manuscript in good English would make the peer review even the whole 
editorial handling more smoothly and efficiently.
If needed, authors are recommended to consider the language editing services provided by Charlesworth to ensure that 
the manuscript is written in correct scientific English before submission. Authors who publish with OAE journals enjoy a 
special discount for the services of Charlesworth via the following two ways.
Submit your manuscripts directly at http://www.charlesworthauthorservices.com/~OAE;
Open the link http://www.charlesworthauthorservices.com/, and enter Promotion Code “OAE” when you submit.

1.5 Work Funded by the National Institutes of Health
If an accepted manuscript was funded by National Institutes of Health (NIH), the author may inform editors of the NIH 
funding number. The editors are able to deposit the paper to the NIH Manuscript Submission System on behalf of the author.

2. Submission Preparation
2.1 Cover Letter
A cover letter is required to be submitted accompanying each manuscript. It should be concise and explain why the study 
is significant, why it fits the scope of the journal, and why it would be attractive to readers, etc.
Here is a guideline of a cover letter for authors’ consideration:
In the first paragraph: include the title and type (e.g., Research Article, Review Article, etc.) of the manuscript, a brief on 
the background of the study, the question the author sought out to answer and why;
In the second paragraph: concisely explain what was done, the main findings and why they are significant;
In the third paragraph: indicate why the manuscript fits the Aims and Scope of the journal, and why it would be attractive 
to readers;
In the fourth paragraph: confirm that the manuscript has not been published elsewhere and not under consideration of any 
other journal. All authors have approved the manuscript and agreed on its submission to the journal. Journal’s specific 
requirements have been met if any.
If the manuscript is contributed to a special issue, please also mention it in the cover letter.
If the manuscript was presented partly or entirely in a conference, the author should clearly state the background information 
of the event, including the conference name, time and place in the cover letter.

2.2 Types of Manuscripts
There is no restriction on the length of manuscripts, number of figures, tables and references, provided that the manuscript 
is concise and comprehensive. The journal publishes Research Article, Review Article, Editorial, Perspective etc. For more 
details about paper type, please refer to the following table.

                                                                                                                                          Microstructures | Volume 3 | Issue 4 | October 2023

AUTHOR INSTRUCTIONS

V



Microstructures | Volume 3 | Issue 4 | October 2023

Manuscript 
Type Definition Abstract Keywords Main Text 

Structure
Research Article A Research Article describes detailed results 

from novel research. All findings are extensively 
discussed.

Structured abstract 
including Aim, Methods, 
Results and Conclusion. 
No more than 250 words.

3-8 keywords The main content 
should include four 
sections: Introduction, 
Materials and 
Methods, Results and 
Discussion.

Review Article A Review Article summarizes the literature on 
previous studies. It usually does not present any 
new information on a subject.

Unstructured abstract. 
No more than 250 words.

3-8 keywords The main text may 
consist of several 
sections with unfixed 
section titles. We 
suggest that the 
author include an 
"Introduction" section 
at the beginning, 
several sections with 
unfixed titles in the 
middle part, and a 
"Conclusion" section 
in the end.

Meta-Analysis A Meta-Analysis is a statistical analysis 
combining the results of multiple scientific 
studies. It is often an overview of clinical trials.

Structured abstract 
including Aim, Methods, 
Results and Conclusion. 
No more than 250 words.

3-8 keywords The main content 
should include four 
sections: Introduction, 
Methods, Results and 
Discussion.

Technical Note A Technical Note is a short article giving a brief 
description of a specific development, technique 
or procedure, or it may describe a modification 
of an existing technique, procedure or device 
applied in research.

Unstructured abstract. 
No more than 250 words.

3-8 keywords /

Commentary A Commentary is to provide comments on 
a newly published article or an alternative 
viewpoint on a certain topic.

Unstructured abstract. 
No more than 250 words.

3-8 keywords /

Editorial An Editorial is a short article describing news 
about the journal or opinions of senior editors or 
the publisher.

None required. None 
required.

/

Letter to Editor A Letter to Editor is usually an open post-
publication review of a paper from its readers, 
often critical of some aspect of a published 
paper. Controversial papers often attract 
numerous Letters to Editor.

Unstructured abstract 
(optional). No more than 
250 words.

3-8 keywords 
(optional)

/

Opinion An Opinion usually presents personal thoughts, 
beliefs, or feelings on a topic.

Unstructured abstract 
(optional). No more than 
250 words.

3-8 keywords /

Perspective A Perspective provides personal points of view 
on the state-of-the-art of a specific area of 
knowledge and its future prospects. Links to 
areas of intense current research focus can also 
be made. The emphasis should be on a personal 
assessment rather than a comprehensive, critical 
review. However, comments should be put into 
the context of existing literature. Perspectives 
are usually invited by the Editors.

Unstructured abstract. 
No more than 150 words.

3-8 keywords /

Author Instructions

VI



VII                                                                                                                                           Microstructures | Volume 3 | Issue 4 | October 2023

2.3 Manuscript Structure
2.3.1 Front Matter
2.3.1.1 Title
The title of the manuscript should be concise, specific and relevant, with no more than 16 words if possible. When gene or 
protein names are included, the abbreviated name rather than full name should be used.

2.3.1.2 Authors and Affiliations
Authors’ full names should be listed. The initials of middle names can be provided. Institutional addresses and email 
addresses for all authors should be listed. At least one author should be designated as corresponding author. In addition, 
corresponding authors are suggested to provide their Open Researcher and Contributor ID upon submission. Please note 
that any change to authorship is not allowed after manuscript acceptance.

2.3.1.3 Highlights
Highlights are mandatory because they can help increase the discoverability of your article through search engines. They 
consist of a short collection of bullet points that capture the novel results of your research as well as new methods that were 
used during the study (if any). They should be submitted in a separate editable file in the online submission system. Please 
use ‘Highlights’ in the file name and include 3 to 5 bullet points (maximum 85 characters per bullet point, including spaces).

2.3.1.4 Abstract
The abstract should be a single paragraph with word limitation and specific structure requirements (for more details please 
refer to Types of Manuscripts). It usually describes the main objective(s) of the study, explains how the study was done, 
including any model organisms used, without methodological detail, and summarizes the most important results and their 
significance. The abstract must be an objective representation of the study: it is not allowed to contain results which are not 
presented and substantiated in the manuscript, or exaggerate the main conclusions. Citations should not be included in the 
abstract.

2.3.1.5 Graphical Abstract
The graphical abstract is essential as this can catch first view of your publication by readers. We recommend you to submit 
an eye-catching figure. It should summarize the content of the article in a concise graphical form. It is recommended to use 
it because this can make online articles get more attention. The graphic abstract should be submitted as a separate document 
in the online submission system. Please provide an image with a minimum of 730 × 1,228 pixels (h × w) or proportionally 
more. The image should be readable at a size of 7 × 12 cm using a regular screen resolution of 96 dpi. Preferred file types: 
TIFF, PSD, AI, JPG, JPEG, EPS, PNG, ZIP and PDF files.

2.3.1.6 Keywords
Three to eight keywords should be provided, which are specific to the article, yet reasonably common within the subject 
discipline.

2.3.2 Main Text
Manuscripts of different types are structured with different sections of content. Please refer to Types of Manuscripts to 
make sure which sections should be included in the manuscripts.

2.3.2.1 Introduction
The introduction should contain background that puts the manuscript into context, allow readers to understand why the 
study is important, include a brief review of key literature, and conclude with a brief statement of the overall aim of the 
work and a comment about whether that aim was achieved. Relevant controversies or disagreements in the field should be 
introduced as well.

2.3.2.2 Materials and Methods
Materials and Methods should contain sufficient details to allow others to fully replicate the study. New methods and 
protocols should be described in detail while well-established methods can be briefly described or appropriately cited. 
Experimental participants selected, the drugs and chemicals used, the statistical methods taken, and the computer software 
used should be identified precisely. Statistical terms, abbreviations, and all symbols used should be defined clearly. 
Protocol documents for clinical trials, observational studies, and other non-laboratory investigations may be uploaded as 
supplementary materials.

2.3.2.3 Results and Discussion
This section should contain the findings of the study and discuss the implications of the findings in context of existing 
research and highlight limitations of the study. Future research directions may also be mentioned. Results of statistical 
analysis should also be included either as text or as tables or figures if appropriate. Authors should emphasize and summarize 

Author Instructions



only the most important observations. Data on all primary and secondary outcomes identified in the section Methods 
should also be provided. Extra or supplementary materials and technical details can be placed in supplementary documents.

2.3.2.4 Conclusions
It should state clearly the main conclusions and include the explanation of their relevance or importance to the field.

2.3.3 Back Matter
2.3.3.1 Acknowledgments
Anyone who contributed towards the article but does not meet the criteria for authorship, including those who provided 
professional writing services or materials, should be acknowledged. Authors should obtain permission to acknowledge 
from all those mentioned in the Acknowledgments section. This section is not added if the author does not have anyone to 
acknowledge.

2.3.3.2 Authors’ Contributions
Each author is expected to have made substantial contributions to the conception or design of the work, or the acquisition, 
analysis, or interpretation of data, or the creation of new software used in the work, or have drafted the work or substantively 
revised it.
Please use Surname and Initial of Forename to refer to an author’s contribution. For example: made substantial contributions 
to conception and design of the study and performed data analysis and interpretation: Salas H, Castaneda WV; performed 
data acquisition, as well as provided administrative, technical, and material support: Castillo N, Young V.
If an article is single-authored, please include “The author contributed solely to the article.” in this section.

2.3.3.3 Availability of Data and Materials
In order to maintain the integrity, transparency and reproducibility of research records, authors should include this section 
in their manuscripts, detailing where the data supporting their findings can be found. Data can be deposited into data 
repositories or published as supplementary information in the journal. Authors who cannot share their data should state 
that the data will not be shared and explain it. If a manuscript does not involve such issue, please state “Not applicable.” in 
this section.

2.3.3.4 Financial Support and Sponsorship
All sources of funding for the study reported should be declared. The role of the funding body in the experiment design, 
collection, analysis and interpretation of data, and writing of the manuscript should be declared. Any relevant grant numbers 
and the link of funder’s website should be provided if any. If the study is not involved with this issue, state “None.” in this 
section.

2.3.3.5 Conflicts of Interest
Authors must declare any potential conflicts of interest that may be perceived as inappropriately influencing the 
representation or interpretation of reported research results. If there are no conflicts of interest, please state “All authors 
declared that there are no conflicts of interest.” in this section. Some authors may be bound by confidentiality agreements. 
In such cases, in place of itemized disclosures, we will require authors to state “All authors declare that they are bound by 
confidentiality agreements that prevent them from disclosing their conflicts of interest in this work.”. If authors are unsure 
whether conflicts of interest exist, please refer to the “Conflicts of Interest” of Microstructures Editorial Policies for a full 
explanation.

2.3.3.6 Copyright
Authors retain copyright of their works through a Creative Commons Attribution 4.0 International License that clearly 
states how readers can copy, distribute, and use their attributed research, free of charge. A declaration “© The Author(s) 
2023.” will be added to each article. Authors are required to sign License to Publish before formal publication.

2.3.3.7 References
References should be numbered in order of appearance at the end of manuscripts. In the text, reference numbers should be 
placed in square brackets and the corresponding references are cited thereafter. If the number of authors is less than or equal 
to six, we require to list all authors’ names. If the number of authors is more than six, only the first three authors’ names are 
required to be listed in the references, other authors’ names should be omitted and replaced with “et al.”. Abbreviations of 
the journals should be provided on the basis of Index Medicus. Information from manuscripts accepted but not published 
should be cited in the text as “Unpublished material” with written permission from the source.
References should be described as follows, depending on the types of works:
Types Examples
Journal articles by 
individual authors

Weaver DL, Ashikaga T, Krag DN, et al. Effect of occult metastases on survival in node-negative 
breast cancer. N Engl J Med 2011;364:412-21. [DOI: 10.1056/NEJMoa1008108]

Author Instructions

VIII  Microstructures | Volume 3 | Issue 4 | October 2023



Author Instructions

Organization as author Diabetes Prevention Program Research Group. Hypertension, insulin, and proinsulin in 
participants with impaired glucose tolerance. Hypertension 2002;40:679-86. [DOI: 10.1161/01.
hyp.0000035706.28494.09]

Both personal authors and 
organization as author

Vallancien G, Emberton M, Harving N, van Moorselaar RJ; Alf-One Study Group. Sexual dysfunction 
in 1,274 European men suffering from lower urinary tract symptoms. J Urol 2003;169:2257-61. [DOI: 
10.1097/01.ju.0000067940.76090.73]

Journal articles not in 
English

Zhang X, Xiong H, Ji TY, Zhang YH, Wang Y. Case report of anti-N-methyl-D-aspartate receptor 
encephalitis in child. J Appl Clin Pediatr 2012;27:1903-7. (in Chinese)

Journal articles ahead of 
print

Odibo AO. Falling stillbirth and neonatal mortality rates in twin gestation: not a reason for 
complacency. BJOG 2018; Epub ahead of print [DOI: 10.1111/1471-0528.15541]

Books Sherlock S, Dooley J. Diseases of the liver and billiary system. 9th ed. Oxford: Blackwell Sci Pub; 
1993. pp. 258-96.

Book chapters Meltzer PS, Kallioniemi A, Trent JM. Chromosome alterations in human solid tumors. In: Vogelstein 
B, Kinzler KW, editors. The genetic basis of human cancer. New York: McGraw-Hill; 2002. pp. 93-
113.

Online resource FDA News Release. FDA approval brings first gene therapy to the United States. Available from: 
https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm574058.htm. [Last accessed 
on 30 Oct 2017]

Conference proceedings Harnden P, Joffe JK, Jones WG, editors. Germ cell tumours V. Proceedings of the 5th Germ Cell 
Tumour Conference; 2001 Sep 13-15; Leeds, UK. New York: Springer; 2002..

Conference paper Christensen S, Oppacher F. An analysis of Koza's computational effort statistic for genetic 
programming. In: Foster JA, Lutton E, Miller J, Ryan C, Tettamanzi AG, Editors. Genetic 
programming. EuroGP 2002: Proceedings of the 5th European Conference on Genetic Programming; 
2002 Apr 3-5; Kinsdale, Ireland. Berlin: Springer; 2002. pp. 182-91.

Unpublished material Tian D, Araki H, Stahl E, Bergelson J, Kreitman M. Signature of balancing selection in Arabidopsis. 
Proc Natl Acad Sci U S A. Forthcoming 2002.

For other types of references, please refer to U.S. National Library of Medicine.
The journal also recommends that authors prepare references with a bibliography software package, such as EndNote to 
avoid typing mistakes and duplicated references.

2.3.3.8 Supplementary Materials
Additional data and information can be uploaded as Supplementary Materials to accompany the manuscripts. The 
supplementary materials will also be available to the referees as part of the peer-review process. Any file format is 
acceptable, such as data sheet (word, excel, csv, cdx, fasta, pdf or zip files), presentation (powerpoint, pdf or zip files), image 
(cdx, eps, jpeg, pdf, png or tiff), table (word, excel, csv or pdf), audio (mp3, wav or wma) or video (avi, divx, flv, mov, mp4, 
mpeg, mpg or wmv). All information should be clearly presented. Supplementary materials should be cited in the main text 
in numeric order (e.g., Supplementary Figure 1, Supplementary Figure 2, Supplementary Table 1, Supplementary Table 2, 
etc.). The style of supplementary figures or tables complies with the same requirements on figures or tables in main text. 
Videos and audios should be prepared in English, and limited to a size of 500 MB.

2.4 Manuscript Format
2.4.1 File Format
Manuscript files can be in DOC and DOCX formats and should not be locked or protected.

2.4.2 Length
There are no restrictions on paper length, number of figures, or number of supporting documents. Authors are encouraged 
to present and discuss their findings concisely.

2.4.3 Language
Manuscripts must be written in English.

2.4.4 Multimedia Files
The journal supports manuscripts with multimedia files. The requirements are listed as follows:
Video or audio files are only acceptable in English. The presentation and introduction should be easy to understand. The 
frames should be clear, and the speech speed should be moderate.
A brief overview of the video or audio files should be given in the manuscript text.
The video or audio files should be limited to a size of up to 500 MB.
Please use professional software to produce high-quality video files, to facilitate acceptance and publication along with the 
submitted article. Upload the videos in mp4, wmv, or rm format (preferably mp4) and audio files in mp3 or wav format.

IX                                                                                                                                           Microstructures | Volume 3 | Issue 4 | October 2023



Author Instructions

XMicrostructures | Volume 3 | Issue 4 | October 2023

2.4.5 Figures
Figures should be cited in numeric order (e.g., Figure 1, Figure 2) and placed after the paragraph where it is first cited;
Figures can be submitted in format of TIFF, PSD, AI, EPS or JPEG, with resolution of 300-600 dpi;
Figure caption is placed under the Figure;
Diagrams with describing words (including, flow chart, coordinate diagram, bar chart, line chart, and scatter diagram, etc.) 
should be editable in word, excel or powerpoint format. Non-English information should be avoided;
Labels, numbers, letters, arrows, and symbols in figure should be clear, of uniform size, and contrast with the background;
Symbols, arrows, numbers, or letters used to identify parts of the illustrations must be identified and explained in the 
legend;
Internal scale (magnification) should be explained and the staining method in photomicrographs should be identified;
All non-standard abbreviations should be explained in the legend;
Permission for use of copyrighted materials from other sources, including re-published, adapted, modified, or partial 
figures and images from the internet, must be obtained. It is authors’ responsibility to acquire the licenses, to follow any 
citation instruction requested by third-party rights holders, and cover any supplementary charges.

2.4.6 Tables
Tables should be cited in numeric order and placed after the paragraph where it is first cited;
The table caption should be placed above the table and labeled sequentially (e.g., Table 1, Table 2);
Tables should be provided in editable form like DOC or DOCX format (picture is not allowed);
Abbreviations and symbols used in table should be explained in footnote;
Explanatory matter should also be placed in footnotes;
Permission for use of copyrighted materials from other sources, including re-published, adapted, modified, or partial tables 
from the internet, must be obtained. It is authors’ responsibility to acquire the licenses, to follow any citation instruction 
requested by third-party rights holders, and cover any supplementary charges.

2.4.7 Abbreviations
Abbreviations should be defined upon first appearance in the abstract, main text, and in figure or table captions and used 
consistently thereafter. Non-standard abbreviations are not allowed unless they appear at least three times in the text. 
Commonly-used abbreviations, such as DNA, RNA, ATP, etc., can be used directly without definition. Abbreviations in 
titles and keywords should be avoided, except for the ones which are widely used.

2.4.8 Italics
General italic words like vs., et al., etc., in vivo, in vitro; t test, F test, U test; related coefficient as r, sample number as n, 
and probability as P; names of genes; names of bacteria and biology species in Latin.

2.4.9 Units
SI Units should be used. Imperial, US customary and other units should be converted to SI units whenever possible. There 
is a space between the number and the unit (i.e., 23 mL). Hour, minute, second should be written as h, min, s.

2.4.10 Numbers
Numbers appearing at the beginning of sentences should be expressed in English. When there are two or more numbers 
in a paragraph, they should be expressed as Arabic numerals; when there is only one number in a paragraph, number < 10 
should be expressed in English and number > 10 should be expressed as Arabic numerals. 12345678 should be written as 
12,345,678.

2.4.11 Equations
Equations should be editable and not appear in a picture format. Authors are advised to use either the Microsoft Equation 
Editor or the MathType for display and inline equations.

2.5 Submission Link
Submit an article via https://oaemesas.com/login?JournalId=microstructures.
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