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Abstract
Eutectic high-entropy alloys (EHEAs) have drawn increasing interest due to their fine castability as well as 
appealing properties in recent years. In this work, two bulk-casting Co20-x/3Cr20-x/3Ni50-x/3Al10+x (x = 8 and 9) EHEAs 
with regular L12/B2 lamellar morphologies were successfully fabricated and studied. Both EHEAs show high 
ultimate strength of ~1200 MPa combined with good uniform ductility (> 9%). Post-deformation transmission 
electron microscopy results indicated a high density of dislocations and stacking faults in the L12 lamellae, while no 
obvious dislocation in the B2 phases. This work can broaden the optimization of composition design in EHEAs and 
provide useful guidance for further development of CoCrNiAl EHEAs.

Keywords: Eutectic high-entropy alloys, lamellar morphology, stacking faults, dislocations

INTRODUCTION
High entropy alloys (HEAs), which were proposed in 2004, have drawn increasing interest due to their 
appealing properties relative to conventional alloys consisting of one or two principal elements[1-4]. Despite 
alloying various principal elements, HEAs, frequently solidify into simple crystal structures, such as face-
centered-cubic (FCC), body-centered-cubic (BCC) and hexagonal-close-packed (HCP) crystal structures or 
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their ordered types (such as L12, B2 and D019)[5-10]. Generally, considering the as-cast mechanical properties 
of HEAs, FCC-structured HEAs exhibit good ductility but relatively low strength, while BCC or HCP-
structured HEAs show high strength but limited ductility[11-13]. These single mechanical properties, poor 
castability and composition segregation can seriously deteriorate the further engineering applications of the 
as-cast HEAs[14,15].

Lu et al. first reported the concept of eutectic high entropy alloys (EHEAs) and developed a cast 
AlCoCrFeNi2.1 EHEA with alternating FCC(L12)/BCC(B2) lamellar morphologies and an outstanding 
combination of high strength and large ductility[16]. Recently, the mechanical properties of AlCoCrFeNi2.1 
EHEA were enhanced further by thermo-mechanical processing, that is, cold rolling in multi-steps to a 
reduction in thickness of ~90%, followed by annealing[15,17,18]. More recently, Shi et al. designed a 
directionally solidified Al19Fe20Co20Ni41 EHEA with ~50% uniform tensile elongation, three times that of 
conventional cast EHEAs and comparable strength, which provides novel guidance in developing new 
structured materials with large elongation and high fracture toughness[19]. Up to now, A wide range of cast 
EHEAs with outstanding mechanical properties and different compositions have been reported[20-26].

In the past years, Co-Cr-Ni-Al alloys have shown latent capacities to form conventional eutectic 
microstructures, which can be verified by Calculation of Phase Diagrams (CALPHAD) methods[27-29]. 
However, the microstructures for good mechanical properties and underlying deformation mechanisms of 
this type of EHEA still need more investigation. We initially designed Co20-x/3Cr20-x/3Ni50-x/3Al10+x to investigate 
the Al content on the microstructures and mechanical properties of our CoCrNiAl alloys. Surprisingly, we 
found that a nominal composition of Co20-x/3Cr20-x/3Ni50-x/3Al10+x (x = 8 and 9) (hereinafter named 18Al and 
19Al, respectively.) can form eutectic microstructures with regular L12/B2 lamellar morphologies, which is 
similar with the lamellar structures in most studied as-cast EHEAs[12,14,27-29]. Electron probe microanalyzers, 
scanning and transmission electron microscopes were adopted to character the eutectic microstructures, 
chemical compositions and deformation mechanisms to reveal the origin of the good properties.

MATERIALS AND METHODS
CoCrNiAl alloys were prepared using arc-melting constituent elements with a purity of > 99.9 (wt.%). These 
two alloys were re-melted five times to improve the chemical homogeneity under a Ti-gettered argon 
atmosphere. The molten alloys were then drop-cast into a water-cooled copper mold with dimensions of 
10 mm × 10 mm × 60 mm. Dog-bone-shaped tensile specimens with a cross-section area of 3.0 × 0.9 mm2 
and a gauge length of 10 mm were cut from the cast ingots by electrical discharge machining. Room-
temperature tensile tests were conducted in a CMT4305 universal electronic tensile testing machine with a 
strain rate of 1 × 10-3 s-1. At least three tensile experiments were repeated to improve the reproducibility. 
Crystal structures of these as-cast specimens were examined by X-ray diffraction (XRD) with Cu Ka 
radiation (Rigaku SmartLab). The 2θ scanning was performed in the range of 20°-100° at a scanning speed 
of 5°/min. Thermal behaviors of the as-cast HEAs were investigated by a differential scanning calorimeter 
(DSC) operated in an argon atmosphere at a heating/cooling rate of 10 °C /min. Nanoindentation tests were 
performed at least five tests for each phase using a G200 Nano Indenter system. During each indentation 
test, the depth was increased from 0 nm to 100 nm over a period of 20 s, and kept constant for 10 s. The tip 
contact did not extend beyond each phase. The microstructures were characterized by a field emission 
scanning electron microscope (Carl Zeiss Supra55) equipped with an electron backscatter diffraction 
(EBSD) detector (Oxford Instrument), electron probe microanalyzer (EPMA, SHIMADZU, 8050G) and 
transmission electron microscope (TEM) (FEI Tecnai G2 F20 operated at the voltage of 200 kV). The 
chemical characterizations of different phases were conducted using an energy dispersive spectroscopy 
(EDS) system attached to a transmission electron microscope (TEM). The EBSD and EPMA specimens 
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were polished with a 2000-grit SiC paper, followed by electropolishing in an HClO4:C2H6O = 1:9 solution 
with a direct voltage of 20 V at room temperature. TEM specimens were mechanically ground to about 
50 μm thickness, punched to Φ3 mm circle sheets, and then thinned by twin-jet electro-polished using a 
mixture of 10% perchloric acid and 90% alcohol (vol.%) with a direct voltage of 30 V at a temperature of 
-18 °C.

RESULTS AND DISCUSSION
The XRD patterns of the as-cast 18Al and 19Al alloys, as shown in Figure 1A. Both 18Al and 19Al alloys 
have the FCC + BCC duplex phase microstructure. DSC curves of the 18Al and 19Al alloys are seen in 
Figure 1B. Both alloys show only one exothermic peak, confirming that 18Al and 19Al EHEAs are at the 
eutectic position, which can be attributed to their eutectic compositions. This phenomenon was also 
detected in other EHEAs, such as in AlCoCrFeNi2.1

[12], Nb0.62Fe1.98Co1.22Ni1.00
[30], CoCrFeNiTa0.4

[31], and 
CoCrFeNiMo0.8 alloys[32].

Figure 2A and D show the scanning electron microscope (SEM) images of as-cast 18Al and 19Al alloys, 
exhibiting that the as-cast 18Al and 19Al alloys both have a typical lamellar morphology of eutectic 
microstructure. The electron backscatter diffraction (EBSD) inverse pole figures and phase maps of as-cast 
18Al and 19Al EHEAs are seen in Figure 2B and C, Figure 2E and F, respectively. Different lamellar growth 
directions were observed in the adjacent FCC grains of 18Al and 19Al EHEAs [Figure 2B and E], indicating 
that these EHEAs possess a different lamellar arrangement in the grains with different orientations. The 
EBSD phase maps in Figure 2C and F show that dark and light lamellae in Figure 2A and B are FCC and 
BCC phases, respectively. The corresponding content of FCC and BCC phases in 18Al EHEA is about 
59.2 vol.% and 40.8 vol.%. Compared with the 18Al EHEA, 19Al EHEA has a higher content of the BCC 
phase, and the content of the BCC phase in 19Al EHEA is about 50.4 vol.%. Moreover, wider BCC lamellae 
in 19Al EHEA were observed in Figure 2F. In 18Al EHEA, L12 and B2 phases with nanoindentation 
hardness of 5.0 ± 0.6 GPa and 6.2 ± 0.7 GPa, respectively, while in 19Al EHEA, L12 and B2 phases with 
nanoindentation hardness of 4.6 ± 0.5 GPa and 5.7 ± 0.9 GPa, respectively. These results are consistent with 
the previous research that the B2 phase is harder than the L12 phase[19].

To better understand the microstructural features of as-cast 18Al and 19 Al EHEAs, we performed 
transmission electron microscopy (TEM) observation equipped with energy dispersive spectroscopy (EDS). 
Figure 3A and D exhibit the alternating lamellae microstructure of as-cast 18Al and 19Al EHEAs, 
respectively. According to the selected area electron diffraction patterns (SADPs) in Figure 3B and E, the 
dark and light lamellar in 18Al and 19Al EHEAs are L12 and B2 phases, respectively. L12 and B2 phases can 
be seen as ordered modes of FCC and BCC phases. EDS maps [Figure 3C and F] and SADPs reveal that the 
Ll2 lamellae in 18Al and 19Al EHEAs enriched in Co and Cr while B2 phases in 18Al and 19Al EHEAs 
enriched in Ni and Al but depleted in Cr and Co. We noted that the B2 phases in 18Al are not well enriched 
in Ni and Al, mainly due to the B2 phases being eroded away during the TEM sample preparation, as seen 
in Figure 3A. The average widths of the BCC lamellae in 18Al and 19Al EHEAs are ~0.3 μm and ~0.5 μm, 
respectively. It is widely reported in Fe, Cr contained EHEAs that it is easy to precipitate in the form of 
spherical particles in the B2 phases owing to the Cr element showing a limited solid solubility[14,33-35]. While 
we failed to observe particles in the B2 lamellar of our 18Al and 19Al EHEAs, as exhibited by the STEM 
images of Figure 3A and D. This phenomenon may be ascribed to the removed Fe element in our EHEAs, 
which is  s imilar to other EHEA[27]. In the recently-reported Ni30Co 3 0Cr 1 0Fe 1 0Al 1 8W 2  and 
Al19.25Co18.86Fe18.36Ni43.53 EHEAs, the orientation relationship between the L12 and B2 phases is determined to 
be [011]L12 // [ 11]B2 and (11 )L12 // (01 )B2, meeting the classical K-S relationship[33,36]. This semi-
coherent interface is usually accompanied by a great number of lattice misfit dislocations[33,36]. During the 
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Figure 1. (A) XRD patterns of as-cast 18Al and 19Al EHEAs. (B) DSC curves of as-cast 18Al and 19Al EHEAs.

Figure 2. The microstructural features of as-cast 18Al and 19 Al EHEAs: (A-C) SEM image, inverse pole figure and phase map of 18Al 
EHEA; (D-F) SEM image, inverse pole figure and phase map of 19Al EHEA.

tensile deformation, this interface can block the dislocation glide further and lead to the high strength of our 
EHEAs.

Figure 4A displays the engineering stress-strain curves of as-cast 18Al and 19Al EHEAs tested at room 
temperature, exhibiting the mechanical properties including yield stress (YS), ultimate tensile strength 
(UTS), and total elongation (EL). The 18Al EHEA displays a yield strength of ~708 MPa, an ultimate tensile 
strength of ~1179 MPa, and a fracture elongation of ~0.1. The 19Al sample slightly increases the yield stress 
to ~734 MPa, the ultimate tensile strength to ~1219 MPa, and slightly decreases the elongation to ~0.09. 
18Al and 19Al EHEAs have a high ultimate tensile strength of ~1200 MPa, which is ~ 2.3 times as strong as 
the as-cast Co20Cr20Ni50Al10 base alloy with a single-phase FCC structure. Both 18Al and 19Al EHEAs show 
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Figure 3. Scanning TEM (STEM) images showing the L12 and B2 lamellae of as-cast (A) 18Al and (D) 19Al EHEAs. Two selected-area-
diffraction patterns (SADPs) of L12 and B2 lamellae in (B) 18Al and (E) 19Al EHEAs, respectively. Superlattice-diffraction spots of the L12 
and B2 phases are marked by white circles. Energy-dispersive spectroscopy (EDS) maps of STEM images exhibiting the distribution of 
Ni, Cr, Co, Al in (C) 18Al and (F) 19Al EHEAs, respectively.

high ultimate tensile strength combined with good uniform ductility. Furthermore, little necking was 
detected in the stress-strain curves of two EHEAs. Figure 4B gives the strain-hardening rates of both 18Al 
and 19Al EHEAs. The strain-hardening rates of 18Al and 19Al EHEAs first drop quickly in region I, 
followed by an upturn to achieve their maximum values in region II. The strain hardening rate of 19Al 
EHEA is higher than that of the 18Al EHEA in this region, owing to more FCC/BCC phase boundaries that 
could effectively create remarkable hetero-deformation induced (HDI) hardening during the tensile 
deformation. The soft L12 phases will start plastic deformation first in 18Al and 19Al EHEAs, while the soft 
L12 phases will not be able to deform flexibly because of the deformation limit imposed by the remaining 
elastic B2 phases[15]. Additionally, due to the wider BCC lamellae, more geometrically necessary dislocations 
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Figure 4. Mechanical responses of as-cast 18Al and 19Al EHEAs tested at room temperature. (A) The engineering stress-strain curves of 
18Al and 19Al EHEAs were tested at room temperature. The inset shows the corresponding true stress-strain curve. (B) The strain 
hardening rate vs true strain plots of 18Al and 19Al EHEAs.

(GNDs) were prevented and piled up at FCC/BCC boundaries of 19Al in this deformation stage, resulting in 
larger long-range back stress in L12 phases[37-39]. The GNDs piled up at the FCC/BCC boundaries also 
generated forward stress in the B2 phases[37], promoting the plastic deformation of the B2 phases. When 
both the L12 and B2 phases were plastically deformed, the softer L12 phases would undergo larger plastic 
strain, leading to a heterogeneous deformation[37,38]. To accommodate the heterogeneous deformation, 
enough strain gradients must be present near the heterogeneous FCC/BCC surfaces, thereby producing a 
more remarkable HDI hardening[37] in 19Al. Finally, although the as-cast 18Al and 19Al EHEAs show an 
abnormal inability to sustain high strain-hardening rates over a narrow region III, they both have sufficient 
uniform tensile strains (> 9%).

Figure 5A and B exhibit bright-field (BF) TEM images of alternating lamellae in the ~9% strained 18Al and 
19Al EHEAs. Two kinds of {111} plane traces were detected in the L12 lamellae of 18Al EHEA, as shown in 
Figure 5A. Figure 5B is a bright-field (BF) micrograph showing stacking faults (SFs) in the L12 lamellae of 
19Al EHEA at [110] zone axis. In addition, strain-induced stacking faults were also observed in 
AlCoCrFeNi2.1 EHEA[14] and additively manufactured EHEAs[40]. This scenario suggested that the stacking 
fault was another significant deformation type of our EHEAs besides the planar dislocation slip mentioned 
above in the L12 lamellae. Figure 5A and B show a high density of dislocations occurring in the L12 lamellae, 
while no obvious dislocations are detected in the B2 phases. In the recently-reported AlCoCrFeNi2.1 EHEA, 
dislocations in the B2 lamellae can be detected in ( 10) and (110) slip bands, and these dislocations could be 
hindered by the spherical precipitates enriched in the Cr element[14].

We investigated the fracture surfaces of 18Al and 19Al EHEAs to further reveal the damage and fracture 
mechanisms of the developed as-cast EHEAs at room temperature. These images of two EHEA samples in 
Figure 5C and D unveiled a similar fracture morphological character, namely, trench-type microstructures 
and several blocky phases with the cleavage character on the fracture surface[14,16,33]. More specifically, these 
two EHEAs both featured two types of fracture modes, i.e., brittle-type fracture in the BCC phase 
accompanied by a ductile fracture in the FCC phase. To better understand the blocky phases on the fracture 
surface of two EHEAs, we performed the EPMA analysis for the flat fracture surface of the 18Al EHEA. The 
EPMA images in Figure 5E reveal that the blocky phase is enriched in Ni and Al, but depleted in Co and Cr. 
The EPMA results indicate that blocky NiAl-rich phases are BCC precipitates. These BCC precipitates may 
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Figure 5. TEM images of alternating lamellae under the ~9% strained 18Al (A) and 19Al (B) EHEAs. The selected area electron 
diffraction (SAED) pattern with diffraction fringes (yellow arrows) such as trailing around diffraction spots indicates the presence of 
SFs. The fractography morphologies of as-cast (C) 18Al and (D) 19Al EHEAs show the mixed ductile and brittle fracture types at room 
temperature. Blocky phases in 18Al and 19Al EHEAs are marked by black arrows. (E) EPMA maps for the blocky phase on the fracture 
surface of 18Al EHEA. The blocky phase is highlighted by the black line.

be formed by a decomposition behavior, which has been detected in other EHEAs[15]. Given the blocky BCC 
morphology, it is reasonable to assume that the BCC particles are barely deformed while the FCC lamellae 
are easily stretched during the deformation. As shown in Figure 5C and D, the bright lines are stretched 
FCC lamellae, and the dark blocks at the bottom of the trench are BCC precipitates.

CONCLUSIONS
In summary, two novels casting CoCrNiAl EHEAs [Co20-x/3Cr20-x/3Ni50-x/3Al10+x (x = 8 and 9)] composed of the 
L12 and B2 phases were studied. The corresponding contents of B2 phases in two EHEAs are ~40.8 vol.% 
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and 50.4 vol.%, respectively. The Ll2 lamellae in two EHEAs enriched in Co and Cr, while B2 phases in two 
EHEAs enriched in Ni and Al but depleted in Cr and Co. Both EHEAs have a high ultimate strength of 
~1200 MPa combined with good uniform ductility (> 9%). In the ~9% strained Co17.33Cr17.33Ni47.34Al18 and 
Co17Cr17Ni47Al19 EHEAs, a high density of dislocations as well as stacking faults in the L12 lamellar, while no 
obvious dislocations are detected in the B2 phases. Moreover, Trench-type microstructures and several 
blocky phases with the cleavage character on the fracture surface show that brittle-type fracture in the BCC 
phase is accompanied by a ductile fracture in the FCC phase of two EHEAs.
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Abstract
The lattice arrangement and degree of buckling have been playing vital roles in the structure stability, bonding 
configuration, and electronic band structures of two-dimensional (2D) single-layer materials. Here, we fabricate 
two tin allotropes beyond honeycomb stanene by epitaxial growth method on Al(111). Sn-I phase with quasi-
periodic lattice and Sn-II phase with square-like lattice have been identified by scanning tunneling microscopy. 
Combined with scanning tunneling spectroscopy, it is revealed that Sn-II phase with four-coordinate tin atoms 
exhibits enhanced decoupling effects due to their saturated bonds. In this study, the discovery of new lattice 
arrangements with well-defined atomic structures beyond honeycomb lattice provides an appealing approach to 
searching 2D elemental single layers and novel physical properties.
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INTRODUCTION
Two-dimensional (2D) tin in honeycomb lattice, also known as stanene, has attracted enormous research 
attention in the field of condensed matter physics as a candidate for room temperature quantum spin Hall 
(QSH) insulator and recently discovered topological superconductor[1-3]. The arrangement of 2D lattice and 
degree of buckling have been playing vital roles in the structure stability, bonding configuration, and 
electronic band structures of 2D tin, as exemplified by a number of epitaxially grown stanene systems, such 
as planar stanene on Cu(111), strained stanene on Sb(111), and stanene Au(111)[4-12]. Aiming at either 
pursuing superior or new physical properties, allotropes of 2D tin beyond planar and buckled honeycomb 
structures have been widely predicted. 2D tin with dumbbell structure and staggered layered dumbbell 
structure is predicted to be a stable topological insulator and topological Dirac semimetal, respectively[13,14]. 
Besides, 2D tetragonal tin with repeated square and octagon rings is predicted to be a node line semimetal 
protected by the combination of spatial inversion and time-reversal symmetries[15]. Double-layer 2D tin with 
a square lattice has also been proposed to be favorable for free-standing films[16]. In contrast to the intensive 
theoretic exploration, experimental construction of 2D allotropes beyond honeycomb and buckled 
honeycomb structures, however, are rarely reported for either tin or other 2D elemental single layers[17-20], 
which requires subtle interaction and proper lattice-matching between the substrate and the elemental layer.

In this work, two different 2D tin allotropes with quasi-periodic lattice and square-like lattice are fabricated 
on Al(111) by epitaxial growth method at different tin coverages. Scanning tunneling microscopy (STM) 
and scanning tunneling spectroscopy (STS) studies reveal their atomic structures, electronic properties, and 
the degree of interaction with the substrate. We find that in the sub-monolayer region, tin overlayer prefers 
the quasi-periodic lattice, in which three-coordinate and four-coordinate tin atoms coexist. While at 1 
monolayer (ML) and above, the quasi-periodic lattice transforms to the square-like lattice with four-
coordinate tin atoms, which exhibits apparently enhanced decoupling with the substrate.

MATERIALS AND METHODS
The growth of tin on Al(111) and STM measurements were carried out in the ultra-high vacuum (>1 × 10-10 

Torr). The Al(111) single crystal with a well-polished surface was purchased from Mateck, GmbH. The 
Al(111) single crystal was treated in the ultra-high vacuum condition by cycles of sputtering and annealing. 
The process of epitaxial growth is illustrated in Figure 1A, in which Sn atoms were evaporated from a 
home-made crucible onto Al(111) at 293 K. The as-grown samples were then in-situ transferred to STM 
chamber for characterization at 77 K. During the STM and STS tests, the voltage was applied to the sample. 
All the STM images were acquired at constant current mode. The dI/dV measurements were acquired with 
a lock-in technique with a sample voltage modulation of 10 mV at 937 Hz. The STM images were analyzed 
using WSxM software[21].

RESULTS AND DISCUSSION
Figure 1B and C show two typical surface topographies after deposition of sub-monolayer tin on Al(111) 
surface. The majority of islands are found on the same atomic layer of Al(111), between which an apparent 
boundary can be observed as indicated by the white dashed line in Figure 1B. In addition, several islands 
that are not adjacent to the step edges can also be found [Figure 1C]. These two types of islands turn out to 
show the same superstructure, as shown in Figure 1D, which exhibits hexagonal structure with a periodicity 
of around 1.5 nm and directions of +/- 19° with respect to Al[1 0] direction. Therefore, they are assigned to 
be Sn-I phase. Moreover, during the scanning, the Sn-I islands can easily be scratched at extremely low 
sample bias, here, 5 mV, as shown in Figure 1E. The apparent height measurement along a phase I island 
[Figure 1C] and the scratched area [Figure 1E] are shown in Figure 1F and G, respectively, in which the 
same apparent height is verified for the scratched area and the lower terrace. This indicates that Sn-I islands 
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Figure 1. (A) Schematic diagram of the epitaxial growth of Sn on the surface of Al(111). (B and C) Typical scanning tunneling microscopy 
(STM) images of as-prepared surfaces showing the coexistence of bare substrate and sub-monolayer Sn-I phase [(2 V, 50 pA for (B) 
and 1 V, 50 pA for (C)]. (D) Enclosed STM image of Sn-I phase, showing two lattice directions with their unit cell marked by black 
rhombuses (0.5 V, 50 pA). (E) The STM image (1 V, 50 pA) of a selected area after scanning at an extremely low sample bias which 
induced scratches on the surface of Sn-I phase. (F and G) Height profiles along the corresponding lines in (C) (blue) and (E) (black).

are tin overlayers on the Al(111) surface and possess strong enough bond strengths between in-plane tin 
atoms. The formation of tin overlayer on the surface of Al(111), instead of surface alloy, is consistent with 
the immiscible nature between tin and Al[22].

The atomic resolution STM image of Sn-I phase is shown in Figure 2A, with the unit cell of the 
superstructure marked by the light blue rhombus. The superstructure and lattice direction match well with 
the 2√7a × 2√7a R19.1° of Al(111) [shortened as 2√7a, a is the unit cell of Al(111)]. The superstructure is 
also apparent in the corresponding fast Fourier transform (FFT) image [Figure 2B and C], in which 
periodicities of 2√7a and 2√7/3a can be identified as marked by six light blue circles and six purple circles, 
respectively. These periodicities are reproduced in the inverse-FFT image of these spots [Figure 2D], 
indicating both translational and rotational symmetries of the lattice. The sketch of the 2√7a × 2√7a 
structure on the Al(111) substrate is exhibited in Figure 2E. It is clear that this quasi-periodicity of 2√7a is 
not composed by a simple triangle or honeycomb lattice, but a complex tiling of triangle, square and 
pentagon lattices, as mimicked in Figure 2F. From the comparison, the 2√7/3a periodicity and their 
surroundings satellite spots in the inverse-FFT images can be assigned to the triangle lattices with different 
directions as marked in Figure 2F. In addition, a set of twelve-fold spots (green circles) can be identified in 
the FFT image and the corresponding inverse-FFT image [Figure 2D], which forms a dodecagon lattice. 
This complex superstructure of Sn-I phase can be understood as a mix of three-coordinate and four-
coordinate Sn atoms in the tiling of triangle, square, and pentagon units.

The difference in the electronic properties of Sn-I and the substrate can be revealed by the bias-dependent 
STM images in which their height differences vary at different sample biases [Figure 3A-C]. Sn-I exhibits a 
decreased apparent height from 0.23 nm at 1 V to 0.21 nm at 3 V, while Al(111) shows a constant step 
height of 0.23 nm. In addition to the superstructure 2√7a and the Al(111) lattice, two sets of square-like 
lattices can be seen at the boundary area in the atomic resolution STM image [Figure 3D]. These two 
square-like lattices show a same lattice constant of 0.3 nm and coincident lattice directions of the 
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Figure 2. (A) Atomic resolution STM image of Sn-I phase with the unit cell marked by the rhombus (-50 mV, 50 pA). (B) Fast Fourier 
transform (FFT) image of (A) with the periodicity of 2√7a × 2√7a structure, 2√7/3a × 2√7/3a structure, and the dodecagonal 
periodicity (12-fold) marked by light blue, purple, and green circles. (C and D) Inverse-FFT image obtained from the 2√7a × 2√7a 
structure and the dodecagonal periodicity marked by light blue and green circles in (B), respectively. (E) Sketch of the 2√7a × 2√7a 
structure on the Al(111) substrate. (F) Sketch of the triangle-square-pentagon tiling on the surface of Sn-I phase, with the unit cell of 2√
7a × 2√7a marked by the light blue rhombus and the dodecagonal periodicity marked by green shapes, respectively.

superstructure. Therefore, for these two different Sn-I phases, whether connecting with Al(111) with 
boundaries or not, different electronic structures are expected. However, only the variation of the spectral 
weight can be seen without apparent difference in the spectral features from the comparison of Sn-I and 
Al(111) in the dI/dV spectra [Figure 3E]. This indicates that even though Sn-Sn bonds form in Sn-I, strong 
orbital hybridization between tin atoms and Al atoms exists, which is very likely raised by the unsaturated 
electrons contributed by the large proportion of the three-coordinate tin atoms.

When the coverage of tin atoms is increased to 1 ML and above [Figure 4A], a second phase with stripe 
feature (Sn-II) appears on the surface covering the whole surface. With the atomic resolution STM image in 
Figure 4B, Sn-II phase is revealed to be square-like lattice with the lattice constant of 0.3 nm, which is the 
same as the atomic structure of the boundary between Sn-I phase and Al(111). Therefore, with the same 
lattice constant and lattice direction, Sn-II phase is thought to gradually form from Sn-I phase with 
increasing coverage at the boundary area. The difference is that Sn-II phase exhibits a 4 × 6 stripe structure 
[Figure 4B and C], whose coverage is estimated to be around 0.78 with respect to the topmost Al atomic 
layer. It is most likely that the stripe structure forms as a result of lattice buckling to release the lattice strain, 
which has been observed in other epitaxial stanene films[5-7].

Here, the square-like tin allotrope, however, is rare in the epitaxial growth elemental films on hexagonal 
substrates which usually exhibit hexagonal or trigonal lattice geometries. The unusual difference in 
geometry between the epitaxial film and substrate can be explained by the decoupling effect of increased 
bonding strength between tin atoms at higher tin coverage. The formation of four-coordinate bonds in the 
square geometry can also decrease the number of unsaturated bonds and reduce the orbital hybridization 
with the substrate, thereby promoting the decoupling effect. This conjecture is supported by the fact that Sn 
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Figure 3. (A and B) STM images of a selected area with coexistence of Sn-I phase and bare substrate under different sample biases [3 
V for (A) and 1 V for (B)]. (C) Height profiles along the corresponding lines in (A) (red curve) and (B) (blue curve). (D) The STM image 
of a boundary area between Sn-I phase and the bare substrate showing the square-like lattice at the boundary (-50 mV, 50 pA). (E) 
dI/dV spectra on Al(111) and Sn-I phase.

Figure 4. (A) STM image of the surface after deposition of > 1 ML Sn on Al(111) showing stripe structure (Sn-II phase) and abundant 
clusters on the surface (2.5 V, 50 pA, image size is 50 nm × 50 nm). (B) Atomic resolution STM image of Sn-II phase (16 mV, 900 pA). 
(C) Height profile along the white line in (B). (D) dI/dV spectra on the hill and valley of the stripe structure of Sn-II phase.
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nanoclusters appear on the surface of Sn-II as the coverage is much higher than 1 ML [Figure 4A], which 
indicates that Sn-II phase is acting as a “buffer” layer that decreases the interaction between the surplus tin 
atoms and the substrate and enables the formation of Sn nanocluster. The dI/dV spectra on Sn-II phase 
[Figure 4D] show apparent depression of local density of states in the close vicinity of the Fermi level 
compared to Sn-I phase, which agrees with the decoupling effect.

CONCLUSIONS
In summary, two 2D tin allotropes with quasi-periodic lattice and square-like lattice are fabricated on 
Al(111) by epitaxial growth method at different tin coverages. Beyond sub-monolayer coverage, the 
enhanced decoupling effect occurs and induces a square-like lattice, which is rarely found among epitaxial 
elemental monolayers on metal substrates with hexagonal lattice. The presence of these two well-defined 
structures adds another degree of freedom to stanene and other 2D elemental monolayers beyond the 
honeycomb and buckled honeycomb lattices regarding the lattice symmetry design and tunning the 
interaction between epitaxial films and substrates.
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Abstract
A series of [(FeNiCo)0.85Cr0.15]100-xBx (x = 12, 15, 17) high-entropy alloys with network-like microstructures (N-HEAs)
and a wavelength of 3-5 μm was prepared using the fluxing method. The novel N-HEAs exhibited higher strength
and ductility compared with samples obtained by suction casting. Neutron diffraction and scanning electron
microscopy measurements showed that the network-like structure contained soft face-centered cubic (FCC) and
hard tetragonal Cr2B-type sub-networks. The network-like structure was formed during the solidification of the
molten alloy from a deeply undercooled state, achieved by removing impurities and most metallic oxides through
B2O3 fluxing. The mechanical properties could be tuned by modifying the composition to change the volume
fractions of the different sub-networks. When x decreased from 17 to 12, the compressive yield strength decreased
from 1.6 to 1.1 GPa, while the compressive strain increased from ~20% to ~70%. The N-HEA samples with x = 12
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and 15 also exhibited a good tensile ductility of 19% and 14%, respectively. In situ synchrotron X-ray diffraction 
results revealed an inhomogeneous deformation behavior, i.e., the soft FCC phase yielded prior to the hard 
Cr2B-type phase, which bore more stress in the initial stage of the plastic deformation. In the later stage of the 
plastic deformation, the ductility of the sample was provided by the FCC phase, together with some contributions 
from the Cr2B-type phase.

Keywords: Network-structured high-entropy alloys, neutron and X-ray diffraction, mechanical properties, fluxing 
method

INTRODUCTION
High-entropy alloys (HEAs) or multi-principal-element alloys are a new class of structural materials that 
have attracted widespread attention since their first synthesis in 2004[1-3]. The development of HEAs 
provided a new strategy for alloy design, leading to the discovery of new alloys with superior properties in a 
wide range of loading conditions[4,5]. By tuning the composition, various researchers have developed HEAs 
with exceptional ductility and fracture toughness at temperatures down to 20 K[6-8], as well as strong and 
ductile mechanical behavior from cryogenic temperatures to 1073 K[9], and excellent soft magnetic 
properties with high strength and ductility[10]. Moreover, the nanoscale structural design has been applied to 
further increase the strength and ductility of HEAs by introducing nanoscale precipitation[11], compositional 
modulation[12], or disordered grain boundaries[13]. However, these heterogeneous nanostructures may be 
unstable at elevated temperatures or difficult to fabricate in bulk sizes[14,15], which limits their industrial 
application. On the other hand, at a larger (i.e., sub-micron to micron) scale, the structure of the HEAs 
could also significantly influence their mechanical properties, as in the case of lamellar structures[16] or 
equiaxed grains[17]. These structures could be controlled by conventional thermal/mechanical treatments, 
i.e., cold/hot rolling or annealing[18-20]. Thus, developing new structures at the sub-micron to micron scale by 
engineering-friendly methods could be a promising way to accelerate the application of HEAs.

The fluxing technique is a widely used heat treatment method in metallurgy, in which the impurity and 
metallic oxide contents of the molten alloy are reduced by immersing in molten oxides[21] or salts[22] to 
improve its properties. This approach has been successfully applied to achieve a large undercooling of 
different alloy melts, in order to alter the solidification kinetics[23,24] or even form bulk metallic glasses[21]. 
Novel microstructures could be formed when the melt is solidified at a deeply undercooled state by fluxing, 
which is difficult to reach with other techniques. For example, using the B2O3 fluxing treatment, Fe-C and 
Fe-B-C alloys can be cast into an interconnected network morphology at the submicron to micron scale, 
showing higher strength and plasticity than white cast iron with a typical eutectic structure[25].

In this work, the B2O3 fluxing treatment was applied to fabricate high-entropy alloys with novel network-
like microstructures (N-HEAs)[26,27]. A high degree of undercooling (385 K) was achieved for 
[(FeNiCo)0.85Cr0.15]100-xBx (x = 12, 15, 17) N-HEAs with a diameter of ~13 mm. The morphology of the 
microstructures was inspected by scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM), and the phase composition was studied by energy-dispersive spectroscopy (EDS) and 
neutron diffraction. The deformation mechanism was further investigated using in situ synchrotron X-ray 
diffraction during tension test. We also discuss the origin of the large undercooling, the relationship of the 
mechanical properties with the microstructures, as well as phase fractions, and the deformation mechanism.
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MATERIALS AND METHODS
Sample preparation and fluxing treatment
[(FeNiCo)0.85Cr0.15]100-xBx (x = 12, 15, 17) ingots were prepared by vacuum induction heating using pure 
elements (purity > 99.95 wt.%). Then, the alloy ingots were remelted at least five times under a high-purity 
Ti-gettered argon atmosphere in a water-cooled copper crucible; the ingots were flipped each time to 
improve the chemical homogeneity. After that, the alloy ingots were transferred into molten B2O3 and 
underwent fluxing treatment for 2 h at 1,473 K in a dry-cleaned fused silica tube with inner and outer 
diameters of 16 and 19 mm, respectively. A schematic diagram of the fluxing experiment setup is shown in 
Figure 1A. After the fluxing treatment, the fused silica tube was removed from the muffle furnace and 
cooled in air. A high-speed camera and a thermocouple[28] were used to record the cooling process of the 
system and the temperature history, respectively. To measure the liquidus temperature (TL) of the samples, 
differential scanning calorimeter (DSC) experiments (Netzsch 404 F3) were performed under a high-purity 
argon atmosphere, with a cooling rate of 20 K min-1 from 1,500 K to 300 K.

Neutron and synchrotron X-ray diffraction experiments
Time-of-flight neutron diffraction experiments in transmission mode were carried out on the General 
Purpose Powder Diffractometer (GPPD) beamline at the China Spallation Neutron Source[29], with a 
neutron beam bandwidth and size of 4.5 Å and 40 × 20 mm, respectively. Diffraction data were collected for 
2 h on each sample. The microstructure was determined by Rietveld refinement using the GSAS software[30]. 
In situ high-energy synchrotron X-ray diffraction measurements were performed at the 11-ID-C beamline 
of the Advanced Photon Source (APS, Argonne National Laboratory). High-energy X-rays with a 
wavelength of 0.01173 nm were used for data collection. The strain rate used in the in situ tensile test is 
4 × 10-4 s-1. The lattice strain εhkl was calculated as (dhkl - d°hkl)/(d°hkl), where dhkl is the lattice spacing of the hkl 
planes, and d°hkl is the corresponding value for the stress-free sample[6].

Morphology characterization and mechanical tests 
The morphology and composition of the alloy were characterized using FEI Quanta 250F SEM, JSM-
IT500HR SEM, and FEI Talos F200X TEM microscopes equipped with an attached X-ray EDS instrument. 
Cylinder-shaped compressive samples with a diameter of 3 mm and a height of 4.5 mm, as well as dog-
bone-shaped tensile specimens with a gauge length of 10 mm and a thickness of 1mm were fabricated by 
electrical discharge machining. To obtain the tensile specimens, the spherical fluxed ingots were subjected 
to an additional treatment, consisting of annealing at 1,273 K for 10 h, hot rolling (with 80% thickness 
reduction), and annealing at 1,273 K for 10 h again. Uniaxial compressive and tensile tests were performed 
on a UTM4304GD testing machine with a strain rate of 1 × 10-3 s-1. Hardness values were measured with a 
HVST-1000Z (Deka Precision Measuring Instrument) tester.

RESULTS
Measurement of degree of undercooling achieved by fluxing treatment
Figure 1B shows the solidification process of the [(FeNiCo)0.85Cr0.15]83B17 alloy melt immersed in molten 
B2O3. The photographs in Figure 1B display the cooling process of the molten alloy ingot. After air-cooling 
for 35 s 14 ms, recalescence occurred due to latent heat released during crystallization[31]. The crystallization 
occurred on the sample surface, and the crystal/liquid interface gradually moved across the whole sample 
within 5 ms. Figure 1C shows the temperature changes during the cooling process, as recorded by the 
thermocouple. At the beginning of the process, the sample was air-cooled with an average cooling rate of 
2 K s-1. The temperature increased by 135 K during recalescence, as marked by the red arrow in Figure 1C. 
The liquidus temperature of the [(FeNiCo)0.85Cr0.15]83B17 N-HEA was measured to be 1,350 K [Figure 1D]. 
Thus, the undercooling of the molten alloys with a diameter of approximately 13 mm could be estimated at 
385 K. The DSC curves of [(FeNiCo)0.85Cr0.15]85B15 and [(FeNiCo)0.85Cr0.15]88B12 N-HEAs are also shown in 
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Figure 1. (A) Schematic diagram of B2O3 fluxing experiment setup (left). Photograph of alloy ingot showing the morphology of the 
specimen after fluxing (units: cm) (right). (B) Solidification process of molten alloy droplet, showing the recalescence phenomenon. (C) 
Cooling curve of [(FeNiCo)0.85Cr0.15]83B17 N-HEA melt. The red arrow indicates the occurrence of recalescence. (D) DSC curves of 
[(FeNiCo)0.85Cr0.15]100-xBx (x = 12, 15, 17) N-HEAs during cooling process. The black arrow indicates the liquidus temperature of 
[(FeNiCo)0.85Cr0.15]83B17 N-HEA.

Figure 1D for comparison.

Neutron diffraction measurements and phase identification
The neutron diffraction patterns of the fluxed N-HEAs are shown in Figure 2A-C. Because of the neutron 
absorption of the B element, samples were polished to a thickness of ~200 μm to increase the transmittance. 
Vanadium boxes were used as sample holders; hence, the diffraction spectrum of the vanadium background 
could also be observed. Rietveld refinement of the neutron diffraction patterns revealed that the fluxed N-
HEAs contained a tetragonal Cr2B-type intermetallic phase and an FCC solid solution. The lattice parameter 
of the FCC solid solution was 3.5643 Å, while the parameters of the Cr2B-type intermetallic phase were 
a = b = 5.0926 Å, c = 4.2237 Å, and α = β = γ = 90°. For the sample with x = 17, the fraction of the Cr2B-type 
phase was 61 wt.%, larger than that of the FCC phase, 39 wt.%. When the B content decreased to 12%, the 
fraction of Cr2B-type phase dropped to 55 wt.%, and the FCC phase fraction increased to 45 wt.%. For the 
sample with x = 15, the phase fractions lay between the above values. Image processing based on the CAD 
software was employed to calculate the volume fraction of the two phases, according to the contrast 
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Figure 2. Neutron diffraction patterns and Rietveld refinement results of the fluxed [(FeNiCo)0.85Cr0.15]100-xBx N-HEAs, with x = 17 (A), 
15 (B), and 12 (C). (D) Illustration of image processing approach used to estimate the phase fractions; the left half shows the SEM 
image, and the right half displays the processed image used to calculate the phase fraction.

difference between different phases in SEM images of the samples (details of the phase identification from 
the SEM images are presented in Section "Network-like morphology of fluxed N-HEA samples"); the results 
are illustrated in Figure 2D, which is consistent with the data obtained from neutron diffraction.

Network-like morphology of fluxed N-HEA samples
Figure 3A-D show SEM images of the [(FeNiCo)0.85Cr0.15]100-xBx (x = 12, 15, 17) N-HEAs. Figure 3A displays 
the SEM image of the non-fluxed suction-cast [(FeNiCo)0.85Cr0.15]83B17 N-HEA, showing coarse and 
elongated dendrites with sizes above 10 μm[32]. However, as shown in Figure 3B, the fluxed N-HEAs 
possessed a uniform network-like morphology, consisting of dark (zone A) and bright (zone B) sub-
networks. The wavelength of the network structure was around 3-5 μm, thus smaller than the size of the 
dendrites in the non-fluxed sample. When the B content changed from 12% to 17%, the volume fraction of 
the dark phase (zone A) showed a gradual increase [Figure 3B-D]. For samples with x < 12%, the network 
structure may be further broken because the volume fraction of the dark phase is too small to be well 
interconnected.

Figure 4A and B show the elemental distributions of zones A and B determined by SEM/EDS mapping 
analysis of the [(FeNiCo)0.85Cr0.15]83B17 HEA. Zone A was found to be Cr-rich, whereas zone B was Ni-rich. 
Even though the non-fluxed sample had a different morphology, its elemental distribution was similar to 
the fluxed samples, with the brighter part containing more Ni. Because of its low atomic number, the B 
element is too light to be detected by EDS, and the corresponding data are not accurate in Figure 4. The 
results for the fluxed [(FeNiCo)0.85Cr0.15]85B15 and [(FeNiCo)0.85Cr0.15]88B12 samples were consistent with those 
obtained for [(FeNiCo)0.85Cr0.15]83B17. The TEM/EDS mapping results of the fluxed [(FeNiCo)0.85Cr0.15]83B17 
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Figure 3. SEM images showing morphology of bulk [(FeNiCo)0.85Cr0.15]100-xBx (x = 12, 15, 17) N-HEAs prepared by suction casting after 
arc melting for x = 17 (A), and by the fluxing method for x = 12 (B), x = 15 (C), and x = 17 (D). The phase fractions obtained by SEM 
image processing are superimposed in the figures for direct comparison.

sample are also shown in Figure 4C. The selected-area electron diffraction patterns displayed in the insets of 
the bright-field TEM image in Figure 4C show the phase information of each network. The elemental 
distribution of both networks was consistent with that obtained by SEM/EDS. As the TEM/EDS results may 
be more accurate than SEM/EDS, the compositions of zone A and zone B obtained with this approach are 
summarized in Table 1.

Mechanical properties of fluxed samples with different B contents 
Figure 5A shows the compressive stress-strain curves of the fluxed [(FeNiCo)0.85Cr0.15]100-xBx (x = 12, 15, 17) 
N-HEAs. As a reference, the figure also shows the data of the non-fluxed suction-cast 
[(FeNiCo)0.85Cr0.15]83B17 N-HEA, which exhibited a brittle fracture behavior, with an ultimate strength of 
2.3 GPa. The fluxed N-HEAs, with a uniform network-like structure, showed an excellent combination of 
strength and plasticity. The yield strength and compressive strain of the sample with x = 17 (denoted as B17) 
were 1.6 GPa and 20%, respectively, whereas those of the sample with x = 12 (denoted as B12) were 1.1 GPa 
and > 70%, respectively. The mechanical properties of the sample with x = 15 (B15) were intermediate 
between those of the B17 and B12 samples. Because of its significant plasticity, the B12 sample did not break 
up during the compression test. In addition, the fluxed N-HEAs showed work-hardening behavior, as 
illustrated by the corresponding rate curves in Figure 5B. In particular, the tensile ductility of the B12 and 
B15 samples reached 19% and 14%, respectively [Figure 5C]. Because of the dual-phase structure and hot 
rolling treatment for tensile specimens, there is a tension-compression asymmetry of B12 and B15 samples. 
The yield strength, compressive strain, and hardness data are summarized in Figure 5D, which shows a 
good correlation of these parameters with the B content and volume fractions of the constituent phases.

Deformation mechanism revealed by in situ synchrotron X-ray diffraction
Figure 6A shows the synchrotron X-ray diffraction patterns of the [(FeNiCo)0.85Cr0.15]88B12 sample at different 
deformation stages along the loading direction. The enlarged view shows the changes in peak position and 
intensity, as well as the broadening of the peak profile during deformation. The lattice strains of the 
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Table 1. Chemical compositions of zone A and zone B estimated from TEM/EDS (at. %)

Element concentration (at. %) Fe Ni Co Cr B

Zone A (dark region in Figure 4B) 26.47 10.33 26.87 35.08 1.25

Zone B (bright region in Figure 4B) 27.85 36.46 29.84 5.84 0.01

Figure 4. SEM/EDS mapping results for the non-fluxed suction-cast (A) and fluxed (B) [(FeNiCo)0.85Cr0.15]83B17 N-HEAs, showing Zone 
A (Cr2B) is Cr-rich and Zone B (FCC) is Ni-rich. (C) TEM/EDS mapping results for the fluxed [(FeNiCo)0.85Cr0.15])83B17 N-HEA. The 
upper picture of (C) is the TEM bright field image, showing the Cr2B grain (right part) and the FCC grain (left part with moire fringes). 
The insets display the selected area electron diffraction patterns of each phase. The dashed line in the B element map of (C) denotes 
the grain boundary.

different phases were derived from the position shifts[6] of different Bragg peaks, and the results are shown 
in Figure 6B. According to the yielding of the different phases, the whole deformation could be divided into 
three regions. In the elastic region I (below 350 MPa), the lattice strain for all orientations changes linearly 
with the applied stress. The different slopes are a result of elastic anisotropy[33]. For the FCC phase, the (200) 
grains exhibited the largest lattice strain, while the (111) and (222) ones showed the smallest values. For the 
Cr2B-type phase, the (002) grains displayed the largest lattice strain, followed by the (112) and (202) planes. 
Table 2 summarizes the grain orientation dependence of the elastic moduli (Ehkl), obtained from the slope of 
the linear relationship of stress and strain in the elastic region. In the FCC phase, (200) and (111) were the 
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Table 2. Elastic moduli of different (hkl) planes in FCC and Cr2B-type phases

FCC phase Cr2B-type phase

E111/GPa E200/GPa E220/GPa E311/GPa E002/GPa E112/GPa E202/GPa

244 ± 7 160 ± 4 222 ± 8 197 ± 2 168 ± 4 190 ± 4 229 ± 8

Figure 5. (A) Engineering compressive stress-strain curves of [(FeNiCo)0.85Cr0.15]100-xBx (x = 12, 15, 17) N-HEAs. (B) Work-hardening 
rate curves for fluxed samples. (C) Tensile stress-strain curves of fluxed B12 and B15 samples. (D) Evolution of mechanical properties of 
[(FeNiCo)0.85Cr0.15]100-xBx N-HEAs as a function of B content.

elastically softest and stiffest orientations, respectively, similar to other FCC alloys[34,35]. In the Cr2B-type 
phase, the (002) orientation was more compliant compared with the (112) and (202) ones. Above 350 MPa 
(region II), the lattice strains for all FCC grains lost their linear relationship and stopped increasing with the 
applied stress, indicating that the FCC phase yielded. The plastic deformation of the soft FCC phase was 
constrained by the hard Cr2B-type phase, as no macroscopic yielding could be observed. In contrast, the 
lattice strains of the Cr2B-type phase increased more rapidly. When the stress increased to around 500 MPa 
(region III), the Cr2B-type phase started to deform plastically, as evidenced by the deviation from the 
linearity of the (112) and (202) planes. Moreover, the lattice strain of the Cr2B-type phase in regions II and 
III was generally larger than that of the FCC phase, showing that the Cr2B-type phase bore more stress in 
the plastic regime; this indicates the existence of  stress partitioning among the different phases[36,37]. Another 
feature worth noting is the absence of splitting between the lattice strains of the (111) and (222) planes in 
the FCC phase, suggesting that no stacking fault was formed during deformation[38].

The evolution of the normalized peak intensity, representing the texture development, is shown in 
Figure 6C for both the FCC and Cr2B-type phases. In the case of the FCC phase, no noticeable texture was 
observed in region I. After yielding (regions II and III), the normalized intensity of the (111) and (222) 
peaks increased, while that of the (220) decreased. These intensity changes result from the characteristic 
texture caused by dislocation slip in FCC alloys[39-42]. Combined with the lattice strain evolution results, we 
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Figure 6. (A) Synchrotron X-ray diffraction patterns of [(FeNiCo)0.85Cr0.15]88B12 sample along the loading direction at different 
deformation stages. The inset shows an enlarged view of the evolution of the main peaks. (B) Relationship of lattice strain of FCC and 
Cr2B-type phases with engineering stress. (C) Texture development (represented by the normalized integrated intensity of different 
Bragg peaks) in FCC and Cr2B-type phases with engineering stress. For clarity, error bars are only shown for selected points on (112) 
and (202) reflections. F and T denote the FCC and tetragonal Cr2B-type phases, respectively.

can conclude that dislocation slip was the main deformation mechanism for the FCC phase. However, no 
distinct texture was formed in the Cr2B-type phase.

DISCUSSION
Origin of large degree of undercooling
The as-prepared fluxed N-HEAs showed high strength and ductility. One of the key requirements for 
forming a network-like structure at the submicron to micron scale is that the deep undercooled liquid state 
should be accessible before crystallization[25]. In this work, the degree of undercooling in the centimeter-
sized B17 N-HEAs could reach values as high as 385 K, showing the great application potential of this alloy. 
The fluxing agent B2O3 plays an essential role in reducing the contents of impurities and surface metallic 
oxides in the sample, increasing the undercooling degree[21]. On the other hand, various degrees of chemical 
short-range order can coexist in the molten alloys, due to the complex composition of HEAs[43], which 
hinders crystallization during undercooling[44,45]. These two mechanisms could explain the large 
undercooling of the N-HEAs.

Formation of network morphology in fluxed N-HEAs
One of the possible mechanisms of network structure formation is spinodal decomposition. A liquid-state 
miscibility gap may exist in the undercooled liquids of metal-metalloid alloy systems (i.e., Fe-B, Fe-B-C), 
due to the existence of unique short-range orders in the undercooled liquids[24,28,46]. The chemical complexity 
of the undercooled HEA liquids studied here would facilitate the formation of short-range order[43], 
potentially enabling the formation of a metastable miscibility gap. Once sufficient undercooling is reached, 
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the HEA liquids may transform into network liquids through spinodal decomposition[47]. The solidification 
of the spinodal network liquids then results in the formation of a crystalline network structure. Moreover, 
other mechanisms may also be factors of network structure. Literature[48-50] showed that the Rayleigh 
instability may induce the fragmentation of dendrites during recalescence at large undercooling, resulting in 
a network structure. Furthermore, another factor is the entropy effect. With increasing configurational 
entropy, the growth morphology may transit from dendritic to faceted[51,52], leading to a structure that is 
different from the dendritic[32,53], lamellar[54], or equiaxed grain structures[55,56] formed through conventional 
casting processes. Using conventional methods, the microstructures can only be modified in the solid state 
by thermal/mechanical treatments to introduce precipitates, structural defects, or refinement of the as-cast 
grains[55,57]. The fluxing technique offers a unique route to directly develop the network structure in bulk-
sized samples through the solidification of undercooled liquids, highlighting the promising potential of the 
fluxed N-HEAs in industrial applications.

Composition dependence of phase fractions
The present results showed that the network-like structure could be controlled by tuning the B content of 
the alloys. The EDS results summarized in Table 1 show little difference between the Fe and Co contents in 
the two phases, while the Ni and Cr contents were significantly different. The enthalpy of mixing (ΔH) 
between elements is summarized in Table 3[58], which shows that the absolute ΔH value between Cr and B 
was the largest. Thus, it is reasonable that Cr and B prefer to segregate to form intermetallic phases in one 
sub-network. This was also confirmed by the neutron diffraction results, which revealed the presence of 
Cr2B-type intermetallic phases. As long as the Cr element is still present in the FCC solid solution, the 
volume fraction of Cr2B may increase with increasing B content.

Structural origin of improved mechanical properties
As summarized in Figure 5D, the mechanical behavior is correlated with the volume fractions of the soft/
ductile FCC phase and hard/brittle Cr2B-type intermetallic phase. The samples with a lower volume fraction 
of hard/brittle Cr2B intermetallic phase exhibit a lower hardness and yield strength but a higher compressive 
strain. In situ synchrotron X-ray diffraction measurements of the tensile behavior of the B12 alloy revealed a 
three-stage deformation process, with the ductile FCC phase yielding earlier, and the hard Cr2B-type 
intermetallic phase yielding later than the macroscopic yielding in the plastic region. The whole 
deformation is inhomogeneous, indicating that the deformation is accommodated between the two phases, 
maintaining the plastic compatibility. This heterogeneous deformation has also been observed in austenite-
ferrite dual-phase steels[59,60]. The Cr2B-type intermetallic phase bears more stress after yielding, as evidenced 
by the larger lattice strain. Similar to multiphase steel, where the hard phases bearing more stress ensure a 
sufficient work-hardening capability[37], the hard Cr2B-type phase in the B12 alloy may contribute to a 
strain-hardening effect and an excellent combination of strength and ductility. Moreover, the FCC phase 
also has high work hardening ability due to the multiple slip systems as well as other deformation 
mechanisms such as stacking fault, twinning and phase transformation[6,39]. In this study, dislocations could 
be observed, as revealed by the increasing trend of F-111 and F-222 intensity in the plastic region, and no 
evidence of the involving stacking faults and phase transformation could be found from the synchrotron 
experiments. Further investigation is needed to explain the work-hardening effect of the FCC phase at a 
large strain.

In addition, although our in situ loaded sample only deformed to several percent, a tiny increase of lattice 
strain in the FCC phase after 500 MPa could be observed, which means that stress was partitioned with the 
FCC phase[61]. A previous study of austenite-martensite dual-phase steel attributed the improved ductility to 
stress transfer from the hard  to the soft phase, forcing the two phases to deform together[33]. The 
cooperative deformation, as well as stress partitioning, could inhibit the strain localization and thus delay 
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Table 3. ΔH values (kJ/mol) between elements calculated by Miedema’s model[58]

Elements Fe Ni Co Cr B

Fe / -2 -1 -1 -26

Ni -2 / 0 -7 -24

Co -1 0 / -4 -24

Cr -1 -7 -4 / -31

B -26 -24 -24 -31 /

Figure 7. Fracture surface of B12 (A and B) and B15 (C and D) tensile samples, displayed at different magnifications.

the crack activation. Similar to this phenomenon, the enhanced combination of strength and ductility in the 
B12 alloy can be correlated to the dual-phase structure, where the hard Cr2B-type intermetallic phase and 
the soft FCC phase deform synergically.

Figure 7 shows SEM images of the fracture surface of B12 obtained after the tensile test (the fracture surface 
of the B15 sample, i.e., Figure 7C and D, is similar). As shown in Figure 7A, the fracture surface contained 
uniformly distributed dimples, a typical fracture morphology for ductile samples[62]. The size of the dimples 
was about 3-5 μm, similar to the wavelength of a network structure. Furthermore, no large micro-voids were 
found on the fracture surfaces. Previous studies showed that 304 L austenitic stainless steels[63] and 
CrFeCoNi HEAs[62] with small-size dimples had high ductility. Our results indicate that the soft FCC phase 
may participate in the deformation process in stages involving large plastic deformations, contributing to 
improved ductility. The enlarged view of the fracture surface [Figure 7B] also displays some fracture 
patterns with sharp angles (marked by yellow lines), similar to the intergranular fracture surface of brittle 
samples[64]. This may be attributed to the deformation of the Cr2B-type phase.

CONCLUSION
In this work, a series of [(FeNiCo)0.85Cr0.15]100-xBx (x = 12, 15, 17) N-HEAs combining high strength and 
plasticity were successfully synthesized by the B2O3 fluxing technique. We used a set of advanced 
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characterization techniques to understand the structure and properties of these alloys. The conclusions are 
summarized below:

(1) The B2O3 fluxing treatment achieved a large degree of undercooling (385 K) of the centimeter-size N-
HEAs alloy melts.

(2) The fluxed N-HEAs had a network-like structure with a wavelength of 3-5 μm; one sub-network 
consisted of a hard Cr2B-type intermetallic phase, while the other was a soft FCC solid solution.

(3) The volume fraction of the two sub-networks could be tailored by varying the B concentration, resulting 
in a gradual change in the yield strength and compressive strain of the N-HEAs. When the B content 
decreased from 17% to 12%, the yield strength decreased from 1.6 to 1.1 GPa and the compressive strain 
increased from 20% to 70%.

(4) N-HEAs with B contents of 12% and 15% further exhibited a good tensile ductility of 19% and 14%, 
respectively. The in situ synchrotron X-ray diffraction analysis of the tensile behavior demonstrated that the 
whole deformation process could be divided into three regions based on the lattice strain evolution. This 
heterogeneous deformation originated from the strength difference between the two phases. Dynamic stress 
partitioning between the soft FCC phase and the hard Cr2B-type intermetallic phases induced a cooperative 
deformation, which improved the ductility.

This work provides an industry-friendly route to fabricate N-HEAs with superior and controllable 
mechanical properties. Moreover, microalloying and thermal/mechanical treatment could be employed to 
further develop fluxed N-HEAs with excellent strength and ductility.
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Abstract
Carbon nanotubes (CNTs) have a one-dimensional (1D) hollow tubular structure formed by graphene curling with 
remarkable electronic, optical, mechanical, and thermal properties. Except for the applications based on their 
intrinsic properties, such as electronic devices, THz sensors, and conductive fiber, CNTs can also act as nano-
vessels for nano-chemical reactions and hosts for encapsulating various materials to form heterostructures. In this 
review, we have summarized the research status on filled carbon-nanotube heterostructures from four aspects: 
synthesis, morphological and electronic structure analysis, potential applications, and perspective. We begin with 
an overview of the filling methods and mechanisms of the 1D heterostructures. Following that, we discuss their 
properties in terms of morphological and electronic structure. The burgeoning applications of 1D heterostructures 
in nano-electronic, energy, storage, catalysis, and other fields are then thoroughly overviewed. Finally, we offer a 
brief perspective on the possible opportunities and challenges of filled CNTs heterostructures.

Keywords: Filled carbon nanotubes heterostructures, confinement effect, morphological structure, electronic 
structure, applications
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INTRODUCTION 
CNTs have received widespread attention since they were confirmed to exist in 1991 by Japanese scientist 
Iijima[1] due to their one-dimensional (1D) nanostructure with remarkable electronic[2], optical[3], 
mechanical[4], and thermal properties[5]. Because of these characteristics, CNTs are critical for the 
advancement of electronics and nanoelectronics[6]. For single-walled carbon nanotubes (SWCNTs), the 
nanotube band structure is determined by the nanotube radius and chirality, which can be either metallic or 
semiconductor[7]. Using a SWCNT as the gate and molybdenum disulfide (MoS2) as channel materials, a 
one-nanometer physical gate length transistor with a subthreshold swing of ~65 mV dev-1 at 298 K was 
achieved, breaking the five-nanometer-limitation of Si technology[8]. Furthermore, as separation methods 
for high-purity semiconductor single-walled carbon nanotube (s-SWCNT, > 99.99%)[9] have matured, high-
performance high-density arrays s-SWCNT field effect transistors have been developed[10], positioning s-
SWCNTs as the candidate elements for the manufacture of next-generation electronic devices.

Another intriguing feature of CNT is its unusual tubular structure with a nanometer diameter, which makes 
it an ideal nanoscale vessel for restricted chemical reactions[11] as well as a powerful method to control the 
electronic structure of CNTs by filling it with specific substances[12]. Since the feasibility of filling carbon 
nanotubes with guest substances was predicted in 1992, and the Pb@MWCNT was first synthesized in 
1993[13], attempts to fill the CNTs with gas, liquid, and solid substances have been extensively explored. 
According to the aforementioned pioneering works, numerous new nanoclusters[14], nanowires[15], and 
nanoribbons guests[16] were observed inside CNTs, which were different from that in their bulk states[17] due 
to the confined space of 1D nanotube channels. To exhibit the influence of the diameter of the CNTs, SnTe 
nanowires, for example, were transformed from monatomic chains to curvilinear chains, hyperbolic chains, 
and then to 2 × 2 rock salt[18]. CNT template-assisted growth can help produce 1D materials with high aspect 
ratios. However, nanoscale materials are thermodynamically unstable and susceptible to degradation by air 
and water. Materials encapsulated within CNTs can be protected from reactions with the surrounding 
medium, particularly oxidation, when exposed to air. Additionally, nanoscale guest materials within CNTs 
can be stabilized by the strong carbon walls acting as a barrier. In a highly confined space, X@CNTs provide 
a new combination to strengthen and stabilize chemical elements, enabling chemically stable new crystal 
structures[19]. As a result, the filled carbon-nanotube heterostructures pave the way for research into 
confinement-stabilized nonequilibrium materials and related emergent physical phenomena.

On the other hand, the carbon nanotube’s electronic band structure would be modified by the interaction 
between the carbon wall and the guest substance[12,20]. Synthesized SWCNT samples consist of a mixture of 
metallic and semiconducting nanotubes, resulting in uneven properties. Customizing the electronic 
properties of SWCNTs is crucial for their advanced applications. Therefore, filling CNTs to control their 
electronic structure is necessary. For strongly interacting heterostructure systems, allowing for electron 
exchange between the encapsulated electron donor or electron acceptor materials and the CNTs, which 
controls the electronic properties of CNTs. For instance, the electronic acceptor 1,1′-didodecyl-4,4′-
bipyridinium dihexafluorophosphate (Viol) was filled into the metallic SWCNT to transit it into the 
semiconducting state[21]. For weakly interacting heterostructure systems, although the electron transfer is 
hindered, the radial vibrations of the carbon nanotubes are suppressed, causing them to deform[22]. The 
single CNT in discrete-filled heterostructure systems would split into a series of quantum dots[23]. Therefore, 
CNTs can be designed with the help of filling for particular applications, such as sensors[24], p-n 
junctions[25], transistors[26] and so forth.

The purpose of this manuscript is to give an overview of the state-of-the-art research on filled CNTs 
heterostructures, from synthesis to application. The filling methods and mechanism are covered in detail in 
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the Section "INTRODUCTION" of the review. The investigation of the morphological and electronic 
structure of filled CNTs heterostructures using transmission electron microscopy and spectroscopic 
techniques forms the focus of the Section "FILLING METHOD AND MECHANISM" of the review. The 
Sec t ion  "MORPHOLOGICAL AND ELECTRONIC STRUCTURE OF FILLED CNTS 
HETEROSTRUCTURES" of the manuscript reviews potential applications of filled CNTs heterostructures 
in a different field. Finally, we put forward a view on the possible opportunities and challenges of filled 
CNTs heterostructures.

FILLING METHOD AND MECHANISM
Successful filling of gas, liquid, and solid materials into the hollow nanospace of the CNT is possible, and 
the filling methods are categorized as in situ (filling of CNT during their growth)[27] and ex-situ (filling of 
pre-formed CNT)[28]. The mechanism of filling materials inside CNTs is mainly due to the unique tubular 
structure of CNTs, which provides a sealed space for encapsulating materials inside. The diameter of CNTs 
can be controlled to match the size of guest molecules, thereby effectively trapping them inside. In addition, 
the strong van der Waals force between guest molecules and the inner wall of CNTs also helps to limit the 
effect and prevent molecules from diffusing outward. Depending on the properties of the filled materials, 
the vast majority of filled CNTs heterostructures are made using the ex-situ method, which primarily 
includes encapsulation from the gas or liquid phases, as well as sequential transformations in the cavity after 
pre-encapsulation. According to some studies, the adsorption effect of the lumens of carbon nanotubes is 
the main reason for filling the gas molecule[29]. The principle of filling liquids and solids is mainly based on 
capillary and wetting effects[30]. According to Young’s equation and Laplace equation theory, the force 
between the liquid and the inner surface of the carbon tube must be large enough to allow it to infiltrate[31]. 
During the filling process, it is inevitable that the CNTs will have indirect contact or a surface coating with 
the guest material, and necessary post-processing, such as cleaning with appropriate solvents, is required to 
maximize the elimination of residual substances outside the tube that may affect the system.

In-situ filling
In-situ filling is filling CNTs directly with foreign material while they are being synthesized. As a result, the 
carbon nanotubes can be kept intact with a high fill rate, effectively isolating the encapsulation material 
from the surrounding environment. However, the in situ filling method yields a low filling yield, and some 
impurity elements will enter the interior of the carbon nanotubes during the filling process[32]. In situ filling 
mainly includes arc discharge[33] and molten salt electrolysis[34].

The arc discharge method is also called the graphite arc method. The vacuum reactor is filled with inert gas 
or hydrogen. Graphite rods of different sizes are used as electrodes. During the growth and filling process, 
the graphite rods at one end are gradually consumed, and the carbon nanotubes grow at the other end. This 
method was used by Guerret-Piécourt et al. to create element-filled CNTs in situ[33].

Molten salt electrolysis is a method in which an inorganic salt is heated to melt into a liquid electrolyte in a 
carbon crucible for electrolysis to fill CNTs, which was first proposed by Hsu et al. They used this method 
to fill CNTs with Li2C2, LiCl, Sn, Pb, Bi, and Sn-Pb alloy[34,35].

Ex-situ filling
Ex-situ filling refers to the process of filling guest substances into the pre-synthesized carbon nanotubes, 
which is the most widely used approach to filled nanotubes preparation. According to the physical 
properties of the filled materials, they are introduced into the cavity of CNTs in the form of liquid or steam, 
corresponding to the liquid phase method and the gas phase method[28], respectively. In order to fill the 
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CNTs, their ends need to be opened first. Heat treatment in an oxidizing environment, such as H2O2, O2
[36], 

O3
[37], HNO3, H2SO4

[38], KMnO4
[39], or Br2

[40] is mainly used opening approaches. To obtain a more pure CNT, 
combined thermal treatment and concentrated acid treatment are necessary to remove the various 
contaminants, such as amorphous carbon, graphite electrode particles, and catalyst[41].

Filling of CNTs from the liquid phase entails impregnating the opened tube with melts or solutions of target 
compounds. Although many examples of liquid-phase filling of carbon nanotubes have been reported, the 
mechanism has not been determined. We assume that liquid-phase filling of carbon nanotubes is a so-called 
capillary wetting phenomenon[30], then the Young and Laplace equations can be used to describe the 
mechanism[31]:

where ΔPre represents the pressure change, β represents the surface tension coefficient, and R and r represent 
two different curvature radii of the surface, respectively. When the liquid level in the nanotube rises, it 
saturates the tube wall and forms a meniscus at the top [Figure 1].

The meniscus is approximately regarded as a spherical shape, and the liquid is in contact with the capillary 
wall at a certain angle θ, then the following formula is obtained[31]:

where Δρ is the density difference between two phases.

According to the equation, when the contact Angle exceeds 90°, external forces are needed to drive the rise 
of capillarity. When the contact angle is below 90°, spontaneous filling will occur. Surface tension β is the 
force of liquid surface shrinkage. Liquids with low surface tension are more likely to spread through the 
tube, which is manifested by the smaller contact angle and the reduced driving force required for 
spontaneous filling. β of some common solvents and metal halides packed into carbon nanotubes at the 
melting point has been tested or calculated as follows (unit: mN/m): water (72.8), methanol (22.07), acetone 
(23.46), tetrachloromethane (26.43)[42], AgCl (113-173), AgBr (151), AgI (171), KCl (93), KI (70), NdCl3 
(102), ZnCl4 (1.3), PbO (132), V2O5 (53), etc.[43] The filling of salts such as metal halides and oxides is often 
carried out in this method, such as KI, AgI, and Sb2O3 filled by Sloan’s group[44]. The following table[45-66] is a 
list of various materials that have been reported in the literature for filling CNTs in recent years.

Vacuum and high temperatures are used to fill CNTs from the gas phase. An encapsulated material is 
heated inside a sealed tube until it vaporizes (or sublimates), but keep the temperatures as low as possible to 
prevent (or reduce) de-encapsulation[35]. The vapor of the compound that is enclosed during CNTs 
annealing enters the nanotube via capillary condensation and crystalizes during subsequent cooling. During 
the gas phase filling process, no other substances are introduced; thus, there is no pollution to the 
environment[67]. The major defect of this approach, however, is also obvious. First, the reaction temperature 
should be less than 1,000 °C to avoid destroying the CNTs or reacting with carbon to close the CNT’s 
ends[67]. Second, the filled substances are typically discrete in the hollow nanospace of CNTs, which makes it 
difficult to control the filling yields[68]. As a result, the gas phase filling approach is appropriate for molecule 
crystals containing inorganic clusters, organic molecules, and complexes with low boiling or sublimation 
temperatures. The filling systems for fullerenes[61] and their derivatives[69] are typical examples.
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Figure 1. The liquid level rises in a capillary.

Recently, a novel method for multistep inorganic synthesis has been established, in which the pre-filled 
nanotube undergoes sequential chemical transformations[70]. For example, the metal precursors, such as 
metal halides and complexes, are first pre-filled into the CNTs and then perform thermal decomposition or 
Hydrogen reduction to form metal nanoparticles@CNT. After that, the second reactant, such as H2S, Te, is 
introduced and reacted with the metal nanoparticles to yield chalcogenides. For example, inorganic 
nanoribbons [MS2]n@SWCNT (M = Mo or W) can be prepared through sequential transformations of 
M(CO)6 (M = Mo or W) to nanoclusters and nanoclusters to nanoribbons [Figure 2A]. Various graphene 
nanoribbons can be obtained by high-temperature polymerization of the selected small organic molecules 
encapsulated in the cavities of CNTs [Figure 2B][16].

MORPHOLOGICAL AND ELECTRONIC STRUCTURE OF FILLED CNTS 
HETEROSTRUCTURES
The characteristics of CNTs mainly include hollow nanospace morphology[71], conductivity, chirality[72], and 
so on. Two critical questions must be addressed as the substance fills the carbon tube. First, how does the 
coaction between the inner filler and the carbon tube modify the characters of the carbon tube itself? 
Second, how does the confined space of the carbon tube affect the crystal phase and heterostructures of the 
inner filler? The former has significant implications for the application of the new heterostructures, whereas 
the latter can be used to study many space-confined scientific issues. Therefore, this section discusses the 
morphological and electronic structure of some intriguingly filled CNTs heterostructures.
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Figure 2. Multistep synthesis performed in carbon nanotubes: (A) Multistep in organic synthesis. The encapsulation and conversion of 
Mo(CO)6 and iodine molecules into [Mo6I14]2- nanocluster and regenerate [MoS2]n nanoribbons (Reproduced with permission[70]. 
Copyright 2016, American Chemical Society). (B) Multistep organic synthesis. The encapsulation and conversion of the organic 
molecule perylene or coronene into graphene nanoribbons (Reproduced with permission[16]. Copyright 2011, American Chemical 
Society).

Morphological structure of filled CNTs heterostructures
As mentioned in Table 1, various inorganic as well as organic materials have been filled in the CNTs until 
today. To study the morphological structure of the heterostructures, transmission electron microscopy 
(TEM) is a basic research method. Studies have shown that when the accelerating voltage of TEM is less 
than 86 kV, the carbon nanotubes can still maintain structural integrity under the action of high-energy 
electron beams[73]. High-resolution transmission electron microscopy (HR-TEM) provides clearer internal 
structure information than TEM, such as interplanar spacing, atomic arrangement, and other 
information[74]. HR-TEM allows researchers to directly "observe" chemical reactions in nanoscale space. 
Aberration-corrected transmission electron microscopy (AC-TEM) is more powerful than HR-TEM in 
structure information. The biggest advantage of AC-TEM is that spherical aberration correction reduces 
aberration and thus improves resolution. The resolution of traditional TEM is at the nanometer scale, while 
the resolution of AC-TEM can reach the Å scale[75]. Improved resolution means a deeper understanding of 
the material, making observations of single atoms possible. Here, we attempt to provide a brief review of the 
previous efforts made in the compounding of X@CNTs based on the chemical composition of the filling 
objects.

Element materials
Element materials with low sublimation temperatures can be filled using the gas phase method by placing 
opened CNTs and bulk powder under a high vacuum and high temperature directly. Guan et al. introduced 
iodine to SWCNTs by heating the opened SWCNT and iodine elemental in a clean glass tube [Figure 3A][76]. 
The structure of the filled iodine transitions from the helical atomic chain to the crystalline phase as the 
diameter of the SWCNT becomes larger from Figure 3B. Phase transitions of I from chains to crystalline 
structures are observed inside the SWCNT around the critical diameter of 1.45 ± 0.05 nm. Furthermore, the 
structure of the host SWCNT is elliptically distorted by the helical In chains because of the repulsive 
interaction between I3

- or I5
- species and the SWCNT. In the Te@SWCNT system, the single-chain or few-

chain limit Te nanowire also exhibits a helical structure, but the behavior maintains the structural 
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Table 1. Various materials for filling CNTs

Material CNT Method Outcomes Applications Ref.

Sn MWCNTs Arc discharge Enhance microwave absorption. Microwave absorbent [45]

S SWCNTs/DWCNTs CVT Self-assembly of conductive sulfur chains in CNTs is realized. [46]

Te DWCNTs CVT Observe the Raman response of tellurium-filled CNTs. Optoelectronic devices [47]

Eu SWCNTs CVT A high yield controlled synthesis method for Eu nanowires is proposed. Electronic devices [48]

GaTe/SnS/Bi2Se3 SWCNTs CVT GaTe, SnS, and Bi2Se3 are encapsulated into the SWCNTs for the first time. Electronic devices [49]

Nb/V/TiTe3 MWCNTs CVT MTe3 are synthesized in CNTs for the first time. [50]

NbSe3 MWCNTs In-tube 
reaction

A single nanowire NbSe3 is synthesized for the first time. [51]

Bi2Te3/GaSe SWCNTs In-tube 
reaction

Bi2Te3 and GaSe are encapsulated into the SWCNTs for the first time. Electronic devices [52]

CsPbBr3/CsSnI3 SWCNTs In-tube 
reaction

The smallest isolated halide perovskite structure is synthesized within CNTs. Optoelectronic devices [53]

Fe-S CNTs CVT Fe-S@CNTs are prepared using CNT as a reactor. Anode material [54]

CdSe SWCNTs In-tube 
reaction

CdSe nanowires are prepared by self-assembly and directional assembly under the constraint of 
SWCNTs.

Optoelectronic devices [55]

ReS2 SWCNTs In-tube 
reaction

Ultrathin ReS2 nanoribbons are synthesized for the first time. Nano-electrodes [56]

HfTe2 CNTs In-tube 
reaction

HfTe2 nanoribbons are synthesized by CVT in CNTs. Metal-semiconductor Schottky 
heterojunctions

[57]

WS2 SWCNTs/ 
DWCNTs

In-tube 
reaction

WS2 nanoribbons with uniform widths are synthesized using CNTs as templates. Spintronics [58]

SnSe SWCNTs CVT It is demonstrated that SnSe form ordered nanocrystals in narrow SWCNTs, and the band gap is 
significantly enlarged.

Solar cells [59]

MoS2 SWCNTs/DWCNTs In-tube 
reaction

MoS2 nanoribbons with uniform width are synthesized using CNTs as a template. Synthesis method [60]

C60 SWCNTs CVT The relationship between electron dose and the bimolecular reaction of fullerene in CNTs is reported. [61]

N@C60 SWCNTs CVT N@C60@SWCNTs are synthesized, and it was found that pod samples could be converted into 
DWCNTs.

[62]

Gd@C82 MWCNTs CVT The transport characteristics of Gd@C82@CNTs as a field effect transistor channel are introduced. Electronic devices [63]

Sc3N@C80 SWCNTs CVT Nano-pods formed by Sc3N@C80 are prepared and characterized. [64]

La@C82 SWCNTs CVT EELS is used to measure the charge transfer between materials. [65]

Gd2@C92 SWCNTs CVT The dynamic behavior of limit atoms in metallic fullerenes is observed by HRTEM [66]

MWCNTs: Multi-walled carbon nanotubes; DWCNTs: double-walled carbon nanotubes; CVT: chemical vapor transport; EELS: electron energy loss spectroscopy; HRTEM: high-resolution transmission electron 
microscopy.
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characteristics of Te nanowire crystal rather than the interaction between Te and CNT [Figure 3C][77]. 
However, the situation became more complicated for element S of the same group as Te after being filled. It 
was observed that the sulfur chains confined within the carbon nanotubes lacked a definite structure[78] and 
were markedly different from the previously proposed linear or zigzag structures[46]. Instead, they tended to 
assume conformations resembling the cyclo-S8 allotrope. Density functional theory (DFT) calculations 
showed that a more disordered sulfur chain structure was more stable than linear and zigzag conformations 
when the sulfur chain was confined within the SWCNT. Various nanowires, such as Eu [Figure 3D][48] and 
Sn [Figure 3E][15], are filled in carbon nanotubes using this simple process.

For element materials with high melting point temperatures or strong chemical active and unstable, 
multistep sequential chemical transformations within the pre-filled nanotube is an effective method. Novel 
metal nanowires (Ag[79], Pt[80], etc.), 3d metal (Fe[81], Co[82], Ni[83] etc.), and carbon nanowires[84] filled inside 
CNT were synthesized with this method. For example, the nanowire Fe, Co, Ni, and their alloys@CNTs can 
be synthesized by the pyrolysis of related pre-filled metallocene@CNT. The Fe nanowire filled inside CNT 
has a diameter of 20-40 nm with a filling of 60% and exhibits strong ferromagnetic behavior at room 
temperature[85]. Similarly, the ferromagnetic nanowires filled CNTs with different reaction precursors were 
also reported in several other pieces of literature[86]. As a true 1D nanocarbon, the sp1 hybridized carbon 
chain is predicted to have novel chemical and physics properties, but because of its strong chemical activity 
and extreme instability, it is difficult to synthesize in common conditions[87]. In 2016, the sp1 hybridized 
carbon chain inside DWCNTs (LLCC@DWCNT) was first synthesized by Shi et al., which provides a 
practical strategy for the preparation of the true 1D carbon chain [Figure 3F][84].

Organic and metal-organic molecule cluster
The vast majority of organic molecules are nanosized but less stable in the atmospheric environment[88]. 
Filling the molecule inside the cavity of CNT can improve molecular stability while also serving as a 
precursor for the preparation of other complex materials, such as graphene nanoribbons[16], polymers 
compounds[89], and inorganic metal compounds[14].

C60 was the first molecule studied inside CNTs[90]. Following that, many other larger fullerenes[91] and 
endohedral metallofullerenes[92] were successfully filled and were used to study the interaction, 
intermolecular spacing, molecular orientation, molecular motion, and reaction behavior in the confined 
space. According to TEM measurements of C60@CNTs, the intermolecular spacing in the nanotube is 
shorter than in bulk crystals, which is coincident with the van der Waals forces that induce compression of 
fullerenes inside the nanotube [Figure 4A][61]. The stacking mode of C60 in CNTs is sensitive to nanotubes’ 
internal diameters, demonstrating the confinement effect inside nanotubes. C60@SWCNTs is relatively 
stable below 800 °C in the vacuum state of less than 1 × 10 -6 Torr, whereas fullerenes in nanotubes gradually 
polymerize above 1,000 ℃ or under the electron beam. A series of intermediate structures, such as a dimer, 
trimer, and chain, gradually transform to form complete nanotubes. Endohedral metallofullerenes have 
electric dipole moments caused by metal atoms within the carbon cage, which can affect their behavior 
inside nanotubes. Using Ce@C82 as a model molecule, the influence of the dipolar interactions on molecular 
orientations in CNTs was investigated by using HR-TEM[93] [Figure 4B]. The molecules have a tendency to 
align their dipolar moments along the nanotube axis, enhancing electrostatic interactions between nearby 
molecules, which does not occur in Ce@C82 crystals or solutions.

Because of the exact geometrical match between fullerene and the interior of a nanotube, some globular 
non-fullerene molecules, such as o-carborane[94], octasiloxane [Figure 4C][95], metal-organic cluster[14], 
polyoxometalates (POM) [Figure 4D][89], were also tried to fill inside the CNTs. Because it has a smaller 
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Figure 3. Elemental filling examples: (A) HR-TEM images and schematic illustrations of the chains of iodine filled in SWCNTs 
(Reproduced with permission[76]. Copyright 2007, American Chemical Society). (B) The phase transition of iodine from atomic chains 
to crystalline structures (Reproduced with permission[76]. Copyright 2007, American Chemical Society). (C) High magnifying STEM 
ADF image of Te-filled CNTs (Reproduced with permission[77]. Copyright 2020, Springer Nature). (D) HR-TEM image and simulated 
diagram of Eu’s single chain filled in DWCNTs (Reproduced with permission[48]. Copyright 2009, Wiley). (E) TEM image of Sn 
nanowire formed in CNTs (Reproduced with permission[15]. Copyright 2016, Elsevier). (F) LLCC@DWCNT Partial HRTEM images of 
heterogeneous structures. Inset: a magnified portion of heterostructure (top), a simulated HR-TEM image (middle), and a molecular 
model (bottom) (Reproduced with permission[84]. Copyright 2016, Springer Nature).

diameter than C60, octasiloxane can enter narrower CNTs than fullerenes[95]. The octasiloxane produces a 
zigzag packing in the SWCNT, with h-atoms in the corner of the cube in direct contact with the inner 
surface. In the POM@SWCNT heterostructure, electrons were transferred from SWCNTs to POM clusters, 
and hybrid materials formed spontaneously in an aqueous solution. Furthermore, many functional metal-
organic clusters were also filled inside the CNTs to investigate new nanodevices, such as a spin valve[96] or 
memory device[97].

Except for the globular molecules, plane molecules can also be filled into the cavity of CNTs. For example, 
encapsulation of organic salt 1,1′-didodecyl-4,4′-bipyridinium dihexafluorophosphate (Viol) into metallic 
SWCNTs results in the formation of a semiconductor by opening the band gap [Figure 4E][21]. Small organic 
molecules, such as perylene and coronene-filled CNTs[16], are used as precursors to produce graphene 
nanoribbons by high-temperature polymerization.

Metallic inorganic compounds
Varied metallic compounds containing oxides, carbides[98], halides[99], and chalcogenides[100] have been 
encapsulated inside CNTs using different filling techniques. Many published reviews have discussed 
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Figure 4. Organic compounds filling: (A) A series of high-resolution images of C60 molecules gradually bonded (Reproduced with 
permission[61]. Copyright 2010, Springer Nature). (B) A series of successive HRTEM images of (Ce@C82)@SWCNT and their schematic 
representation (Reproduced with permission[93]. Copyright 2004, Wiley). (C) Structural diagram of octasiloxane Si8H8O12; HRTEM 
micrograph and structural diagram of Si8H8O12@SWCNT (Reproduced with permission[95]. Copyright 2005, American Chemical 
Society). (D) AC-HRTEM and simulated images of @SWCNT and {W12}@SWCNT, respectively (Reproduced with permission[89]. 
Copyright 2019, Wiley). (E) Model illustration of Viol inside a metallic SWCNT, representative AC-HRTEM image of Viol@SWCNT and 
SEM image of a Viol@SWCNT (Reproduced with permission[21]. Copyright 2017, Wiley).

previously studied examples such as metal oxide[44,101], carbides[61,84], and halides[102-104]. This section will 
concentrate on some novel structures and systems, such as transition metal dichalcogenides 
(TMDs)[18,50,56,57,70,101,105-108] and perovskite[53].

Many materials, which are hard to stabilize under normal conditions, form new phases with unique 
coordination properties in the lumen of CNTs. Under high temperatures, a PbI2 SWCNT with a diameter 
ranging from ~3 to 7 nm is first realized inside the hollow nanospace of MWCNT [Figure 5A][109]. The 
SWCNTs are expected to be steady in the absence of carbon atom protection, and their electronic structure 
is diameter independent. Recently, Kashtiban et al. reported the formation of four isolated halide perovskite 
nanowires inside ~1.2-1.6 nm SWCNTs via melt insertion of CsPbBr3 and CsSnI3 [Figure 5B][53]. One of the 
four nanowires has a perovskite-like lamellar structure with polyhedral Sn4Ix layers, while the other three 
are ABX3 perovskite archetypes. Vasylenko et al. created SnTe nanowires that filled in CNTs with 
monatomic, curvilinear chains, hyperbolic chains, and 2 × 2 rock structures by varying the diameter of the 
CNTs[18]. The study of halide perovskite nanowires and SnTe nanowires filled in CNTs revealed that the 
structure of the internal filling can be manipulated to design its electronic behavior by changing the 
diameter of the CNTs.
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Figure 5. Compounds filling: (A) ACTEM analysis and schematic representation of the PbI2@SWCNT. Blue: Pb atoms; yellow: I atoms 
(Reproduced with permission[109]. Copyright 2013, Wiley). (B) HRTEM image and corresponding simulation image of an encapsulated 
bilayer CsSnI3 perovskite-like polymeric structure derived from CsSnI3 (Reproduced with permission[53]. Copyright 2023, Wiley). (C) 
ACTEM photos, crystal structure, and geometric optimization models of PtS2 (Reproduced with permission[106]. Copyright 2017, The 
Royal Society of Chemistry). (D) TEM and ACTEM images of NbSe3 single strand in DWCNTs, atomic structure model (red: Se, blue: 
Nb) (Reproduced with permission[51]. Copyright 2018, The American Association for the Advancement of Science). (E) From top to 
bottom are the ADF-STEM images of MTe3 single-stranded carbon nanotubes. Illustration below ADF-STEM: ADF-STEM image 
simulation (left) with the appropriate microscope condition noise added from the structure calculated by the DFT (right) (Reproduced 
with permission[50]. Copyright 2021, American Chemical Society).

Spurred by the novel electronic, optical, magnetic, and structural properties of graphene nanoribbons[110], 
isolating and manipulating ultra-fine nanoribbons of 2D materials (e.g., TMDs) has become popular in 
recent years. However, ultra-fine nanoribbons are difficult to separate and manipulate and may be highly 
air-sensitive due to the abundance of suspended bonds on the edges of the nanoribbons[111]. Encapsulation 
of metastable materials inside small-diameter nanotubes has emerged as a novel approach to creating new 
quasi-1D nanostructures. Cain et al. reported a gas-phase synthesis method for producing ultra-fine TaS2 
nanoribbons in CNTs[107]. The boundary and number of nanoribbons were limited by the diameter of the 
CNTs. Botos et al. prepared [MS2]n@SWCNT (M = Mo or W, average dNT = 1.4 nm) by sequentially 
transforming M(CO)6 (M = Mo or W) nanocluster to nanoribbons[70]. Two [MS2]n nanoribbons, well-
ordered crystalline hexagonal structures with zigzag edges, grow inward from both ends of SWCNTs. The 
nanoribbon’s width is strictly regulated due to the limitation of the nanotube diameter. Furthermore, the 
nanoribbon is twisted rows in the CNTs due to the edge defect. Similar nanoribbon structures were also 
exhibited in the WS2@MWCNT[16], MnTe 2@SWCNT[105], ReS 2@SWCNT[56], HfTe 2@SWCNT[57], and 
PtS2@SWCNT [Figure 5C][106] heterostructures. Surprisingly, Nagata et al. prepared single MoTe nanowires 
using CNT as a template and partially oxidized MoTe2 as a precursor[101]. They propose that the MoOx 
oxidizes MoTe2 to MoTe and TeO2. TEM shows that MoTe nanowires exhibit unusual distortion under the 
confinement of carbon nanotubes, which may provide the possibility for the application of nanowires.
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Another type of novel material is composed of 1D chains that are weakly held together by van der Waals 
interactions. Transition metal tri chalcogenides MX3 (TMTs, M = transition metal, X= S, Se, Te) are 
representative examples that allow unusual ground states and collective mode electronic transport in bulk. It 
is fascinating to isolate and manipulate quasi-1D bulk materials in the few-chain limit because new physics 
can be induced by the new degree of low dimensionality. In 2018, Pham et al. synthesized the single- or few-
chain limit of NbSe3 encapsulated in protective MWCNT cavities [Figure 5D][51]. Static and dynamic charge-
induced structural torsional waves observed by TEM are not found in bulk NbSe3. Following that, the few-
to-single chain limits of HfTe3

[108] in the MWCNT cavity were achieved. They discovered that the typically 
parallel chains in the HfTe3@MWCNT system spiral around each other once three chains are reached, while 
at the same time, a short-wavelength trigonal antiprismatic rocking distortion takes place, opening a 
prominent energy gap. Later, they concentrate on MX3 family members that are not stable in bulk and have 
been synthesized in the few to a single-chain limit of MTe3 (M = Nb, V, Ti) within the nanoconfined cavity 
of MWCNTs [Figure 5E][50].

Electronic structure of filled CNTs heterostructures
Spectroscopy can energetically analyze the interaction between fillers and carbon nanotubes, allowing for a 
preliminary understanding of the filling material on the electronic structure[112]. Common types of the 
spectrum include optical absorption spectroscopy (OAS), Raman spectroscopy, and X-ray absorption 
spectroscopy (XAS).

Optical absorption spectroscopy (OAS)
Optical absorption spectroscopy (OAS) is an experimental technique that measures the ability of a sample 
to absorb light at different wavelengths. Since energy states are continuous, a substance can only absorb 
photons with a specific energy in a continuous spectrum. By measuring the amount of light absorbed by the 
sample, information about the material’s electronic and molecular structure can be determined, resulting in 
spectral information[113]. OAS is a clear and accurate method to investigate the electronic structure of the 
filled CNTs heterostructures. The OAS technique also has some limitations. One of the main drawbacks is 
that it can only provide information on the surface or near-surface of the sample, and it is difficult to obtain 
information about deeper structures. OAS has been used to characterize CoBr2

[114], FeX2
[115], AgX[102], 

CdX2
[116], ZnX2, CuX[103] (X = Cl, Br, I), PrCl3

[117], TbCl3
[118], GaSe[119], GaTe[49], Bi2Se3

[49], SnTe[120], and Bi2Te3
[52].

The following takes the four heterostructures systems selected in Figure 6A-D as examples to briefly explain 
the influence of material filling on SWCNTs. The curve of unfilled SWCNTs has several obvious absorption 
peaks, and the first two peaks, S1 (ES

11) and S2 (ES
22) are connected with the bandgap transition between 

Van-Hove singularities in semiconductor SWCNTs[102]. The appearance of the M1 (EM
11) peak at about 

1.8 eV is because of the inter-band transition of the first Van-Hove singularity in the metal tube. The last 
peak around 2.4 eV corresponds to a shift in ES

33 semiconductor SWCNTs.

Compared with the original data, the OAS of filled heterostructures changed significantly. The change in 
the spectrum is caused by the local interaction between the carbon atom and the filling atom, which further 
proves that the change in the electronic properties of SWCNTs is caused by the filling of the inner channel 
of the carbon tube[103]. The most significant and common phenomenon after being filled with foreign 
materials is that the optical transition at ES

11 is inhibited or even completely quenched because of a charge 
transfer between the packed substances and the carbon wall[116]. The direction and path of the charge 
transfer hinge on the properties of the filled materials. Metal halides usually act as electron acceptors, 
leading to the depletion of electrons in CNTs[115]. Another obvious feature is that all the peaks move towards 
the low energy region, which can be explained by the shrinking of the energy gap between Van-Hove 
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Figure 6. OAS characterization of CNT nanopeapods: (A) OAS of SWCNTs and AgX@SWCNTs (X = Cl, Br, I) (Reproduced with 
permission[102]. Copyright 2010, Elsevier). (B) OAS of SWCNTs and CuX@SWCNTs (X = Cl, Br, I) (Reproduced with permission[103]. 
Copyright 2012, Elsevier). (C) OAS of SWCNTs and CdX2@SWCNTs (X = Cl, Br, I) (Reproduced with permission[116]. Copyright 2013, 
Springer Nature). (D) OAS of SWCNTs and FeX2@SWCNTs (X = Cl, Br, I) (Reproduced with permission[115]. Copyright 2009, Springer 
Nature).

singularities after filling. Notably, the trend of ES
22 and EM

11 peaks was positively correlated with the electron 
negativity of halogen atoms (Cl > Br > I)[121]. This phenomenon is most obvious in the CuX@SWCNT and 
FeX2@SWCNT systems.

Raman spectroscopy
Raman scattering is a kind of inelastic scattering that occurs when incident light interacts with phonons, 
and its intensity is typically only one-thousandth of Rayleigh scattering[122]. The energy difference between 
the scattered light and the incident light can be used to judge the lattice vibration information of carbon 
nanotubes[122]. Transition metal halide (MX)@CNTs were studied by Raman spectroscopy, such as MnCl, 
MnBr2

[123], CoBr2
[114], NiCl, NiBr2

[124], ZnCl[104], ZnX2
[104], FeX2

[115], AgX[102], CuX[103] (X = Cl, Br, I), rare earth 
metal halide, TbBr3, TbI3

[125], CdCl2
[126], LuCl3, LuI3

[126], GaSe, GaTe[119], SnS, SnTe[49], Ag[79], Cu, Ni[127], and 
other complexes.
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Kharlamova[123] investigated the MnCl2@SWCNT and MnBr2@SWCNT heterostructures using Raman 
spectroscopy [Figure 7A and B]. The positions of the RBM peak and G peak of MnX2 are shifted upward, 
reflecting the change of carbon-carbon bond energy. It is represented by the change in electronic structure 
during the filling process. Peak G is shifted in the Raman spectrum of MnX2@SWCNT, reflecting the charge 
transfer between the carbon wall and encapsulated materials, which leads to the transition of metallic CNTs 
to a semiconductor state. The resonance excitation of CNTs of the corresponding diameter can be observed 
using a laser of specific energy[123]. Metallic SWCNTs with diameters of 1.50 and 1.41 nm were effectively 
excited at the laser energy of 1.58 eV. The 2.41 eV laser corresponds to a semiconductor SWCNT with a 
diameter of 1.35 nm. NiX2@SWCNTs were also studied using Raman spectroscopy [Figure 7C and D]. The 
peak value of RBM decreased slightly, reflecting the change in CNTs diameter during the filling process. 
The position of peak G also changed greatly from typical metal nanotubes to semiconductor nanotubes. 
One possible explanation of the G peak change is that the metal SWCNTs transformed into a 
semiconductor state after being filled by 1D NiX2 (X = Cl, Br) nanocrystals; that is, the gap was opened.

The Raman signal enhancement effect is also observed in filled CNTs heterostructure. Nascimento et al. 
reported that the chiral sulfur chains encapsulated in the SWCNTs with a diameter of 0.89 nm can 
significantly enhance the Raman signal of the SWCNTs[128]. They suggested that the small diameter and 
hybrid state formed by overlapping orbitals of the sulfur chains and SWCNTs in the excited part of the 
single-particle electronic spectra are key factors in enhancing the Raman signal. Li et al. further discovered 
that the long polymeric sulfur chains inside HiPco-SWCNTs strongly interact with the sidewalls of the 
carbon nanotubes, resulting in a decrease in the intensity of the high-frequency Raman spectral peaks and 
the appearance of new, very strong absorption peaks at 319, 395, and 715 cm-1, all of which originate from 
the strong electron-phonon coupling between the SWCNT excitons and the S-S vibrations[129]. These 
findings provide new points to explain previously reported Raman signal abnormal phenomena for other 
filled CNTs heterostructures.

As a fingerprint characterization, Raman spectra are a simple and effective method to study the electronic 
structure of filled carbon-nanotube heterostructures. However, the disadvantages of Raman characterization 
are also obvious. For example, other morphological characterization methods are required for carbon 
nanotube positioning during large-area characterization. The characterization efficiency is very low when 
point-by-point scanning is used[126].

X-ray absorption spectrum (XAS)
X-ray absorption spectrum (XAS) refers to the measurement of the attenuation of X-rays as they pass 
through a material at varying energies. It provides information about the electronic structure and chemical 
composition of the material, including the types of atoms present, their oxidation states, and their 
coordination environments. This is achieved by examining the energy-dependent changes in the absorption 
of X-rays due to different core-level transitions in the atoms of the material[130]. XAS has several advantages 
and limitations. One of the main advantages is its ability to provide information on the local structure of a 
material at the atomic level, including the valence state and coordination geometry of the absorbing atom. 
XAS is also a non-destructive technique, allowing for the repeated analysis of a sample without altering its 
properties. However, XAS has some limitations, such as providing information only on the absorbing atom 
and not the surrounding environment. The XAS spectrum of SWCNTs filled with FeX2

[115], NiX2
[124], 

ZnX2
[104], CdX2

[116], AgX[102], CuX (X = Cl, Br, I)[103], HgCl2
[131] and other substances has been documented in 

the literatures.
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Figure 7. Raman characterization of carbon-nanotube nanopeapods: (A) Raman of MnX2@SWCNT heterostructures at 1.96 eV laser 
energy (Reproduced with permission[123]. Copyright 2012, IOP Science). (B) Raman of MnX2@SWCNTs heterostructures at 1.58 eV 
laser energy (Reproduced with permission[123]. Copyright 2012, IOP Science). (C) Raman of SWCNTs and NiX2@SWCNTs at 2.41 eV 
laser energy (Reproduced with permission[124]. Copyright 2012, Wiley).  (D) Raman of SWCNTs and NiX2@SWCNTs at 1.58 eV laser 
energy (Reproduced with permission[124]. Copyright 2012, Wiley).

XAS spectra of NiX2@SWCNTs (X = Cl, Br) heterostructures measured by Kharlamova et al. are shown in 
Figure 8A[124]. Partial information on nickel halide nanotubes can be obtained from the absorption peaks of 
C 1s. C 1s can be simply understood as the minimum energy required to excite an electron in a 1s orbital. 
An additional spectral feature A* appears below the p formant A. This property can be attributed to the 
interaction between the wall and the filling material. Compared with the spectra of AgX@SWCNTs and the 
original nanotubes [Figure 8B], SWCNTs interact with the AgX crystal of the plugged layer[102]. This 
additional spectrum characteristic can be attributed to the energy level that is reduced by electron transition 
to the reduction of the transfer of the plug-in charge.

FUNCTIONAL APPLICATIONS OF FILLED CARBON-NANOTUBE HETEROSTRUCTURES
Carbon nanotubes have excellent conductivity[132], optical[133], and thermal properties[5], mechanical 
properties[4], and flexibility[134], which can be applied to them in nano-electronics[2], photovoltaic[135], 
thermoelectric power generation[136], energy storage[137], catalytic[138], and other important areas. SWCNTs 
can be a metal or semiconductor, depending on their atomic structure[139]. The method of filling can not 
only control its electronic structure[12] but also retain the above many excellent properties, which greatly 
accelerates the industrialization application of carbon nanotubes.

Nanoelectronics
Charge transfer between the filled materials and CNT is common, which alters the electrical transport 
properties in a CNT. Li et al. prepared field-effect transistors (FET) with C60 and C70@SWCNT peapods as 
channel materials and measured the transfer characteristics at room temperature [Figure 9A][26]. The IDS-Vg 
curves of the C60 and C70 peapods FET show P-type hole-dominate transport characteristics, which are 
similar to those of pristine SWCNTs. When C60 is replaced with azafullerene (C59N and C69N), the FETs 
exhibit typical N-type electron-dominate transport characteristics [Figure 9B][26]. Furthermore, a 
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Figure 8. XAS characterization of carbon-nanotube nanopeapods: (A) XAS of SWCNTs and NiX2@SWCNTs (X = Cl, Br) (Reproduced 
with permission[124]. Copyright 2012, Wiley). (B) XAS of SWCNTs and AgX@SWCNTs (X = Cl, Br, I) (Reproduced with permission[102]. 
Copyright 2010, Elsevier).

photoswitching behavior was also observed in C59N peapods FET devices, indicating the charge transfer 
from azafullerene to SWCNT [Figure 9C][140]. Shimada et al. investigated the transport characteristics of 
M@C82 (M = Gd, Dy) metallofullerenes nanopeapods FETs with ambipolar behavior. However, in the case 
of C90-peapods, all devices exhibited metallic properties [Figure 9D][63].

Yang et al. further studied the temperature-dependent charge transport characteristics of Dy@C82 peapods 
FET. A transition from p-type to n-type conduction has been observed as the temperature decreases from 
room temperature to 265 K, indicating that charge transfers from the Dy@C82 to the conductance band of 
carbon nanotubes at low temperatures [Figure 9E][23]. At a temperature lower than 215 K, metallic behavior 
occurred, suggesting that additional electrons are continuously injected into the conductance band, shifting 
the Fermi level into the conduction band. Under 75 K, the device became a single-electron transistor with 
irregular coulomb blockade oscillation, meaning that the inside Dy@C82 splits the tube into discrete 
quantum dots. The transport properties of other fullerene nanopeapods FET are also investigated 
[Figure 9F].

It is also possible to produce p-n junctions within individual CNTs by partially filling the acceptor or donor. 
The examples were demonstrated in the heterostructures of partially filled CsI, CsC60

[25]
, and Fe[141] 

nanoparticles inside the SWCNTs where ultimate heterostructures of electron donor and acceptor were 
realized within the cavity of a SWCNT, yielding the air-stable rectifying performance.

Additional means can be used to tune the properties of the heterostructure-based electronic device if the 
target filler substance has a unique property, such as a spin-crossover (SCO) molecule[96] or magnetic 
cluster[14]. Giménez-López Mdel et al. encapsulated Mn12Ac, a single-molecule magnet (SMM), into 
MWCNTs, resulting in a new type of heterostructure that combines the magnetic properties of the SMM 
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Figure 9. Electrical characterization of fullerene-peapods FETs: (A) Transfer curves for a pristine (unfilled) SWCNT FET and a C70 
nanopeapods FET device (Reproduced with permission[26]. Copyright 2010, American Chemical Society). (B) Transfer curves measured 
for C69N nanopeapods FET (Reproduced with permission[26]. Copyright 2010, American Chemical Society). (C) IDS-VG characteristics 
measured at room temperature for an n-type semiconducting C59N@SWCNT and a metallic C59N@SWCNT without light (VDS = 0.1 V). 
The inset shows the IDS characteristic of the semiconducting C59N@SWCNT, which is measured as a function of time without and with 
incident light (400 nm wavelength) (Reproduced with permission[140]. Copyright 2009, American Chemical Society). (D) Transfer 
characteristics of C78, C90, and Dy@C82-peapods (VDS = 20 mV, T = 23 K) (Reproduced with permission[63]. Copyright 2003, Elsevier). 
(E) VG dependence of conductance measured at various temperatures (VDS = 4) (Reproduced with permission[23]. Copyright 2001, AIP 
Publishing). (F) Conductance of Dy@C82-peapods at temperatures from 4 to 215 K. The insets in (E) and (F) are band diagrams 
(Reproduced with permission[23]. Copyright 2001, AIP Publishing).

with the functional properties of the CNT [Figure 10][14]. At low temperatures, due to the molecule 
orientation of the SMM molecule arrangement inside the CNTs, the electrical resistance of the host CNTs 
exhibited anisotropic behavior. Villalva et al. synthesized the Fe-based SCO molecules filled SWCNTs 
heterostructures (Fe-SCO@SWCNT). The electronic transport measurements indicated that the SCO switch 
of the molecules triggers large conductance bistability via the SWCNT[96].

In the above, various nanoelectronic devices suggested that the filled CNT is an effective method for tuning 
and extending the function of pristine SWCNT.

Energy
Lithium-ion battery
Filling CNTs with suitable materials can increase their practical capacity, and their electrochemical 
properties are very suitable for battery preparation. Yu et al. tested the battery performance of FeS@CNTs 
[Figure 11A][54]. The battery was stable over multiple cycles, with higher cycle stability per cycle than 
graphite and FeS batteries. Another paper[142] demonstrated that even after one thousand cycles at a highly 
charged current of 2,000 mA g-1, the FeS2@CNTs battery could achieve a specific capacity of 525 mAh g-1. 
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Figure 10. Effect of magnetic molecular filling on the resistance of CNTs (Reproduced with permission[14]. Copyright 2011, Springer 
Nature): (A) TEM of MWCNT filled with Mn12Ac, scale bar is 5 nm, and schematic of magnetoresistance measurement apparatus and 
Mn12Ac molecules filled in CNTs. (B) Magnetoresistance of Mn12Ac@MWCNT (1) and the control sample of pristine MWCNT (3) at 
2 K in the presence of a magnetic field (H) either perpendicular (θ = 0°) or parallel (θ = 90°) to the conducting layers. (C) Low field 
region of the magnetoresistance measurements.

Figure 11. Properties of CNTs-filled lithium batteries: (A) Comparison of cyclic properties of three materials (Reproduced with 
permission[54]. Copyright 2016, Wiley). (B) Comparison of cycling properties of Si nanoparticles and Si nanoparticles@CNTs 
(Reproduced with permission[143]. Copyright 2015, American Chemical Society). (C) Cyclic performance of Fe2O3@CNTs at different 
current densities (Reproduced with permission[144]. Copyright 2017, American Chemical Society). (D) Rate performance of Li2S6@CNT 
thin film electrodes in the range of 0.1-2 C current density. Inset: the relationship between cycling performance and the weight of the 
CNTs film (Reproduced with permission[146]. Copyright 2017, Elsevier).
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The reversible capacity of the Si nanoparticle @CNTs cell after 20 cycles is 1,475 mAh g-1 [Figure 11B], 
which is approximately four times that of graphite[143].

The cyclic performance of the cell prepared with Fe2O3@CNTs is shown in Figure 11C[144]. When the current 
density is 1,200 mA g-1, approximately 40% of the capacity remains, and when the current rate is decreased 
to 60 mA g-1, approximately 1,000 mA g-1 reversible capacity remains. Fe3O4-filled MWCNTs have also been 
studied as anode materials[145]. The specific capacity reached 220 mAh g-1 after 350 cycles, roughly twice that 
of unfilled CNTs at a current density of 2,000 mA g-1. Fe3O4 NPs trapped within CNTs enhance the 
electrochemical behavior of Li-ion batteries while also preventing structural degradation.

Li-S composite system as the electrode material of high-performance batteries has been widely concerned. 
Kim et al. prepared lithium batteries using Li2S6@CNT conductive thin films as electrode materials and 
tested their performance [Figure 11D][146]. As the current density reduces from 0.1 C to 2 C, the discharge 
capacity decreases gradually. At the end of the cycle, when the current density returns to the initial level, the 
specific capacity is 1,081 mAh g-1 (initially 1,090 mAh g-1), suggesting that the electrode has excellent 
stability. The illustration shows the relationship between cycle performance and film quality. This may be 
due to the increase in weight of CNT film, which leads to an increase in active adsorption sites in its 
interior, which is very favorable for the improvement of battery performance. Furthermore, Fu et al. 
investigated the chemical properties of sulfur in two types of SWCNTs with distinct diameters, produced by 
an electric arc (EA-SWCNTs, average diameter 1.55 nm) or high-pressure carbon monoxide (HiPco-
SWCNTs, average diameter 1.0 nm), and demonstrated the electrochemical reaction activity of sulfur with 
lithium inside SWCNTs of different diameters[78]. Specifically, relatively larger diameter EA-SWCNTs can 
accommodate dissolved Li+ ions, similar to Li-S reactions in solution. In contrast, Li+ ions are blocked from 
entering the tube cavity in smaller diameter HiPco-SWCNTs. Therefore, the Li-S reaction in HiPco-
SWCNTs is significantly different from when S is not encapsulated and can be attributed to interactions 
with π electrons passing through the carbon walls. This finding provides a new mechanism for improving 
the performance of lithium-ion batteries by filling CNTs.

It should be noted that the function of carbon nanotubes is more like a modifier: their participation mainly 
serves to modify the storage of lithium, thereby enhancing the capacity of lithium-ion batteries. However, 
pure carbon nanotubes are not very effective as electrode materials[147]. When filling carbon nanotubes, the 
mass ratio with the active material is generally 1:5, in the milligram range. If pure carbon nanotubes are 
used as electrode materials, they exhibit high specific capacity in the first lithium-ion insertion step but 
cannot be fully released in the subsequent lithium-ion extraction process[148]. This means that a large portion 
of the lithium ions is irreversibly consumed, leading to a decrease in the Coulombic efficiency of the battery.

The cycling rate is reflected in the electrochemical stability of the material during battery charging and 
discharging cycles, as well as the efficiency of ion insertion and extraction processes and the degree of 
material damage. CNTs can significantly improve the cycling rate performance of lithium-ion batteries, 
mainly due to their conductivity, their special hollow tubular structure, and cross-linked network structure, 
which enhance the efficiency of electron conduction in electrode materials and improve ion transport in 
CNTs. Firstly, CNTs provide a fast ion transport path, thereby improving the electrochemical reaction of 
lithium storage. Secondly, the confinement effect of CNTs allows the encapsulated active electrode material 
to be in close contact with the carbon tubes, shortening the distance of electron and Li+ ion transport, which 
is superior to loose materials. Finally, the cross-linked conductive CNT network disperses the stress 
concentration phenomenon of materials, enhancing the structural strength of powder materials. The carbon 
nanotubes also have enough space to release induced stress expansion during the charge/discharge process, 
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maintaining their structural stability, so the performance of filled carbon nanotubes is significantly better 
than that of traditional anode materials.

Although filled carbon nanotubes show superior electrochemical performance, their performance slightly 
decreases during cycling due to the instability of the electrode structure, including active and non-active 
materials such as carbon nanotubes filled with active particles and binders. The significant expansion of 
carbon nanotubes during lithiation can cause cracking, deformation, and partial peeling of the electrode 
components during cycling, leading to the deterioration of cycling performance. To address these issues, it 
is important to identify the optimal filling rate for different active materials to ensure the structural stability 
of the expanded electrode. The use of multi-walled carbon nanotubes can further limit the range of volume 
expansion. Designing the battery structure based on specific materials can also improve its overall 
electrochemical performance.

The thermoelectric power generation
A major concern has been the potential effect of molecules encapsulated in CNTs on the thermal properties 
of heterostructure systems. Kodama et al. developed a micro-nano processing method for determining the 
effect of filling on thermal conductivity (κ) and thermoelectric potential (S), as shown in Figure 12[149]. The 
results show that the filled CNTs reduce thermal conductivity by 35%-55% and increase thermoelectric 
potential by about 40% compared to pristine CNTs at room temperature. Temperature-dependent 
measurements from 40 to 320 K show that the peak of thermal conductivity changes as temperature 
decreases.

Fukumaru et al. investigated the thermoelectric characteristics of CoCp2@SWCNT heterostructures[150]. 
Compared with original SWCNTs, the electrical conductivity of the heterostructures was significantly 
improved by an order of magnitude. The negative Seebeck coefficient of -41.8 mV K-1 at 320 K indicates that 
encapsulation of cobaltocene can convert the p-type pristine semiconducting SWCNT into an n-type. 
Furthermore, the heterostructure has a high power factor and a low thermal conductivity (0.15 W m-1 K-1). 
Such a heterogeneous structure of conductivity, power factor, and thermal conductivity is very suitable for 
the thermoelectric generation and is an attractive choice for the next generation of thermoelectric 
appliances.

Catalyst
CNTs with a large internal surface area are very stable and good catalyst carriers. Their main function is to 
immobilize and load nanoparticles and to provide an ideal local environment for certain chemical reactions. 
Aygün et al. investigated the catalytic performance of Ru@SWCNTs vs. Ru coated on the surface of 
SWCNTs[151]. It has been demonstrated that the reason for improving the catalytic efficiency is not only the 
stabilization of the catalytic particles but also the increase in the local concentration of the reactant 
precursor, which is critical to the catalytic effect. Chamberlain et al. decompose synthetic catalytic 
nanoparticles in SWCNTs[152]. The size and morphology of the nanoclusters were controlled by the diameter 
of SWCNTs, and efficient nanoparticle-filled SWCNTs provided a suitable environment for hydrogenation. 
SWCNTs with different diameters can compare nanometers of different sizes, which is critical for catalytic 
activity. The life of nanoparticles packed steadily into carbon nanotubes would be greatly extended.

Che et al. prepared highly aligned and monodisperse graphite-carbon nanoarrays using alumina films as 
templates and filled carbon nanotubes with nanoparticles (Ru and Pt/Ru)[153]. Supported catalysts are used in 
electrocatalytic oxygen reduction and methanol oxidation of hydrocarbons. The catalytic activity was 
significantly enhanced when CO and H2O were converted to ethanol using Ru@CNTs.
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Figure 12. Properties of CNTs-filled in a thermoelectric generation (Reproduced with permission[149]. Copyright 2017, Springer Nature): 
(A) Schematic diagram of measuring equipment. (B) TEM photos of measuring device details. (C and D) The relationship between κ 
and S of CNTs and temperature after filling C60, Gd@C 82, and Er2@C82.

Sensor
The 1D electronic properties and large adsorption area of SWCNTs can also be applied to gas sensors[154]. 
The ideal sensor should be highly selective[155], highly sensitive[156], completely recyclable[157], durable[158], and 
low in cost[159]. Although pure SWCNTs show neither specificity for gases nor are they gas-sensitive 
materials[160], the selection of suitable materials for filling can confer selectivity and sensitivity to 
X@SWCNTs heterostructures. Chimowa et al. used DWCNTs filled with ZnI2 as a formaldehyde sensor[24]. 
The study demonstrates that it is possible to enhance the sensitivity and selectivity of the sensor by filling 
DWCNT. The performance of this filling is better than the surface function of nanotubes. Quang et al. 
reported the effects of ammonia adsorption at various temperatures on the electrical performance of 
SWCNT[161]. When the concentration of NH3 was as low as 5 ppm, they were still able to detect the sensor’s 
reaction to NH3 and showed a good linear relationship. There is no obvious sign of saturation in the linear 
response area of the ~40 ppm concentration. Under a higher concentration, the reaction is sub-linear, but 
the reaction continues to increase as the concentration level increases. Nguyen et al. tested NH3 sensors 
based on SWCNT devices under constant current conditions. The sensor’s recovery and exposure time were 
determined by controlling the NH3 concentration at 5 ppm[162]. After 10 min of exposure to NH3, the 
electrical resistance increased by 8%. Qi et al. prepare a large-scale array of low-noise electronic CNT 
sensors for detecting gas molecules[163]. The functionalization of polymers makes SWCNTs resistant with 
high sensitivity and selectivity. Polyethylene amine coatings enable nanotube devices to detect nitric oxide 
at levels as low as 1 ppb (one billionth). Ramachandran et al. filled multi-wall carbon nanotubes with Ni-Co 
alloy nanowires for non-enzyme electrochemical sensor probes that reliably detect glucose[164]. The 
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Figure 13. Properties of CNTs-filled sensors for NO2 gas (Reproduced with permission[166]. Copyright 2020, The Royal Society of 
Chemistry): (A and B) Photoemission spectra of Ni@sCNTs and Ni@mCNTs, respectively. (C and D) Recovery time of Ni@sCNTs and 
Ni@mCNTs, respectively. (E and F) Fermi level density offset plot for Ni@sCNTs and Ni@mCNTs, respectively.

outstanding electrochemical properties of the sensor are attributed to the synergy of the Ni-Co@MWCNT 
heterostructure. Chimowa et al. proposed vanadium oxide-filled MWCNTs for methane gas sensors[165]. 
They observed that the response time for methane gas detection decreased from 140 s (not filled) to 17 s 
(after filling), and the recovery time decreased from 235 s to 120 s. As a result of the metal oxide filling, the 
response sensitivity of the CNT was increased from 0.5% to 1.5%.

Fedi et al. demonstrated the feasibility of acetone nickel molecules filled SWCNTs to detect the feasibility of 
nitric oxide [Figure 13][166]. Figure 13A and B depict the optoelectronic transmission spectrum of the 
semiconductor and metal SWCNTs of Ni clusters before and after exposure to NO2. The shaded areas in 
Figure 13C and D represent a 30-minute recovery time after 80 min of continuous exposure at a total NO2 
flow rate of 300 L. After 3 min, the light green stripes indicate that the recovery is nearly complete. 
Figure 13E and F represent the Ni cluster’s Fermi level density and the Fermi level state density shift of Ni 
cluster metal SWCNTs. The interaction between nanotubes and sensor targets can be finely tuned by filling 
SWCNTs, allowing for gas adsorption and adsorption at room temperature.

CONCLUSIONS
Because of their unique properties, CNTs are a promising material in a variety of applications involving 
electronics, energy, and catalysis. In the last decade years, it has been experimentally demonstrated that 
replacing carbon atoms with other atoms, adding functional groups to the outer nanotube surface non-
covalently or covalently, and filling the CNT channels are all effective ways to change the CNTs’ electronic 
structure. This has enriched the variety of CNTs’ applications and electronic properties. Filling the CNT 
channels is the most promising way of these to modify the nanotube characteristics because various 
functional materials can be encapsulated into the CNT inner channel to generate heterostructures without 
damaging the carbon wall structure.
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In the present manuscript, we concentrated on an overview of the preparation, morphological and 
electronic structure characterization, and applications of filled CNTs heterostructures. With the aid of the 
advanced HR-TEM and AC-TEM techniques, the structures of the internal substances filling in the 
heterostructures are thoroughly examined in situ. Due to the spatial confinement effect of CNT, for some 
substances, the structures inside the CNT are significantly different from the bulk state and sensitive to the 
diameter of the CNT, which can be manipulated to design its electronic behavior. Various unstable nano-
materials have been achieved through nano chemical reactions inside the nanotubes, suggesting that the 
confined hollow nano space of CNTs serves as a platform for novel nanomaterials. Furthermore, 
spectroscopic techniques like OAS, Raman, and XAS provide researchers with simple approaches to 
investigate the modified electronic properties of nanotubes that occur as a result of the encapsulation of 
various compounds inside their channels. For example, both P and N doping of the CNT were observed 
when the electron donor and electron acceptor were filled. Therefore, the established methods and 
knowledge for modifying the electronic properties of CNTs provide the fundamentals for functioning CNTs 
devices.

Although various filled CNTs heterostructures have been synthesized, many challenges remain for further 
large-scale applications. First of all, many external factors affect the filling process, leading to low 
reproducibility of internal filling quality and filling yield. Therefore, it is necessary to explore and 
summarize more experienced filling mechanisms to guide the synthesis of high-quality samples. The yield 
of CNT filling may vary due to various factors, such as the size of CNTs, the properties of filling materials, 
the filling method, and the conditions of filling. In some cases, the yield may be high, even close to 100%, 
while in other cases, the yield may be relatively low or even unable to fill. Regarding the practical aspects of 
CNT filling, it is important to consider the expected applications and required characteristics of the filled 
CNTs. For example, if the filled CNTs are intended to be used as catalyst supports, the filling material 
should be selected based on its catalytic activity and stability, and the filling process should be optimized to 
ensure uniform distribution of the filling material throughout the CNTs. The filling method also has 
practical significance. For example, if a solvent-based filling method is used, it may be difficult to completely 
remove the solvent from the filled CNTs, which can affect the final performance of the material. Second, the 
nature of heterostructures has not been investigated in depth. Based on obtaining high-quality 
heterostructure samples, understanding the structural, electrical, and spectral properties of the sample from 
the perspective of a single tube is the next essential step in further applications. Third, it is difficult to 
separate high-purity semiconducting filled CNTs heterostructures for field-effect transistor applications. 
When the SWCNT is filled with substance, the weight and surface charge distribution of the CNT are both 
altered, resulting in mature separation conditions that are no longer applicable. Finally, in scenarios where 
filled carbon nanotubes are used in vacuum or liquid media, there is a potential for the filling material to 
diffuse out, reducing the stability of the structure. One potential method to minimize diffusion is to 
functionalize the CNT walls with appropriate chemical groups, which can help immobilize the guest 
material inside the CNT. Another approach is to use encapsulation techniques, such as coating the CNT 
with protective layers or combining the filled CNT with larger composite materials.

In conclusion, despite many challenges, the filled CNTs heterostructures would provide abundant 
opportunities for future interdisciplinary fundamental research and emerging applications in 
nanoelectronic devices, energy, storage, catalysis, and other fields.
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Abstract
Duplex stainless steel is widely used in the petrochemical, maritime, and food industries. However, duplex stainless
steel has the problem of corrosion failures during use. This topic has not been comprehensively and academically
reviewed. These factors motivate the authors to review the developments in the corrosion research of duplex
stainless steel. The review found that the primary reasons for the failure of duplex stainless steels are pitting
corrosion and chloride-induced stress corrosion cracking. After being submerged in water, the evolution of the
passive film on the duplex stainless steel can be loosely classified into three stages: nucleation, rapid growth, and
stable growth stages. Instead of dramatic rupture, the passive film rupture process is a continuous metal oxidation
process. Environmental factors scarcely affect the double-layer structure of the passive film, but they affect the
film's overall thickness, oxide ratio, and defect concentration. The six mechanisms of alloying elements on pitting
corrosion are summarized as stabilization, ineffective, soluble precipitates, soluble inclusions, insoluble inclusions,
and wrapping mechanisms. In environments containing chlorides, ferrite undergoes pitting corrosion more easily
than austenite. However, the pitting corrosion resistance reverses when sufficiently large deformation is used.
The mechanisms of pitting corrosion induced by precipitates include the Cr-depletion, microgalvanic, and high-
stress field theories. Chloride-induced cracks always initiate in the corrosion pits and blunt when encountering
austenite. Phase boundaries are both strong hydrogen traps and rapid hydrogen diffusion pathways during
hydrogen-induced stress cracking.
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INTRODUCTION
Duplex stainless steel has gained wide acceptance in the papermaking, petroleum, food processing, and 
marine industries as a material of choice for systems, structures, and components due to the combination of 
high strength, good toughness and excellent corrosion resistance. This is attributed to the synergistic 
collaboration between the ferrite and austenite phases. Duplex stainless steels are more resistant to 
intergranular corrosion than austenitic stainless steels, because the combination of the austenite-ferrite 
boundary and the ferrite phase enables the precipitation of chromium carbides without severely depleting 
chromium at the phase boundaries[1]. The high solubility and slow diffusion rate of hydrogen in the 
austenite phase of duplex stainless steel make it more difficult for hydrogen to diffuse, distinguishing duplex 
stainless steel from ferritic stainless steel[2].

However, as application fields have expanded, it has become clear that duplex stainless steel suffers from 
corrosion problems. In acidic environments, duplex stainless steels suffer from severe selective corrosion of 
the austenite phase[3]. In the moist H2S environment, duplex stainless steel faces the risk of sulfide stress 
cracking[4]. From 2000 to 2022, several failures have been documented in journals and conferences, 
including CORROSION, Engineering Failure Analysis, and Journal of Failure Analysis and Prevention, as 
illustrated in Figure 1[3-8] and presented in the supplemental material [Supplementary Table 1]. 
Environmentally-assisted cracking (EAC), which includes hydrogen-induced stress cracking (4.55%), sulfide 
stress cracking (18.18%), and chloride-induced stress corrosion cracking (27.27%), accounted for 50% of the 
failures. Pitting corrosion-induced failures accounted for 27.27% of the failures. Additionally, both 
microbially-induced corrosion (MIC) and selective corrosion caused 9.09% of the failures. Crevice corrosion 
was responsible for 4.55% of the failures. The majority of the failures were attributed to pitting corrosion 
and EAC. To ensure the safety of duplex stainless steel in industrial practice, it is imperative to undertake 
rigorous academic investigations into these issues.

Nevertheless, current review articles mainly emphasize the production processes, such as hot working, 
machinability and weldments[9-14]. Only a few reviews have discussed the service processes of duplex 
stainless steel. de Farias Azevedo et al. summarized some failures of duplex stainless steels, which focused 
on the failures induced by improper heat treatment[15]. However, the report is deficient in academic studies 
concerning failures related to corrosion. Salthalaand highlighted failures in the oil and gas industry, which 
focus on practical advice[16]. Cassagne and Elhoud reviewed the hydrogen embrittlement of duplex stainless 
steels[17,18]. Since their reviews were conducted ten years ago, new findings should be added, such as the 
recent research on the distribution of hydrogen in the two phases and at phase boundaries. Pan performed a 
mini-review summarizing research on passive films using synchrotron-based analyses[19]. Han et al. 
reviewed the function of the alloying elements in duplex stainless steel, which shed little on the corrosion 
behavior[20]. In response to the demands of industry and the paucity of comprehensive reviews dedicated to 
corrosion related to practical applications, this review was undertaken to fill this knowledge gap.

This article aims to review the recent academic progress on the pitting corrosion and EAC of duplex 
stainless steel, which are the most common causes of failures. Because the formation and degradation of the 
passive film are the basis for understanding the corrosion of duplex stainless steel, this review first 
introduces the research on passive films from the perspective of the formation process and degradation 
process of the passive film. Subsequently, the progress on pitting corrosion research is reviewed and 
summarized from the perspectives of alloying elements and microstructures. Various distinct pitting 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202304/5570-SupplementaryMaterials.pdf
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Figure 1. Environment-related failure statistics and typical cases of duplex stainless steel from 2000 to 2022. (A) Causes of failures and 
their proportions and (B) Failure caused by pitting corrosion (Reproduced with permission[5]. Copyright 2009, Elsevier). (B1) Pitting 
corrosion was observed at the weld during the industrial inspection, (B2) cross-sectional morphology of pitting corrosion, and (B3) 
enlarged morphology of a pitted area. (C) Failure caused by crevice corrosion[6]. (Open access). (C1) The failure point was located at 
the joint and (C2) corrosion occurred along the contact area between the workpieces. A schematic diagram of the crevice corrosion 
mechanism is shown on the top right. (D) A failure caused by selective corrosion. (Reproduced with permission[3]. Copyright 2015, 
Elsevier). (D1 and D2) Corrosion caused perforation, and (D3) the austenite phase was selectively corroded. (E) Failure caused by 
microbially-induced corrosion (MIC). (Reproduced with permission[7]. Copyright 2014, Elsevier). (E1) Corrosion caused perforation at 
the weld, (E2) the internal tube was covered with corrosion products, (E3) biofilm was observed in the corrosion products, and (E4) 
corrosion products containing sulfur element (S), indicating that corrosion was caused by sulfate-reducing bacteria (SRB) and sulfur-
oxidizing bacteria (SOB). (F) Failure caused by sulfide stress cracking[8]. (Open access). (F1) Cracking occurred near the weld/matrix 
interface, (F2) cracks propagated along the side of the fusion line, and (F3) fracture exhibited typical cleavage features. (G) Failure due 
to stress corrosion cracking. (Reproduced with permission[4]. Copyright 2018, Elsevier). (G1) Cracks were visible along the length of the 
pipe and there was significant pitting corrosion on the pipe surface, (G2) cross-sectional cracks with obvious dendritic bifurcations, (G3) 
at the crack-propagating regions, the cracks propagated within both ferrite and austenite and (G4) at crack-tip regions, the cracks 
expanded preferentially in ferrite.

corrosion mechanisms proposed in the literature to date are summarized in this section. Subsequently, the 
most recent studies on EAC are reviewed, and the EAC mechanisms and the most recent experimental 
findings are outlined. Finally, prospects for further corrosion research on duplex stainless steels are 
proposed.
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PASSIVE FILM 
Stainless steel is more corrosion-resistant than carbon steel in many applications because a dense film is 
formed on the surface, shielding the matrix from corrosive media. The passive film of duplex stainless steels 
consists of nanocrystals, hydroxides, and mixed oxides[19]. The two phases of duplex stainless steels have a 
gradient in their chemical composition, raising the question of whether or not their film-formation and 
film-degradation processes differ in any way. These issues have recently been addressed in passive film 
research on duplex stainless steels. This section introduces the research progress from the perspective of 
film formation and film degradation.

Formation of the passive film
Formation process of passive film
Chromium and molybdenum in duplex stainless steels are enriched in the ferrite phase, whereas the content 
of nickel and molybdenum in austenite is higher [Table 1][21-23]. The composition difference would lead to 
the formation difference of passive film. Overall, there is a lack of research in this area, and few studies have 
been published. Some scholars believe that the final passive film is dependent on the oxidation potential and 
ion solubility of the individual elements. Therefore, they extrapolated from the electrochemical behavior of 
pure metals in the environment to the composition of the passive film. Yao et al. predicted the passive film 
composition of 2,205 duplex stainless steel at different potentials by comparing the polarization curves of 
pure iron and pure chromium[24]. The composition of the passive film in duplex stainless steel can be readily 
determined using this method, which is interesting to consider. However, this view assumes that there is no 
interaction between the interphase passive films. This assumption might be debatable at the phase 
boundaries.

Another approach is to observe the passive process in situ. The evolution of passive films over 600 min was 
characterized using electrochemical atomic force microscopy (EC-AFM)[25]. Oxide particles were formed 
separately during the first 100 min, after which they completely covered the surface [Figure 2][25]. However, 
the low time resolution of EC-AFM, as compared to the rapid formation of passive films, is a drawback of 
this technology. Passive films form within seconds of exposure. Hence, the above study could not 
adequately capture the initial process of passive film formation. In recent years, researchers have also 
attempted to capture the formation process in situ at the nanometric scale using high-resolution techniques. 
This has yielded favorable results for the investigation of austenitic stainless steel[26,27]. Using scanning 
tunneling microscopes, the local oxidation of chromium was observed[26]. Therefore, a local inhomogeneity 
is generated once the passive film is formed. However, these studies focused on austenitic stainless steel. 
Further studies on the coupling process between nitrogen element and chromium element, the formation 
process at grain boundaries and phase boundaries, and the differences in passive film formation between 
ferrite and austenite from on the nanometric scale are promising for unveiling the mechanism responsible 
for the high corrosion resistance of duplex stainless steel. Furthermore, from a cross-sectional perspective, it 
is currently unknown how the passive film grows longitudinally. There are insufficient data to determine 
whether the oxidation is internal or external.

The study of the in situ passive film growth process in liquid may be another research direction because the 
current research is performed under electrochemical polarization conditions or in air. The state of the 
passive film in air differs from that in a real liquid environment. CrOOH in the passive film, which is one of 
the main components of the passive film in air, may react with water into other substances once it is 
immersed in the NaCl solution[28].
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Table 1. The chemical composition of the matrix and the phases (wt.%)

Material Phase Cr Mo Ni Mn Ref.

Total 21.69 0.36 1.56 4.92

α 22.643 0.435 1.276 4.710

UNS S32101

γ 20.735 0.280 1.857 5.247

[21]

Total 22.44 3.24 5.99 1.38

α 23.604 4.216 5.003 1.300 

UNS S32205

γ 21.501 2.540 7.231 1.493 

[22]

Total 24.48 4.00 6.36 0.54

α 27.428 4.693 5.807 0.450

UNS S32750

γ 24.299 3.08989 8.810 0.495

[23]

(Reproduced with permission[21]. Copyright 2019 Elsevier) (Reproduced with permission[22]. Copyright 2014, Elsevier) (Reproduced with 
permission[23]. Copyright 2015, Elsevier).

Composition and structure of the passive film 
Research on passive films has focused on studying the composition and structural differences between the 
ferrite and austenite phases of the passive film, as shown in Figure 3[29,30]. There is a difference in the 
chemical composition of the passive film formed between ferrite and austenite. The contents of chromium, 
molybdenum and tungsten are higher in the ferritic passive film than that in the austenitic passive film. The 
nitrogen and nickel contents in the austenitic passive film are higher than those in the ferritic passive 
film[29-32]. Nickel is chemically stable and does not form oxides, which is mainly concentrated at the film/
matrix interface[24]. However, both passive films are structurally composed of an outer film rich in iron and 
molybdenum and an inner film rich in chromium, with almost the same thickness and structure[30,32]. Other 
literature has shown that the passive film conductivity of the austenite phase is higher than that of the ferrite 
phase[33]. The crystal orientation may influence the passive film, which was identified by synchrotron hard 
X-ray photoemission electron microscopy (HAXPEEM)[29]. The (111) ferrite grains exhibit the lowest 
chromium content among the different orientations of ferrite, while the Cr2O3 content in the (111) ferrite 
grains is higher than that in the (111) austenite grain[29].

Environmental response of passive film 
Environmental factors that cause corrosion failures of duplex stainless steels include pressure, temperature, 
sulfide, sodium hydroxide, chloride ions, vibration, and applied potentials[17]. Therefore, the effects of these 
factors on the composition and structure are discussed in the subsequent sections. Upon immersion in 
water, the structure and composition of the passive film change [Figure 4A and B][26,28]. Once immersed, the 
surface strain of the passive film decreases and relaxation occurs[28]. Furthermore, the content of CrOOH in 
the passive film decreases upon immersion in water, and when immersed in a 0.1 M NaCl solution, CrOOH 
vanishes [Figure 4B][28].

Based on the thermodynamic Pourbaix diagram, increasing the temperature narrows the region of metallic 
Fe, Cr, and Ni. Cr2O3 and Cr (OH)3 are transformed into FeCr2O4, CrOOH, and HCrO2

[34]. From the 
perspective of the corrosion process, the temperature thickens the passive film and increases the point 
defects density in the passive film by analyzing the electrochemical data [Figure 4C][35]. When the 
temperature exceeds 40 °C, the electrochemical impendence spectra (EIS) show two-time constants, 
indicating that the structure changed[36]. The XPS results showed that increasing the temperature could also 
increase the Cr/Fe ratio in the passive film [Figure 4C][36]. However, the above conclusions were mostly 
drawn from electrochemical studies. Moreover, these structural changes require further verification.
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Figure 2. Evolution of the passive film on 2,205 duplex stainless steel[25]. (Open access). (A) The surface morphology changes within 
600 min and (B) a schematic diagram of the passive film evolution.

Hydrostatic pressure is inevitable when considering the use of deep-sea counterparts. On the one hand, 
hydrostatic pressure decreases the Nyquist impedance and Cr2O3 proportion of the passive film 
[Figure 4D][37]. These changes indicate that hydrostatic pressure may reduce the compactness of the passive 
film[37]. On the other hand, potentiodynamic results show that hydrostatic pressure promotes the hydrogen 
evolution reaction by accelerating hydrogen adsorption on the metal surface and inhibiting the transfer of 
H2 molecules[37]. However, the changes to the passive film due to hydrostatic pressure have not been 
adequately investigated. Therefore, elucidating the relationship between the changes in the passive film and 
the hydrogen evolution reaction may help clarify the mechanism. Cui et al. used the High Field Model and 
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Figure 3. (A-C) EDS analyses revealed that the elements in the passive film are unevenly distributed. (Reproduced with permission[30]. 
Copyright 2019, Elsevier). Chromium, molybdenum and tungsten are enriched in the passive film on the ferrite phase. Nitrogen and 
nickel are enriched in the passive film on the austenite phase. (D and E) Line-scanning from the passive film to the matrix revealed that 
nickel is enriched at the film/matrix interface. (Reproduced with permission[30]. Copyright 2019, Elsevier). (F) FIB analyses 
demonstrated that the passive film thicknesses of ferrite and austenite phases are already the same. (Reproduced with permission[30]. 
Copyright 2019, Elsevier). (G1 and G2) Scanning tunneling spectroscopy (STS) results show that the energy gap (Eg) of passive film on 
the ferrite phase is higher than that of the austenite phase, which means that passive film on the ferrite phase has a  higher local energy 
gap between different semi-conductive characteristics (local conduction band potential and local valence band potential) (Reproduced 
with permission[30]. Copyright 2019, Elsevier). (H1 and H2) The chromium oxide content of the passive film on the ferrite phase is higher 
than that on the austenite phase[29]. (Open access).
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Figure 4. The effect of environmental variables on the passive film. (A) The passive film in the open air is constituted by a two-layer 
structure, specifically, the Cr-rich inner layer and the Fe-rich outer layer. (B) When immersion in the solutioncontaining chlorides, the 
CrOOH disappears[28]. (C) When the temperature increases, the passive film thickens and becomes more enriched in Cr[35]. (D) When 
the hydrostatic pressure increases, less Cr2O3 is detected[37]. (E) Removing oxygen decreases the point defects in the passive film and 
lowers the film/solution potential drop[35]. (F) Hydrogen sulfide accelerates the film dissolution process and local acidification 
processes[38]. (G) Increasing the anodic potential transforms the passive film from p-type to n- type[36]. (H) Hydrogen charging makes 
the passive film more conductive and imparts it with a larger OH-/O2- ratio[39,40]. (I) Stress creates more point defects and more soluble 
CrO3 in the passive film[41,42].

Point Defect Model (PDM) and proposed that reducing the oxygen content in the solution can reduce the 
potential difference of the field/substrate interface and decreases the point defect diffusivity [Figure 4E][35].

Hydrogen sulfide generates hydrogen ions via the reacidification effect [Figure 4F][38]. Adding hydrogen 
sulfide does not change the semiconductor type of the passive film, but thins the film [Figure 4F][38]. A 
higher anodic current indicates that it accelerates the dissolution of the passive film. When the 
concentration was increased, the number of oxygen vacancies increased and Fe2+ in the passive film was 
consumed.
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The influence of the applied potential on the passive film can be divided into anodic potentials and cathodic 
potentials, compared with the corrosion potential. One research strategy is focused on the composition 
change. At low anodic potentials, the passive film exhibits p-type semiconductor characteristics, because the 
passive film is composed of Cr2O3, FeO, NiO, and MoO2, which contain many cationic vacancies. At high 
anodic potentials, the main components are Fe2O3, FeOOH, CrO3, and MoO3. The passive film resembles 
the n-type semiconductor [Figure 4G][36]. Therefore, the conductivity of the passive film decreases when the 
applied anodic potential increases[36]. Another research thought focuses on the film evolution modes under 
applied potentials[35]. At low anodic potentials, the passive film grows and thickens. When the applied 
potential shifts to the transpassive potential range, electron removal increases the number of the valent 
species and the passive film dissolves.

The applied cathodic potential is related to the hydrogen evolution reaction. Time-of-flight secondary ion 
mass spectrometry (TOF-SIMS) analyses showed that hydrogen accumulates preferentially on the grain 
boundaries and phase boundaries of the duplex stainless steel[39]. In situ AFM revealed that hydrogen 
charging causes a height difference on the sample surface[39]. Further studies showed that hydrogen-charged 
specimens exhibit an increased conductivity, and that the increase in conductivity in the austenite phase is 
larger than that in the ferrite phase[40]. The composition analysis of the passive film demonstrates that 
hydrogen charging promotes the presence of oxygen atoms in the form of hydroxide [Figure 4H][39,40].

Elastic stress and tensile stress both increase the donor and acceptor densities as determined using Mott-
Schottky measurements [Figure 4I][41,42]. Stress increases the number of dislocations on the surface. 
According to the PDM models, dislocations promote the formation of vacancies in passive films[42].

In summary, the study on the environmental response of passive films focuses on their semiconductor 
properties, compositions, and structural response characteristics. As the thickness of the passive film is only 
a few nanometers, the above parameters are mostly obtained by substituting the macroscopic data into the 
existing model. Therefore, its accuracy is debatable. The specific evolution process of the influence of 
environmental factors on passive films is not clear. Further research can be conducted using high-resolution 
observation methods coupled with an environmental test bench.

Degradation of the passive film
It was believed that the rupture of the passive film was caused by the reaction from the trivalent chromium 
to the soluble tetravalent chromium at a certain potential, which was consistent with the sudden current 
increase. However, new experimental results do not support this view. Using in situ synchrotron grazing-
incidence X-ray diffraction (GIXRD), a new phenomenon was observed that the passive film would thicken, 
accompanied by accelerating iron dissolution, and crystallinity decreases of the passive film when the 
potential increased in the passivation zone [Figure 5A-D][43]. This indicates that the rupture of the passive 
film is not only a valence change process but also a structural change process. As the applied potential 
increases to the breakdown potential, the composition and structure change simultaneously. Chromium, 
nickel and molybdenum in the passive film react and form soluble substances [Figure 5E and F][44]. The 
passive film becomes loose, whereas the film/matrix interface becomes dense owing to the enrichment of 
nickel and molybdenum[44]. These phenomena indicate that the rupture process of the passive film is a 
continuous degradation process over a wide potential range, rather than a sudden change as per the 
traditional definition [Figure 5G][44].

Nevertheless, there are also some factors that still need to be defined. Firstly, the difference in the 
degradation process of passive film between the austenite and ferrite phases is not fully understood. The 
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Figure 5. Study of the passive film degradation of duplex stainless steel after anodic polarization at 900 and 1400 mV (vs. Ag/AgCl) in 
1 M NaCl (aq). (A) During the polarization test, selective dissolution occurred on the ferrite phase and the austenite phase was 
corroded as well. (Reproduced with permission[43]. Copyright 2018, Elsevier). (B) The main composition was ferrite and 
austenite.(Reproduced with permission[43]. Copyright 2018, Elsevier). (C) The small diffraction peaks corresponded to multiple crystal 
oxides (Reproduced with permission[43]. Copyright 2018, Elsevier). (D) Chromium oxide is the major compound of crystal oxides. The 
random noise represents the nano-crystalline structure of the oxides. (Reproduced with permission[43]. Copyright 2018, Elsevier). 
(E and F) The X-Ray Fluorescence (XRF) data for Fe, Cr, Ni, and Mo after applying different anodic polarization at room 
temperature[44]. (Open access). (G) The degradation mechanism of 2,507 duplex stainless steel under the applied potential[44]. (Open 
access).

studies mentioned above were conducted on the entire surface of the samples, and the exact phases cannot 
be distinguished. The morphological results show that both ferrite and austenite are corroded[43]. Secondly, 
the hydrogen evolution reaction, in addition to anodic polarization, could also degrade the passive film, 
since current research all focuses on the transpassive process of the passive film. This type of degradation is 
still not clearly understood. The mechanism by which the passive film changes if the hydrogen reaction 
occurs is yet to be explored.
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PITTING CORROSION 
The pitting corrosion mechanism includes both initiation and propagation mechanisms. The initiation and 
stabilization mechanisms of metastable pitting are still not comprehensively understood. Research on the 
pitting corrosion mechanism is mostly performed on single-phase austenitic materials, and there is little 
research on duplex stainless steel, which is more complicated. Current research on the pitting corrosion of 
duplex stainless steels mostly focuses on the correlation between various material factors with the pitting 
corrosion resistance and their mechanisms. These material factors include alloying composition and 
microstructure. As duplex stainless steels are mainly applied in chloride-containing environments, the 
default environment is a Cl-containing reducing environment unless specifically mentioned.

Alloying elements
Nitrogen element
Nitrogen is the element that solves the welding problems of duplex stainless steels and makes it widely 
commercially available. Nitrogen slightly increases the pitting potential and protection potential of duplex 
stainless steels[45]. When the nitrogen content in 2,507 is increased from 0.15 wt.% to 0.27 wt.%, the 
corrosion rate decreases by approximately 85%[46]. However, previous studies mainly focused on corrosion 
evaluation and not on the corrosion mechanism, and some topics remain debatable. Nitrogen is mainly 
distributed in the austenite phase in duplex stainless steels, and the solubility of nitrogen in the ferrite phase 
is extremely low. In austenitic stainless steel, nitrogen exists as NH4

+ in the passive film[47]. Therefore, the 
addition of nitrogen leads to a larger difference between the Pitting Resistance Equivalence Number (PREN) 
values of the two phases. According to the point of view that the phase with the lowest PREN represents the 
pitting corrosion resistance, the addition of nitrogen has little effect on the pitting corrosion resistance, 
which is not consistent with the experimental results.

Molybdenum element
Molybdenum can significantly increase the pitting corrosion resistance of duplex stainless steels. When 
molybdenum content is below 1.0 wt.%, molybdenum exhibits no obvious improvement in pitting 
corrosion resistance[48]. However, adding 1.5 wt.% Mo can increase the pitting potential by at least 
150 mV[49]. This is mainly attributed to two reasons. Firstly, molybdenum exists in the passive film in the 
form of MoO2, MoO3, and MoO4

2-. These oxides render the passive film more stable[49]. Secondly, 
molybdenum accumulates in the pits and hinders further dissolution[50]. Additionally, Tian et al. found that 
tetravalent Mo species only exist in the passive film of 2,205 duplex stainless steel, as compared to single 
ferrite phase or single austenite phase[51]. This indicates that molybdenum plays an important role in the 
interaction between the austenite and ferrite phases. However, the exact interaction between the austenite 
and ferrite phases is unclear. The influence mechanism of molybdenum on austenite and ferrite in different 
stages of pitting corrosion still needs to be comprehensively understood.

Nickel element
Nickel changes the composition of the passive film by introducing metallic Ni, NiO, Ni(OH)2, and NiCl2

[52]. 
This is beneficial for pitting corrosion resistance[46]. A nickel content of 5-13 wt.% increases the pitting 
potential in 1 M hydrochloric acid by 500 mV[53]. Nickel also narrows the protection potential range[53]. 
However, the content change of nickel causes a significant change in the ratio of the two phases[54], and the 
ratio of the two phases has a greater impact on the pitting corrosion ability. When studying the influence of 
nickel, it is necessary to control the ratio of the two phases by heat treatment. Additionally, the influence of 
nickel on pitting corrosion is still mainly observed using electrochemical tests, and comprehensive research 
needs to be conducted from the perspective of the corrosion morphology and the corrosion rate.
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Tungsten element
Kim et al. reported that adding 4 wt.% tungsten increases the pitting potential and critical pitting 
temperature of the duplex stainless steel. It could also promote the repassivation process[52]. Tungsten exists 
as WO3 and WM in passive films. However, Torres et al. reported that adding 2.1 wt.% tungsten to the 
duplex stainless steel decreases the critical pitting temperature when aged at 920 °C for 60 s[55]. This change 
correlates with the fact that tungsten favors the precipitation of the chi phase. The opposite results that were 
obtained for tungsten are not only because the heat treatment varied but also because the steel used in the 
research was not a single variable. That is, industrial steels were used as the test samples[52,55], in which the 
contents of molybdenum, silicon and other elements vary, which also influences the pitting corrosion 
resistance and may obscure the influence of tungsten. Another study that controlled element tungsten more 
accurately showed that tungsten is slightly beneficial in resisting pitting corrosion when in the solid solution 
state[56]. However, tungsten is detrimental when detrimental phases containing tungsten precipitate.

Copper element
Copper exists in duplex stainless steels in the form of the solid solution state or epsilon-Cu, the latter of 
which exists when the sample is aged at 700-800 °C[57,58]. The addition of copper in the solid solution state 
has few beneficial or even negative effects[59]. Although copper is more stable than iron, the corrosion 
product of copper dissolves into complex ions containing Cu[57], which have not been fully understood until 
now. Epsilon-Cu has been reported to be more active than the ferrite and austenite phases[60], which means 
that it dissolves preferentially and forms nucleation sites for pitting corrosion. However, the electrochemical 
test is the main test method on this topic which cannot reflect the corrosion mechanisms microscopically. 
Additionally, in situ observation of the pitting corrosion process caused by epsilon-Cu is still lacking. The 
change in the pitting nucleation and pitting propagation stages after the addition of solid-solution copper is 
also vague.

Manganese element
Manganese exists in passive films in the form of oxidation states II and IIII[61]. Jang reported that adding 
0.8 wt.% manganese to CD4MCU cast duplex stainless steel negatively impacts the pitting corrosion 
resistance, but the pitting corrosion resistance recovers by adding 2 wt.% manganese[62]. Jang attributed these 
changes to the proportion of austenite/ferrite[62]. Mass loss tests showed that increasing the manganese 
content from 1.7 to 3.3 wt.% significantly decreases the pitting corrosion resistance[49]. However, the pitting 
potential slightly increased when adding 8.03 wt.% in the solid solution state to duplex stainless steel[63]. Feng 
et al. reported that manganese is detrimental when aging at 800 °C for forming precipitants[64]. Therefore, it 
can be concluded that manganese increases the number of pit nucleation sites when it exists in the form of 
precipitants (inclusions or secondary phases). However, the current research shows that manganese-
containing inclusions exhibit different dissolution modes, and the specific mechanisms of these different 
dissolution modes still need clarification. Additionally, existing studies have shown that solid-solution-state 
manganese does not seem to have a significant effect on the pitting corrosion of duplex stainless steels.

Titanium, niobium and tantalum
Titanium is a strong nitride-forming element which means TiN would form upon Ti is added to duplex 
stainless steels. Firstly, titanium could form TiN. Secondly, titanium in the solid solution state forms oxides. 
Zhang et al. has reported adding 0.01 wt.% titanium increased the pitting potential[65]. However, when 
0.15 wt.% titanium was added, the pitting potential decreased. The authors attributed this change to the size 
of TiN. However, no direct evidence was provided to support this.
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Adding 0.25 wt.% Nb to the duplex stainless steel increases the pitting potential by more than 100 mV. 
Niobium forms the Z phase that surrounds the anodic inclusions[66]. Furthermore, the Z phase has a low 
mismatch with the matrix, and there is no gap between the matrix and Z phases[66]. Therefore, niobium 
addition decreases the number of pitting nucleation sites.

It has been reported that tantalum additions can hinder the precipitation of harmful phases, which 
improves the pitting corrosion resistance[67,68]. Further studies showed that tantalum forms nitrides that coat 
the CaS and (Al, Ca) oxides. When CaS and (Al, Ca) oxides dissolve, stable nitrides containing tantalum 
prevents further propagation of pitting corrosion[69].

Other elements
Aluminum was found to have a negative effect on pitting corrosion. The negative effect is not obvious when 
contents are below 1 wt.%, but it is obvious when the contents are above 1.5 wt.%[70]. This is because the 
Al2O3 film formed by aluminum is porous. Studies have reported that Al2O3 forms an Al2O3 layer on the 
surface only when the content is above 4-6 wt.%.

The addition of 0.2 wt.% silver is detrimental to pitting corrosion resistance. Silver increases the fraction of 
secondary austenite[71]. Pits preferentially initiate at secondary austenite. Additionally, the solubility of silver 
in steel is very low, and pitting corrosion is preferentially initiated at the interface between the Ag-
containing precipitates and the matrix.

Sulfur addition of 0.001 to 0.053 wt.% increases the pitting nucleation sites by approximately 3.5 times[72]. 
Manganese sulfides increase significantly, which deteriorates the pitting corrosion resistance. The pitting 
potential decreases by approximately 700 mV in 3 M NaCl[72].

Rare earth metals (REMs) exist in duplex stainless steels in the form of precipitates. The addition of REMs 
can refine polygonal Mn inclusions into uniform-shaped REM oxides[73]. These REMs oxides are ball-
shaped at the interface and act as cathodes during corrosion[74]. Pitting corrosion occurs at the matrix near 
the oxide/matrix interface, rather than at the oxide[74]. The frequency of metastable pitting also decreases[74]. 
However, Kim et al. did not clarify why pitting corrosion initiates in the matrix near the oxide/matrix 
interface instead of in the matrix away from the REM oxides[74].

Adding 0.01-0.2 wt.% tin was also found to improve corrosion resistance, and its effect was better when it 
was compounded with copper[75], but the specific mechanism is still unclear.

Ruthenium addition of approximately 0.28 wt.% can increase the pitting corrosion potential in sulfuric acid 
by 100 mV[76]. The passive current decreases dramatically with the addition of ruthenium. This indicates that 
ruthenium can hinder anodic dissolution. However, in the only report on this topic, the conclusion was 
mainly drawn using macroscopic electrochemistry and weight loss, and the partition and influence 
mechanism of ruthenium between the two phases is yet to be understood.

In summary, the mechanism of alloying elements on the pitting corrosion of duplex stainless steels can be 
roughly divided into six mechanisms. In the stabilization mechanism [Figure 6A][49], elements accumulate in 
the passive film and at the bottom of pits, which stabilize the passive film and hinder further dissolution in 
the corrosion pits. This mechanism has been verified for molybdenum in the solid solution state[49]. In the 
ineffective mechanism [Figure 6B][49,59], the element does not stabilize or deteriorate the passive film. When 
pitting corrosion propagates, this kind of element is also corroded. This mechanism applies to manganese 



Page 14 of Liu et al. Microstructures 2023;3:2023020 https://dx.doi.org/10.20517/microstructures.2023.0227

Figure 6. The six mechanisms of alloying elements on the pitting corrosion of duplex stainless steels. (A) Stabilize the passive film and 
hinders further dissolution in the corrosion pits. This mechanism has been verified for molybdenum[49]. (B) Does not stabilize or 
deteriorate the passive film. When pitting propagates, the element is also corroded. This mechanism applies to both manganese[49] and 
copper[59] in the solid solution state. (C) Forms soluble precipitates, which dissolve preferentially and nucleate pits. This mechanism 
applies to copper after aging during which epsilon-Cuis formed[60]. (D) Forms soluble inclusions. The inclusions dissolve preferentially 
and nucleate pits. This mechanism is applied to sulfur[72]. (E) Forms insoluble inclusions, which do not corrode. Pitting corrosion occurs 
in the matrix near the inclusions. This mechanism has been reported for titanium[65]. (F) Wraps soluble inclusions. When the inclusions 
dissolve, the protective layer protects the matrix from pitting corrosion. This mechanism applies to adding niobium[66].
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and copper in the solid solution state[57]. In the soluble precipitates mechanism [Figure 6C][60], the element 
preferentially promotes the formation of soluble precipitates and dissolves, promoting pit nucleation. This 
mechanism applies to copper after aging during which epsilon-Cu is formed. Epsilon-Cu corrodes and 
initiates pitting[60]. In the soluble inclusions mechanism [Figure 6D][72], the alloying elements forms soluble 
inclusions. The inclusions preferentially dissolve and nucleate pits. This mechanism applies to the addition 
of sulfur[72]. In the insoluble inclusions mechanism [Figure 6E][65], the alloying elements form insoluble 
inclusions, which do not corrode. Pitting corrosion occurs in the matrix near the inclusions. This 
mechanism has been previously reported for titanium[65]. The last mechanism is the wrapping mechanism 
[Figure 6F][66]. The element forms a protective layer that wraps the soluble inclusions. When the inclusions 
dissolve, the protective layer protects the matrix from pitting corrosion[66,69].

Microstructure 
Ferrite and austenite
The Volta potential difference between the ferrite and austenite phases is approximately 50-100 mV 
[Figure 7A][28,77]. The potentiodynamic results show that the dissolution potentials of austenite and ferrite 
are -281 mVSCE and -323 mVSCE in 1 M H2SO4, respectively[78]. Theoretically, the potential difference should 
induce micro-galvanic corrosion and accelerate the corrosion of the ferrite[79]. However, duplex stainless 
steel has excellent corrosion resistance. Xiao proposed that there is feedback during the corrosion 
process[80]. The corrosion of the ferrite phase can change the passive film of the austenite phase. Xiao also 
believed that the potential difference is no longer the main electrochemical inhomogeneity in corrosive 
media, where both phases can be passivated[80]. Tian et al. found that the passive current density of the 
duplex stainless steel was lower than that of the single-phase structure[51]. The two phases in the duplex 
stainless steel may interact during the corrosion process. Cheng et al. found that the defect density in the 
two-phase passive film is lower than that of single austenite phase or single ferrite phase[81]. They proposed 
that the two-phase galvanic corrosion effect improves the corrosion resistance of the duplex stainless steel. 
However, the exact galvanic corrosion mechanism is unclear. Additionally, the existing test methods are 
controversial. The single-phase structure obtained by anodic dissolution is honeycomb-like. Therefore, the 
single-phase samples have more interfaces, which increases the risk of crevice corrosion of the samples 
during electrochemical testing.

Pitting corrosion after deformation has also been studied[28,78]. Örnek and Engelberg reported that the ferrite 
phase of 2,205 undergoes pitting corrosion preferentially before cold deformation, whereas the austenite 
phase preferentially pits after a 40% cold deformation[77]. Luo et al. also found that when the cold 
deformation of UNS S31803 exceeds 70%, pitting corrosion preferentially initiates in the austenite phase[82]. 
Molyndal et al. proposed that the corrosion resistance of ferrite decreases monotonically with strain but not 
in the austenite phase[78]. Slip bands and subgrains are formed in austenite under a small deformation, which 
barely deteriorate the pitting corrosion resistance. High-angle grain boundaries are formed in austenite 
under large deformation, which deteriorates the pitting corrosion resistance[78]. Therefore, the relative 
pitting corrosion resistance between ferrite and austenite reverses as the cold deformation increases 
[Figure 7B1 and B2][83]. However, the above studies were based on the correspondence between pitting 
corrosion behavior and microstructural changes after deformation. Evidence for the direct correlation 
between microstructural changes (dislocation configuration, slip banding, and subgrain boundaries) and 
pitting corrosion is still lacking.

The phase ratio affects the pitting corrosion as well [Figure 7C1 and C2][23]. Ha et al. stated that the smaller 
the PREN difference between the two phases, the stronger the pitting corrosion resistance of the entire 
matrix[21,22]. This view was verified in 2,205 and 2,101 duplex stainless steels. However, the pitting corrosion 
resistance of different phase ratios in 2,507 stainless steel The pitting corrosion resistance with different 
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Figure 7. Summary of the studies on the pitting corrosion resistance between ferrite and austenite. (A1) The pitting resistance 
equivalent number of the ferrite phase is smaller than that of austenite. Therefore, the passive film of ferrite is unstable, and pitting 
corrosion occurs preferentially in ferrite. (A2) In the chloride-containing environment, the amount of pitting corrosion initiated in the 
ferrite phase is significantly more than that in the austenite phase[28] (Open Access) (B1) Under plastic deformation conditions, 
austenite forms more dislocation walls, slip bands, and dislocation outcropping defects. Therefore, more active sites appear on the 
surface of the austenite phase, and the pitting corrosion resistance gap between ferrite and austenite becomes smaller and even 
reversed. (B2) After plastic deformation, the defects in austenite increase significantly, whereas that in the ferrite phase changes little. 
(Reproduced with permission[83]. Copyright 2006, Elsevier). (C1) Element diffusion occurs during the heat treatment process to change 
the phase ratio. The minimum value of the pitting resistance equivalent number changes, and the pitting corrosion resistance of duplex 
stainless steel changes. (C2) UNS S32750 with different phase ratios exhibits different pitting potentials. (Reproduced with 
permission[23]. Copyright 2015, Elsevier.
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phase ratios is not highly correlated with PREN. but it is well correlated to the two-phase micro-galvanic 
corrosion depth[23]. The authors believed that this is because PREN mainly reflects the initiation process of 
pitting corrosion. This is suitable for 2,205 and 2,101 duplex stainless steels, which are not resistant to 
pitting corrosion. The corrosion resistance of 2,507 duplex stainless steel is higher. Therefore, the pitting 
corrosion performance mainly depends on the pitting propagation process. However, according to the 
pitting corrosion model proposed by Li et al. and Frankel et al., the propagation process plays a decisive role 
in materials that are not resistant to corrosion[84,85]. This opinion contradicts that of Ha et al.[21,22]. However, 
the model proposed by Li et al. has not been verified in the duplex stainless steel system[84,85]. Therefore, the 
mechanism of the phase ratios on the pitting corrosion requires further clarification.

Precipitates
Harmful phases precipitate in duplex stainless steels during welding and isothermal aging processes. In 
metals, precipitates typically have a deleterious effect on pitting resistance[86]. There are three opinions on 
interpretations of the pitting corrosion mechanisms of secondary precipitates.

The first theory is the Cr-depletion theory [Figure 8A1], where the precipitates are enriched with chromium 
or molybdenum, which forms a surrounding depleted zone. The passive film at the depleted zone is weak or 
absent. Pitting corrosion occurs in these areas. This theory is applicable to secondary austenite, sigma phase 
(σ phase), chi phase (χ phase), CrN, and Cr2N [Figure 8A2 and A3][87-90]. Zhang et al. showed that after 
tempering at 700 °C for a sufficient duration, the pitting initiation site of S82441 duplex stainless steel 
transformed from austenite to the Cr-depleted zone[91]. The higher the quantity of the sigma phase, the 
lower the breakdown potential. However, the pitting corrosion resistance recovers to a certain degree after 
aging for a sufficient time. Once the sigma phase is fully precipitated, further aging causes tungsten and 
molybdenum to diffuse into the Cr-depleted secondary austenite[92].

The Cr-depleted α phase formed by spinodal decomposition can also induce pitting corrosion, but it is not 
as strong as the σ phase[93]. The micro-galvanic corrosion model has been proposed to interpret this 
phenomenon [Figure 8B1][94,95]. Cathodic phases enriched in chromium surround anodic phases depleted in 
chromium [Figure 8B2 and B3][94]. Microgalvanic corrosion induces pitting corrosion in the Cr-depleted 
phase, which has been proposed recently and is appliable to the α and α’ phases.

The pitting corrosion that occurs around the G phase is still under debate. The stress concentration model 
assumes that a large strain field is generated around the square precipitate, which promotes the initiation of 
pitting corrosion preferentially at this location [Figure 8C1]. A high-stress field has been verified using 
HAFFT [Figure 8C2 and C3][96]. Another hypothesis is that pitting corrosion is related to the Cr-depleted 
zone around the G phase, which is caused by the growth of the G phase. Silva et al. recently suggested that 
the pitting corrosion around the G phase is due to galvanic corrosion[94].

In summary, research on microscale precipitates and nanoscale precipitates has yielded a unified 
understanding of the σ and χ phases, whereas the knowledge of nanoscale precipitates, such as the G phase, 
α phase and α’ phase, is still lacking. Transmission electron microscopy (TEM) has been adapted to trace the 
initiation sites and propagation tendency in austenite stainless steel and got good results on Cu-rich phases 
and MnS[97]. This technology is promising in studying the pitting corrosion related to nanoscale precipitates 
in duplex stainless steel. The second tendency is from static research to dynamic research. The precipitation 
growth process of secondary phases leads to the diffusion of alloying elements, which affects the pitting 
corrosion resistance. Moreover, research on the surface passive films of the precipitates is still lacking. 
Current research has reported that TiB2 nanoparticles help suppress pitting initiation, because it is easier to 
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Figure 8. The proposed pitting corrosion mechanisms of the precipitants. (A) When secondary phases are enriched in chromium or 
molybdenum, a surrounding depleted zone is formed. The passive film at the depleted zone is weak or absent. Pitting corrosion 
occurred at the Cr-depleted zone. This theory is applicable to σ phase, χ phase and CrN. (Reproduced with permission[87]. Copyright 
2014, Elsevier). (B) Cathodic Cr-enriched secondary phases surround anodic Cr-depleted phases. The micro-galvanic corrosion induces 
pitting corrosion in the Cr-depleted phase. This theory has been recently proposed and is applicable to α and α’ phases. (Reproduced 
with permission[94]. Copyright 2022, Elsevier). (C) A large strain field is generated around the square precipitate, which promotes the 
initiation of pitting corrosion preferentially at this location. (Reproduced with permission[96]. Copyright 2020, Elsevier). This opinion has 
been proposed to interpret the pitting corrosion around the G phase, which is still under discussion.

passivate[98]. This research indicates that the passive film on the precipitates is meaningful for further 
understanding the role of precipitates in pitting corrosion.

ENVIRONMENTALLY-ASSISTED CRACKING
The main causes of EAC in duplex stainless steels are chloride-induced stress corrosion cracking, hydrogen-
induced stress cracking, and sulfide stress cracking, which was deduced from the failure investigation in the 
Introduction Section. These failures are caused by a combination of the anodic dissolution mechanism and 
the hydrogen embrittlement mechanism. Additionally, the stacking fault energy of the austenite phase is 
significantly lower than the ferrite phase. Dislocations cross-slip more easily in austenite. Therefore, 
dislocations move differently between the phases. This causes the crack to propagate in different ways 
between the phases. Nevertheless, there is a lack of discussion on this important topic.
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Environmentally assisted cracking (EAC) is the main failure cause in duplex stainless steel. EAC is caused 
by the combined effects of materials, stress, and a corrosive environment[99]. At the mesoscopic scale, the 
suggested mechanisms include: (1) The anodic dissolution mechanism, which suggests that the nucleation 
and propagation of cracks result from the preferential dissolution of atoms at the crack tip[100]; (2) The 
adsorption-induced dislocation emission theory, where absorbed ions reduce the bonding force of the 
atoms at the crack tip, which promotes dislocations nucleation. Dislocations connect the holes, thereby 
inducing crack propagation[101]; (3) The weak bond theory, where hydrogen atoms generated by the 
electrochemical reaction are adsorbed at the crack tip. Hydrogen reduces the bonding force between the 
atoms at the crack tip and promotes crack propagation[102]; (4) Hydrogen promotes local plastic deformation 
theory. Hydrogen promotes the movement of dislocations in the plastic zone. Therefore, slip/microvoids 
accumulate in the local plastic deformation zone and the crack propagates[103]; and (5) The membrane 
rupture theory, which assumes that the crack tip moves because the brittle product film at the crack tip 
ruptures under the action of an external force[104].

This section reviews the mechanisms and the recent studies on the main type of failures [Figure 9][105-109]. 
Overall, research on the EAC mechanism in duplex stainless steels is still lacking. The current research 
mainly focuses on how environmental variables affect EAC susceptibility.

Chloride-induced stress corrosion cracking
Although duplex stainless steel is more resistant to stress corrosion cracking than austenitic stainless steel, it 
still suffers from chloride-induced stress corrosion cracking under certain conditions[4], which include 
seawater and alkaline environments[110]. The cracking mechanism of chloride-induced stress corrosion 
cracking is associated with ferrite dissolution and hydrogen embrittlement[105]. The mechanism states that in 
the chloride-containing environments, chloride ions penetrate the passive film of duplex stainless steel 
[Figure 9A1 and A2]. Owing to the poor stability of the passive film, pitting corrosion is preferentially 
initiated in the ferrite phase. An autocatalytic effect occurs at the bottom of the pits, which hinders the 
repassivation of the matrix [Figure 9A3][105]. Under the action of stress, cracks initiate at the bottom of the 
pits. Distinct chloride-induced cracks are branched. When cracks propagate into the austenite phase, they 
are arrested [Figure 9A4][105]. Therefore, the cracks mainly propagate along the ferrite/ferrite boundaries and 
austenite/ferrite phase boundaries.

Wu et al. reported that the sensitivity of 2,205 duplex stainless steel in a simulated marine atmosphere 
increases with a decrease in the pH, and the main control mechanisms are the anodic dissolution 
mechanism and the hydrogen embrittlement mechanism[111]. The susceptibility of 2,101 duplex stainless 
steel increases with increasing temperature, then decreases when the temperature is above 50 °C[106]. This is 
because high temperatures intensify the anodic dissolution and weaken the hydrogen embrittlement[106]. The 
addition of 5,600 ppm of nitrate prolongs the rupture time of 2,507 duplex stainless steel in 30 wt.% MgCl2 
by nine-fold because it can reduce the adsorption sites of chloride ions[112].

The crack propagation resistance of ferrite is weaker than that of austenite[113]. However, some researchers 
believe that the anodic dissolution crack initiation in ferrite is not due to pitting corrosion. Wickström 
suggested that the chloride-induced cracks in ferrite in water droplet evaporation experiments were due to 
surface dealloying[114]. Not all circumstances make the ferrite more prone to chloride-induced stress 
corrosion cracking. For example, Örnek found that the austenite in 2,205 duplex stainless steel suffers from 
chloride-induced stress corrosion cracking in the drop test[115].
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Figure 9. The mechanisms of (A1-A4) chloride-induced stress cracking, (B1-B4) hydrogen-induced stress cracking (C1-C4) and sulfide 
stress cracking. (A1) In chloride-containing environments, chloride ions penetrate the passive film of the duplex stainless steel. (A2) Due 
to the poor stability of the passivation film, pitting corrosion is preferentially initiates in the ferrite phase, and the autocatalytic effect 
occurs at the bottom of the pits, which hinders the repassivation of the matrix and initiates cracks under the action of stress. The crack 
is branched and stops when it propagates into the austenite phase. The crack propagates along the ferrite and austenite/ferrite phase 
boundaries. (A3) Three-dimensional pitting corrosion on the surface of the duplex stainless steel. (Reproduced with permission[105]. 
Copyright 2021, Elsevier). (A4) The crack blunts when it reaches the austenite phase and propagates along the ferrite and phase 
boundaries. (Reproduced with permission[105]. Copyright 2021, Elsevier). (B1) Hydrogen atoms diffuse and accumulate at the phase 
boundaries. (B2) Cracks initiate in the ferrite phase and ferrite/austenite phase boundaries and propagate in a zig-zag manner. 
Hydrogen promotes dislocation slip in austenite. (B3) Hydrogen accumulates at the ferrite/austenite boundaries (Reproduced with 
permission[107]. Copyright 2022, Elsevier). (B4) Both cracked ferrite and austenite exhibit brittle fracture characteristics. (Reproduced 
with permission[108]. Copyright 2006, Elsevier). (C1) In sulfide environments, the passivation film dissolves and a layer of sulfide is 
formed on the surface. The surface is partially acidified, and the acidification effect produces corrosion. (C2) Corrosion pits are formed 
in the ferrite phase. The reacidification and the autocatalytic effects generate hydrogen. Cracks initiate in the ferrite phase. Hydrogen 
generated at the corrosion product/substrate interface also preferentially diffuses to the phase boundaries and initiates cracks. (C3) A 
sulfide corrosion product film forms on the surface of the sample, and the ferrite phase preferentially dissolves. (Reproduced with 
permission[106]. Copyright 2014, Elsevier). (C4) Secondary cracks preferentially initiate at the phase boundaries and ferrite (Reproduced 
with permission[109]. Copyright 2006, Elsevier).

Hydrogen-induced stress cracking
Hydrogen-induced stress cracking mainly occurs under the conditions of the low cathodic protection 
potential and the deep-sea environment[116]. The mechanism is as follows. Hydrogen atoms diffuse and 
accumulate at the phase boundaries [Figure 9B1 and B3][107]. The decohesion effect of hydrogen causes the 
boundaries and planes to crack more easily [Figure 9B2]. A combination of the applied stress and the 
residual stress cause the specimen to crack. The cracks initiate in the ferrite phase and at the ferrite/
austenite phase boundaries [Figure 9B4][108,117],which then propagate in a zig-zag manner[108].
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Hydrogen charging in the pre-strained duplex stainless steel can induce dislocation multiplication[118]. 
Hydrogen can cause more obvious lattice deformation in austenite than ferrite[119]. Further studies 
interpreted this phenomenon by stating that hydrogen causes slip planarity and martensite formation in 
austenite[120,121]. Larsson et al. reported that hydrogen absorption causes compressive strains without 
stress[122]. This may be due to the expansion effect after austenite accommodates more hydrogen atoms.

The solubility of hydrogen atoms in the ferrite phase is significantly lower than that in austenite, whereas 
the diffusion rate in ferrite is considerably faster than that in austenite. Therefore, the ferrite phase is more 
prone to cracking during hydrogen embrittlement[123]. The remarkable role of the phase boundaries in 
hydrogen-induced stress cracking was recently recognized. The binding energies of phase boundaries, 
ferrite boundaries and austenite boundaries are 43.6, 26.5, and 13.5 kJ/mol, respectively[107]. Wu et al. used 
experiments, numerical simulations, and theoretical analysis to demonstrate that the phase boundaries are 
not only strong hydrogen traps but also act as fast hydrogen diffusion pathways[107].

Sulfide stress cracking
Sulfide stress cracking is common in the petrochemical industry. The occurrence of sulfide stress cracking is 
related to the dissolution of the passive film, sulfide formation, localized corrosion, and hydrogen 
embrittlement[124]. In the sulfide environment, the passivation film dissolves, and a layer of sulfide is formed 
on the surface[124]. The surface is partially acidified, and the acidification effect results in corrosion 
[Figure 9C1 and 9C3][106]. Corrosion pits are then formed in the ferrite phase. The reacidification and the 
autocatalytic effects generate hydrogen atoms. Cracks initiate in the ferrite phase [Figure 9C2]. Hydrogen 
atoms generate at the corrosion product/substrate interface also preferentially diffuse to the phase 
boundaries and initiate cracks [Figure 9C4][109].

Zucchi reported that adding sulfide to seawater increases the cracking sensitivity of 2,205 duplex stainless 
steel in neutral seawater[108]. The main control mechanism is the hydrogen embrittlement mechanism. The 
sensitivity of 2,101 duplex stainless steel after adding 10-3 M thiosulfate to a 20 wt.% NaCl environment is as 
high as 40%, but when the pH is increased to above 4.5, 2,101 is not sensitive to 10-2 M thiosulfate[106]. This 
indicates that the sulfide stress cracking is closely related to the acidification effect. The σ phase, which 
preferentially precipitates in the ferrite phase, also easily becomes the initiation point. The σ phase may 
crack first and the crack spreads along the interface between the ferrite phase and the σ phase[125].

CONCLUSIONS
This article first summarizes the failures in the last 20 years and identifies the main corrosion-related types 
leading to failures of duplex stainless steels. Then the study on the formation and degradation of passive 
films is reviewed. The mechanisms by which the alloying elements and microstructure affect the pitting 
corrosion are summarized. Finally, the academic progress of EAC is reviewed. The main conclusions are as 
follows.

(1) Among the reported failures, pitting corrosion and chloride-induced stress corrosion cracking are the 
main causes. Sulfide stress cracking, Hydrogen-induced stress cracking, MIC, selective corrosion and 
crevice corrosion are other failure causes. Therefore, academic studies should focus on the causes of such 
failures.

(2) The evolution of passive films after immersion in water can be roughly divided into three-stage, namely, 
the nucleation, rapid growth, and stable growth stages. The rupture process of the passive film is a 
continuous metal oxidation process rather than a sudden rupture. The film structure and composition 
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change simultaneously during the breakdown process.

(3) The film structure and film thickness of ferrite and austenite are very similar, whereas the chemical 
composition differs. Environment variables hardly change the double-layer structure of the passive film, but 
they change the overall thickness, oxide ratio, and defect concentration.

(4) The influence mechanisms of the alloying elements on pitting corrosion are summarized as the 
stabilization, ineffective, soluble precipitates, soluble inclusions, insoluble inclusions, and wrapping 
mechanisms. When the state of existence of the same alloying element changes, the influence mechanism 
varies.

(5) In the chloride-containing environment, ferrite is more prone to pitting corrosion than austenite. 
However, reversion of the pitting corrosion resistance occurs when a sufficiently large deformation is 
applied to duplex stainless steel. This is attributed to the greater number of defects generated in austenite.

(6) Three theories can be used to interpret the pitting corrosion mechanism of precipitants, namely (1) the 
Cr-depletion theory suggests that Cr-depleted zones surrounding precipitates cause pitting corrosion; (2) 
the microgalvanic theory proposes that the microgalvanic effect between Cr-enriched phase and Cr-
depleted phase causes pitting corrosion; and (3) the high-stress field theory suggests that the high-stress 
field around the precipitates causes pitting corrosion.

(7) In chloride-induced stress corrosion cracking, chloride-induced cracks always initiate at corrosion pits 
and blunt upon contact with the austenite phase. In hydrogen-induced stress cracking, phase boundaries are 
not only strong hydrogen traps but also fast hydrogen diffusion pathways. The occurrence of sulfide stress 
cracking is closely related to the acidification effect of sulfide.

PROSPECTS
Owing to its high corrosion resistance, low economic cost, and good mechanical properties, duplex stainless 
steel is an ideal material for constructing future industrial societies. However, research on the corrosion of 
duplex stainless steel is still lacking. This review proposes important scientific issues and promising research 
directions in recent years.

(1) Studies on passive film formation are still lacking. The difference between the two phases at the micro-
nanoscale and the longitudinal growth process of the passivation film from the cross-sectional perspective is 
still unclear. The effect of the cathodic potential on the passive film is still unclear. Therefore, it is necessary 
to use in situ scanning tunneling microscopy, high-resolution transmission microscopy, and theoretical 
model calculations to further explore this. Researchers need to pay more attention to the diffusion of 
elements along the phase boundaries.

(2) Studies on the nucleation and repassivation process of metastable pitting and the initiation process of 
submerged pitting corrosion are still lacking. Therefore, it is necessary to use in situ scanning tunneling 
microscopy and neutron scattering technology to study this. It is also necessary to perform quasi-in situ 
experiments, such as SKPFM and GIXRD, to understand these phenomena.

(3) The detailed mechanism of alloying elements to improve pitting corrosion still needs to be clarified 
because the alloying elements may play different roles in different stages of pitting corrosion. The coupling 
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law of more than two elements in pitting corrosion still needs to be explored. Therefore, it is necessary to 
use electrochemical corrosion combined with a pitting corrosion model to study this.

(4) Studies on the EAC of duplex stainless steels are not sufficient compared to the proportion of failures it 
has caused. The apparent regularity and microstructural mechanism of alloying elements on EAC are still 
unclear. Therefore, materials computing, metallurgy and electrochemistry should be used to study this and 
propose theoretical models.

(5) Duplex stainless steels are increasingly being used in a variety of applications. Therefore, it is necessary 
to study their corrosion behavior and mechanisms in more practical applications. Based on this, new types 
of corrosion-resistant, economical and high-strength duplex stainless steels should be developed.
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Abstract
A large driving pressure is required for barocaloric effects (BCEs) in intermetallics, usually above 100 MPa. Here,
we report barocaloric effects in Mn3-xPt1+x alloys saturated at about 60 MPa, the lowest pressure reported in
intermetallics to date. A first-order phase transition occurs from the colinear antiferromagnetic phase to the
triangular antiferromagnetic phase as temperature decreases. The transition temperature strongly depends on the
composition x, ranging from 331 K for x = 0.18 to 384 K for x = 0.04, and is sensitive to pressure, with dTt/dP up to
139 K/GPa. However, the maximum pressure-induced entropy changes are as small as 13.79 J kg-1 K-1, attributed to
the mutual cancellation of lattice and magnetic entropy changes. The small driving pressure and total entropy
changes are due to the special magnetic geometric frustration.

Keywords: Barocaloric effects, magnetoelastic coupling, magnetic transition, geometrical spin frustration, colinear 
antiferromagnetic
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INTRODUCTION
Refrigeration technology is of great significance for both industry and everyday life. Current refrigeration
systems are mostly based on conventional vapor compression technology. Although highly optimized in
recent decades, they still have a considerable undesirable impact on the environment[1]. Frequently used
refrigerants have thousand-time stronger global warming potentials compared to CO2. To achieve carbon
neutrality, solid-state refrigeration technology based on the caloric effects of solids has been proposed as an
alternative solution. Various phase transitions caused by some calorimeter materials under external fields
are accompanied by huge latent heat, which can be utilized for cooling purposes through designated
thermodynamic cycles. Magnetocaloric effects (MCEs) is one of the most studied caloric effects, which is
usually linked to magnetic-field-induced first-order transitions. Barocaloric effects (BCEs), as the
counterpart and extension of the (MCEs), is defined as the change in the isothermal entropy or adiabatic
temperature of the material during the application or withdrawal of the external pressure field. Materials
with first-order phase transition are more likely to be the most potential barocaloric effect materials due to
the sensitivity of the lattice to pressure.

Initially observed around 2,000 years, BCEs has been found in Pr1-xLaxNiO3
[2] and CeSb[3]. Subsequent 

studies of magneto-elastically coupled materials for MCEs have revealed larger BCEs, such as in 
magnetic shape memory alloys including NiMnIn[4], La(Fe,Si)13

[5,6], Gd5Si2Ge2
[7], MnCoGe0.99In0.01

[8], 
FeRh[9,10], and others. These materials exhibit a strong coupling between magnetic and lattice degrees of 
freedom. Usually, there is a magnetic phase with a larger volume and a magnetic phase with a smaller 
volume. The application of a sufficiently large hydrostatic pressure induces a change of the system from 
the large-volume to the small-volume phase, and simultaneously the magnetic phase transition takes place. 
Typically, the required driving pressures in these systems are as high as several hundred MPa, and a 
comparable pressure-induced entropy change to that induced by a magnetic field can be obtained.

In recent years, a great variety of materials have been reported with larger BCEs, such as AgI[11], organic-
inorganic hybrid chalcogenide [TPrA][Mn(dca)3][12], ferroelectric (NH4)2SO4

[13,14], spin-crossover
complexes[15-18], and even natural rubber[19,20]. First-principles calculations also predicted sizable BCEs for
lithium-ion conductor materials[21], fluorine ion conductor materials[22], and graphene[23]. In plastic crystals,
the extensive molecular orientation disorder in plastic crystals leads to huge entropy changes larger than
100 J kg-1 K-1, and the driving pressures have been significantly reduced down to below 100 MPa, for which
they are termed as colossal barocaloric effects[24-26].

Antiferromagnetic materials are effective in releasing their entropy change by pressure in addition to the
magnetic field[10,27], with remarkably reduced driving pressures, especially in frustrated antiferromagnets.
Recent research has found that larger BCEs are observed at phase transitions from frustrated
antiferromagnetic (AFM) to paramagnetic states in nitrides (Mn3GaN[28], Mn3NiN[29]) with an anti-
perovskite structure. This indicates that even small hydrostatic pressures (as low as 90 MPa in plastic
crystals) can effectively act on the AFM system. In this work, we report on the barocaloric properties of
Mn3-xPt1+x alloys at first-order phase transitions from low-temperature triangle-lattice frustrated to high-
temperature colinear AFM states. The composition-dependent phase transition temperature (Tt) is about
331 K for the Mn2.82Pt1.18. The pressure-dependent calorimetric measurements suggest that entropy changes
are saturated at around 60 MPa.

EXPERIMENTS
Polycrystalline samples of Mn3-xPt1+x with different Mn contents (x = 0.04, 0.08, 0.1, and 0.18) were prepared 
by arc-melting the high-purity (99.9%) elements under an Ar atmosphere. The true composition was 
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determined using a ThermoFisher iCAP6300 Inductive Coupled Plasma Emission Spectrometer (ICP). The 
ingots were remelted three times to ensure homogeneity. 2wt.% excessive Mn elements were added to 
compensate for losses during the melting process. The as-prepared ingots were annealed in encapsulated 
quartz tubes at 973 K for 120 h and followed by furnace cooling. The nature of the single-phase was checked 
using a Rigaku MiniFlex 600 X-ray diffractometer. The temperature-dependent X-ray diffraction (XRD) 
patterns were collected using Bruker D8 Advance X-ray diffractometer. The diffraction patterns were fitted 
to a cubic unit cell (space group Pm m) in Jana2006[30]. The calorimetric data were collected as a function of 
temperature and pressure using a high-pressure differential scanning calorimeter (µDSC7, Setaram). The 
samples were enclosed in a high-pressure vessel made of Hastelloy. Constant pressure scans were performed 
at 0.1, 30, 60, and 90 MPa in the temperature region from 290 to 390 K, respectively. After subtracting the 
baseline background, the heat flow data can be converted to entropy changes. The magnetic properties are 
characterized using a Magnetic Properties Measurement System (MPMS-XL, Quantum Design) and a 
Physical Property Measurement System (PPMS-14T, Quantum Design).

RESULTS AND DISCUSSIONS
Mn3-xPt1+x crystallizes in the ordered Cu3Au-type structure[31,32], where Mn atoms are located on the face
centers of the cubic lattice formed by Pt atoms, as shown in Figure 1A. The compound with the
stoichiometric composition magnetically orders into a colinear AFM state at about Tt ~365 K (magnetic
transition temperature of Mn3Pt in the literature[32]), where a negligibly small tetragonal distortion is
observed. As depicted, magnetic moments carried by Mn atoms are aligned along the c-axis, and the
magnetic unit cell is constructed along the c-axis with doubled chemical unit cell. Note that the Mn atoms
located on the ab-plane carry no ordered magnetic moment. The four Mn atoms form a square lattice,
and the diagonal magnetic moments are parallel while the adjacent ones are anti-parallel. Spaced by the
non-magnetic Mn atom, the magnetic moments of the two layers of the square lattices are
antiferromagnetically coupled. As the temperature decreases below Tt, such a colinear AFM state transforms
into a triangle-lattice AFM state, where magnetic moments are located on the (111) plane and point in the
<211> direction, leading to a two-dimensional geometric spin frustration. This arrangement of magnetic
moments ensures that the magnetic unit cell is identical to the chemical unit cell. This phase transition is a
typical first-order magnetic phase transition, even if the lattice symmetry is maintained[33]. Based on the
triangular AFM structure, anomalous Hall effects have been predicted and observed in films as well as bulk
single crystals[34,35].

In the Mn3-xPt1+x system, the magnetic properties, in particular, Tt, are strongly dependent on the
composition x. Shown in Figure 1B is the heat flow data of the x = 0.1 alloy under ambient pressure, where
an endothermic peak is found at 360 K while an exothermic peak at 340 K with a thermal hysteresis of about
20 K, which is a signature of the first-order phase transition. The temperature corresponding to the peak in
the heat flow curve is defined as the phase transition temperature. In this paper, we uniformly regard the
transition temperature of the cooling process as the phase transition temperature of the sample. The
entropy change at this transition is derived from being about 12.31 J kg-1 K-1, which is kind of small
compared to other systems that exhibit strong first-order transitions. The reason will be clarified afterward.
For example, the entropy change is 22.3 J kg-1 K-1 in Mn3GaN[28] while 43 J kg-1 K-1 in Mn3NiN[29]. The
temperature-dependent XRD was used to monitor the lattice distortion during the phase transition. The
contour plots of the XRD patterns are shown in Figure 1C as a function of temperature (T) and scattering
vector (Q). The patterns can be indexed based on the reported cubic structure. Within our resolution, there
is no distinguishable symmetry change in the temperature from 300 to 410 K. Four strong Bragg peaks are
observed, and the (210) peak obviously shifts towards the lower Q around 360 K. The determined lattice
constant displays a sudden jump at 360 K [Figure 1D], corresponding to relative changes in lattice constant
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Figure 1. (A) Magnetic structures of Mn3Pt alloys with triangular AFM and colinear AFM phases as reported by Tao et al.[27]. (B-D) heat 
flow vs. temperature curves, the contour plots of the variable temperature XRD patterns and lattice constant vs. temperature curves for 
sample x = 0.1, respectively. The inset in (C) is an enlarged image of the high Q region.

and unit cell volume of 0.75% and 2.26%, respectively. These values are similar to those reported in other 
literature[36,37]. In addition, the structurally determined Tt is well consistent with the thermally determined 
one.

After confirming the first-order phase transition as the core of this study typically occurs at x = 0.1, we 
systematically extend the magnetic characterizations to x = 0.04, 0.08, 0.1, and 0.18. Their field-cooled 
magnetizations as a function of temperature are plotted in Figure 2A-D. As the temperature decreases, 
magnetizations abruptly drop at 331 K for x = 0.18, 336 K for x = 0.1, 355 K for x = 0.08, and 384 K for 
x = 0.04, indicating the first-order phase transitions. As for x = 0.1, the determined Tt at the magnetization is 
a few kelvins lower than that in the heat flow data. We summarize the Tt values of these four samples, along 
with their lattice constants at room temperature, in Figure 2E. As x changes from 0.18 to 0.04, Tt 
monotonically increases while the lattice constant a decrease. Unlike the linear behavior of a, Tt exhibits a 
saturation feature, remaining nearly constant when x is greater than 0.1. Such a tendency is consistent with 
the previous report[31,32,36]. This phenomenon is also explained in the literature[31] based on the theoretical 
phase diagram of Mn3Pt in the molecular field approximation.

Selecting x = 0.18 as an example, the high-field isothermal magnetization is considered at 300 and 380 K, 
where the compound is in the triangular AFM and colinear AFM states, respectively. As shown in 
Figure 2F, the magnetizations essentially obey a linear relation as a function of applied fields up to 14 T, 
which reflects the dominating AFM interactions. However, the low-field regions (the inset of Figure 2F) 
show a weak nonlinearity at both temperatures, which might be attributed to the uncancelled moments due 
to the off-stoichiometry. In particular, there are small remanence and coercivity at 300 K. The exact origin is 
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Figure 2. (A-D) Magnetization curves for samples x = 0.18, 0.1, 0.08, and 0.04, respectively. (E) Curves of phase transition 
temperature vs. manganese content x (blue squares and red dots indicate measurement by M-T and heat flow, respectively) and lattice 
constant vs. manganese content x for the samples. (Taking x = 0.08 as an example, the fitting parameters obtained using the lebail 
method to fit the XRD curve are: GOF = 1.47, Rp = 4.18, Rwp = 5.99). (F) The magnetization loop of x = 0.18. The inset shows the 
enlarged plot at low fields.

still unknown. Previous studies have also shown that a ferromagnetic component perpendicular to the (111)
plane is allowed on both Mn and Pt atoms, except for the component in the (111) plane pointing in the
[112] direction in the magnetic structure of the triangular AFM phase[31]. Furthermore, it has been pointed
out that the origin of this ferromagnetism may be because the third site of the colinear AFM phase generates
a net magnetic moment due to electron interactions at low temperatures of 100 K or even lower[38]. In
contrast to the presence of net moments along the <111> direction, the magnetization curve of the single-
crystal material along the <111> direction did not show ferromagnetic behavior[34].

Except for the influence of magnetic fields on the first-order phase transitions, we explore the impact of
applied hydrostatic pressures. Heat flow data as a function of temperature are plotted under 0.1, 30, 60, and
90 MPa for x = 0.08 and x = 0.18 in Figure 3A and B, respectively. As the pressure increases, the
endothermic and exothermic peaks move toward the high-temperature region simultaneously. The peak
intensity has a small increase with pressure, while the peak width has a tendency to narrow, which is
especially obvious in the x = 0.18 sample. In addition, the thermal hysteresis at 0.1 MPa for the x = 0.08
sample is the same as that at x = 0.1, which is 19 K. However, the thermal hysteresis at atmospheric pressure
for x = 0.18 sample is 9 K and decreases to 5 K at 90 MPa with increasing pressure.

Entropy changes at the phase transition under constant pressure, ΔSP, are determined by integrating the heat
flow data. The pressure-induced entropy changes (ΔSP0→P) when pressure is increased from ambient
pressure (P0) to applied pressure (P) is defined as ΔSP0→P = ΔSP - ΔSP0

. Figure 3C and D show ΔSP0→P at the
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Figure 3. (A and B) Heat flow data as a function of temperature for x = 0.08 and x = 0.18 at 0.1, 30, 60, and 90 MPa pressure, 
respectively. (C and D) Entropy change curves for x = 0.08 and x = 0.18 at different pressures, respectively. (E and F) The temperature-
pressure phase diagrams for x = 0.08 and x = 0.18, respectively.

final pressure of 30, 60, and 90 MPa for x = 0.08 and 0.18, respectively. It can be seen that more than 80% of 
the maximum entropy changes are achieved at pressures as low as 30 MPa, and the entropy changes tend to 
be saturated at about 60 MPa. Note that the maximum entropy of 13.79 J kg-1 K-1 acquired in x = 0.08 at 
90 MPa is larger than that in x = 0.18 whereas the so-called reversible region (overlapped region for the 
cooling and heating curves) is much larger for x = 0.18. The temperature-pressure phase diagrams are 
constructed based on the heat flow data [Figure 3E and F]. It can be seen that the thermal hysteresis is much 
smaller in x = 0.18, which is the reason why its reversible region is larger[14]. Furthermore, its thermal 
hysteresis is obviously reduced at higher pressures.

To understand the uniqueness of this system, Table 1 compares its barocaloric factors to those of other 
typical compounds, including organic plastic crystals, inorganic salts, magnetocaloric intermetallics, and 
other frustrated AFM systems. The slope of the phase boundary (dTt/dP) of this system is the largest, and 
the driving pressure (ΔP) is the smallest among all intermetallics, which are impressively comparable to 
those of prototype plastic crystal neopentyl glycol with colossal BCEs. However, the larger dTt/dP must lead 
to smaller entropy changes in terms of the Clausius-Clapeyron relation[39], even though the volume change 
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Table 1. Performance summary of several typical barocaloric materials

Material Tt (K) dTt/dP 
(K GPa-1) �P (MPa) �V/V (%) ΔSP0→P (J kg-1K-1) Ref.

NPG 313 133 45 - 389 [24]

C2B10H12 277 380 60 - 106.2 [44]

NH4I 243 810 20 - 89 [45]

NH4SCN 364 300 20 5 128.7 [46]

Fe49Rh51 310 60 250 1 12 [9,10]

MnNiSi0.61FeCoGe0.39 311 70 260 - 44 [47]

Ni0.95Fe0.05S 274 75 100 2 39.6 [48]

Mn3GaN 290 65 90 1 21.6 [28]

Mn3NiN 262 13.5 280 0.4 35 [29]

Mn2.92Pt1.08 355 139 60 2.26* 13.79 This work

*determined for Mn2.9Pt1.1.

is not too small. The small entropy change at this first-order phase transition is due to unique magnetic 
fluctuations in nature. Magnetic fluctuation refers to the fluctuation of magnetic (electron spin) moment in 
magnetic systems[40]. The interaction between the local moment and the itinerant electron matrix may 
enhance spin fluctuation. Frustration structures are often accompanied by strong spin fluctuations[41,42]. 
Neutron diffraction measurements suggest that the ordered moment is 3.3 µB/Mn atom in the colinear AFM 
state, whereas 2.2 µB/Mn atom in the triangular AFM[37]. The reduction in the latter should be attributed to 
spin fluctuations due to geometric frustration. As a result, the triangle-lattice AFM state is magnetically less 
ordered than the colinear AFM one, which leads to an increase of magnetic entropy across Tt. At the same 
time, the crystal lattice shows a normal contraction, and a reduction of entropy of the lattice subsystem is 
expected. We infer that the contributions of individuals to the total entropy change partially cancel each 
other out, and the remaining entropy change represents the overall entropy change of the material. 
According to the previous theoretic study, the system can be described by a nearest-neighboring exchange 
interaction J1 and a next-nearest-neighboring exchange interaction J2. J1 is always negative, but J2 can be 
negative or positive, dependent on the interatomic distance between Mn atoms[31]. At Tt, J2 just changes its 
sign due to the shrinkage of the Mn-Mn distance. In this sense, such a picture is similar to the exchange 
striction observed in NiMnIn alloys[43].

CONCLUSIONS
In summary, the first-order phase transitions of Mn3-xPt1+x (x = 0.04, 0.08, 0.1, and 0.18) compounds have 
been studied at varying temperatures, pressures, and magnetic fields. At the phase transitions, both 
magnetizations and lattice constants showed abrupt drops as the temperature decreased. While the phase 
transition temperatures decreased at lower Mn content, they increased at higher pressures. This system is 
highly susceptible to pressure, and the pressure-induced entropy changes are saturated at 60 MPa, which is 
the lowest among current intermetallics. This may be due to the intense geometric magnetic frustration.
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Abstract
Ceramics with high-energy storage density are in high demand across various industries. In this regard, lead-free 
relaxor ferroelectric ceramics were synthesized using the conventional solid-state reaction method with the 
composition (1-x)[0.94Bi0.5Na0.5TiO3-0.06BaTiO3]-xSr0.8Biγ0.1Ti0.8Zr0.2O0.95, abbreviated as BNBT-xSBTZ. The 
incorporation of SBTZ in BNBT ceramics significantly improved their relaxation properties. Specifically, the 
0.91BNBT-0.09SBTZ ceramics displayed a breakdown electric field of up to 230 kV/cm, with a recoverable energy 
storage density (Wr) of 2.68 J/cm3 and an energy storage efficiency (η) of 74.4%. Additionally, this sample 
demonstrated remarkable temperature stability and fatigue resistance, with only an 11% decrease in Wr observed 
from room temperature to 140 °C and a 13.3% reduction in Wr after 105 electrical cycles. Therefore, the 0.91BNBT-
0.09SBTZ ceramic is a promising dielectric material suitable for energy-storage dielectric capacitors.

Keywords: Energy storage properties, lead-free ceramics, temperature stability, fatigue resistance

INTRODUCTION
The global community is facing the challenge of climate change and environmental issues, which 
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necessitates the exploration of alternative energy sources such as solar and wind power. However, the 
intermittent nature of these energy sources presents limitations on their practical applications. Therefore, it 
is crucial to develop new energy storage technologies. Currently, the primary electrical energy storage 
devices include batteries, chemical capacitors, and ceramic capacitors. Ceramic capacitors, in particular, 
offer many advantages, such as high-power density, rapid charging and discharging rates, and a broad 
operating temperature range. As a result, they are widely used in various applications, including pulsed 
power supplies, microwave circuits, and electric vehicles. Nevertheless, the low energy storage density of 
ceramic capacitors compared to chemical batteries restricts their potential applications. Consequently, there 
is an urgent need to develop ceramic capacitors with higher energy storage density to address the growing 
energy challenges.

The key performance indicators of ceramic capacitors comprise the recoverable energy storage density (Wr), 
total energy storage density (W), and energy storage efficiency (η). These parameters can be derived from 
the electrical hysteresis loops (P-E) of ceramics or calculated by following Equation (1-3)[1,2]:

where Pm is the maximum polarization, and Pr is the remanent polarization.

Equations (1-3) indicate that achieving high energy storage capacity (Wr) and efficiency (η) requires a large 
polarization (Pm) and a small remnant polarization (Pr). The ferroelectric ceramic Na0.5Bi0.5TiO3 (BNT) 
possesses a large Pm, making it a promising candidate for developing high-energy storage capacitors. 
However, pristine BNT ceramic has a large Pr, resulting in low Wr and η. Recent studies have focused on 
developing BNT-based ceramics with large Pm and small Pr through doping, which can significantly reduce 
the grain size of the ceramics and increase their dielectric breakdown strength (DBS), Wr, and η[3]. For 
instance, Qi et al. prepared linear-like anti-ferroelectric BNT-based ceramics with a Wr of 7.02 J/cm3 and η 
of 85%[4]. Similar results have been reported in other studies[5-8]. Therefore, chemical doping of pure BNT is 
an important method for preparing ceramics with high-energy storage properties.

The material 0.94Na0.5Bi0.5TiO3-0.06BaTiO3 (BNT-BT) is a type of relaxor ferroelectric material that exhibits 
a morphotropic phase boundary (MPB) structure. When an external electric field is applied, this material 
undergoes a reversible transition from a relaxor state to a long-range ferroelectric order, resulting in a large 
Pm and a lower Pr

[9,10]. However, the dielectric breakdown electric field of BNT-BT is relatively low. In 
general, the breakdown electric field of dielectric ceramics increases with decreasing grain size. Therefore, in 
this study, we aim to improve the breakdown electric field and enhance the energy storage properties of 
BNT-BT by using Sr0.8Bi0.1γ0.1Ti0.8Zr0.2O2.95 (SBTZ) as a modifier to regulate the relaxation behavior and 
decrease the grain size. SBTZ is a newly developed relaxor ferroelectric material obtained by doping Bi3+ and 
Zr4+ into the cubic-phase perovskite material of SrTiO3. The introduction of Bi3+ and Zr4+ ions into the A-site 
of SrTiO3 reduces the chemical ratio of Bi3+ and creates an A-site vacancy, which disrupts the ferroelectric 
order and results in relaxation behavior[11,12]. It is expected that the energy storage performance of BNT-BT 
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will be improved due to the enhanced relaxation property and breakdown electric field.

MATERIALS AND METHODS
Ceramic samples of (1-x)[0.94Bi0.5Na0.5TiO3-0.06BaTiO3]-xSr0.8Biγ0.1Ti0.8Zr0.2O0.95 (abbreviated as: (1-x)BNBT-
xSBTZ, x = 0.07, 0.08, 0.09, and 0.10) were synthesized using the solid-state reaction method. The starting 
materials used were Bi2O3 (99.9%), Na2CO3 (99.5%), BaCO3 (99.9%), SrCO3 (99%), TiO2 (99.6%), and ZrO2 
(99.99%). The raw powders were mixed and ball-milled for 16 h in polyethylene pots with zirconia balls and 
ethanol as the milling medium. The use of ethanol was preferred due to its low ion dissolution properties, 
which minimized the introduction of unwanted ions. The milled powder was dried, sieved, and formed into 
cylindrical pellets before being sintered for 4 h at 850 °C The sintered pellets were then crushed, re-milled 
for 10 h, and cold isostatically pressed into pellets with a diameter of 10 mm under a pressure of 250 MPa. 
The pellets were sintered at 1150 °C for 2 h in alumina crucibles in an air atmosphere. To compensate for 
the loss of sodium oxides and bismuth, the pellets were buried in prepared powders of the same 
composition. Finally, the sintered pellets were polished to a final thickness of approximately 0.6 mm, and 
silver electrodes were coated on both surfaces and fired at 550 °C for 30 min for electrical testing.

The phase structure was determined through the use of X-ray diffractometry (XRD, Advanced), while the 
surface morphology was analyzed by means of scanning electron microscopy (SEM) (Carle Zeiss 
GeminiSEM 500, Germany). In addition, the dielectric properties were measured using a precision 
impedance analyzer (Agilent E4980A), while Raman spectra were obtained using a Raman spectrometer 
(Horiba Allmentation LabRam). Finally, the polarization hysteresis loops (P-E) were assessed via a standard 
ferroelectric analyzer (TF Analyzer 2000).

RESULTS AND DISCUSSION
The X-ray diffraction patterns of BNBT-xSBTZ ceramics were analyzed in the range of 20° to 75°, as shown 
in Figure 1A. The results indicate that each sample has a single perovskite structure, with no presence of any 
secondary phase. This suggests that SBTZ is fully incorporated into the lattice[13]. Furthermore, Figure 1B 
displays the expanded XRD patterns around the diffraction peak of (111), which reveals that the diffraction 
peaks shift towards higher diffraction angles as the SBTZ doping content increases. This shift indicates a 
reduction in the lattice constant[14,15]. Additionally, the absence of peak splitting at around 40° suggests that 
all samples possess a highly symmetrical pseudocubic structure[16].

The Raman spectra of (1-x)BNBT-xSBTZ ceramics were analyzed in the range of 100-1,000 cm-1, as depicted 
in Figure 1C. The spectra were categorized into four regions, each representing distinct chemical bonding 
behavior[17]. The modes below 200 cm-1 were found to be associated with A-site atomic vibrations, while the 
high-frequency band between 200 and 380 cm-1 corresponded to the vibrations of BO bonds, including Zr2+, 
Zr4+, and Ti4+ ions. The modes near 550 cm-1 and 610 cm-1 were linked to Ti/Zr-O6 vibrations, and it was 
observed that the two peak positions became separated, indicating an increased intensity of oxygen 
octahedron vibration and enhanced relaxation characteristics with increasing doping content[18]. The section 
with modes above 700 cm-1 was considered to be the superposition of various vibration modes.

The SEM images of (1-x)BNBT-xSBTZ ceramics, as depicted in Figure 2A-D, indicate that the ceramics 
have been effectively sintered with minimal surface pores. The grain size of the ceramics initially decreases 
and then increases with increasing dopant concentration. This phenomenon can be attributed to the 
appearance of low melting point regions in the ceramics after SBTZ doping. During the sintering and 
cooling process, these regions are more prone to nucleation and grain growth, resulting in a decrease in 
grain size. However, at higher doping concentrations, the liquid phase melting regions further increase, 
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Figure 1. XRD patterns and Raman spectra of the sintered ceramics. (A) XRD patterns from 20° to 75°; (B) expanded XRD patterns at 
around peak (111); (C) Raman spectra in the range of 100-900 cm-1.

Figure 2. The surface morphology of the (1-x)BNBT-xSBTZ ceramics and distribution of grain size. (A) x = 0.07, (B) x = 0.09, 
(C) x = 0.09, and (D) x = 0.10.
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leading to the emergence of smaller grain sizes[19]. The breakdown field of ceramics is significantly 
influenced by the grain size, with smaller grain sizes resulting in higher breakdown electric fields[18]. 
Therefore, the addition of SBTZ at low doping levels is advantageous for achieving high energy storage 
properties. Specifically, when the SBTZ content is 0.07, 0.08, 0.09, and 0.1, the average grain sizes are 
1.47 μm, 0.93 μm, 0.90 μm, and 1.22 μm, respectively.

Figure 3 depicts the dielectric behavior of (1-x)BNBT-xSBTZ ceramics over a temperature range of 
35-400 °C and at frequencies of 1 kHz, 10 kHz, 1 MHz, 10 MHz, and 20 MHz, respectively. The curves 
illustrate that the ceramics exhibit relaxation behavior with double dielectric peaks. The shape of the curves 
remains consistent across varying SBTZ doping levels, with the dielectric peak Tm becoming broader, 
indicating an enhanced relaxation characteristic[20]. The second peak Tm, which corresponds to the 
maximum dielectric constant (εm), represents the relaxation of the rhombohedral-tetragonal phase 
transition brought about by the polar nanoregions[21]. As the doping level increases, the εm of the ceramics 
tends to decrease, indicating a weakening of the ferroelectric properties. The low dielectric losses (tan δ) of 
the samples demonstrate their excellent insulating properties, which play a crucial role in improving the 
energy storage performance of ceramics.

In order to conduct a more thorough investigation into the relaxor transition in ceramics, an adaptation of 
the Curie-Weiss Law was implemented, which can be expressed as follows:

where ε is the dielectric constant, T is the temperature, Tm is the temperature at which ε reaches its 
maximum value εmax, C is a constant, and  is the diffuse degree. The value of γ ranges from 1 for typical 
ferroelectrics to 2 for ideal relaxor ferroelectrics.

Figure 4 depicts the relationship between ln(T-Tm) and ln(1/ε-1/εmax) for the examined samples. The 
calculated value of γ ranges from 1.76 to 2.01, indicating a strong relaxation behavior of the sintered 
ceramics.

The dielectric breakdown strength (DBS) of the ceramics was evaluated, as depicted in Figure 5A. By 
utilizing the Weibull distribution as Equation (5-7)[22]:

where i is the group number, Xi and Yi are parameters in Weibull distribution functions, Ei is the DBS of 
sample i, Pi is associated with dielectric breakdown, and n is the sum of specimens of each sample. The 
electric field is ranged as Equation (8).
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Figure 3. Temperature-dependent dielectric permittivity and loss of (1-x)BNBT-xSBTZ ceramics from 70 to 400 °C at 1 kHz, 10 kHz, 
1 MHz, 10 MHz, and 20 MHz, respectively. (A) x = 0.07, (B) x = 0.09, (C) x = 0.09, and (D) x = 0.10.

Figure 4. Plots of ln(1/ε-1/εmax) as a function of ln(T-Tm) at 1 kHz by the modified Curie-Weiss law.

According to the Weibull distribution model, there is a linear relationship between Xi and Yi, as shown in 
Equation (9).

where m represents the dispersion degree of all experimental data, and a larger m indicates more reliable 
experimental results.

The determination of the magnitude of DBS can be derived from the intercept on the ln(Ei) axis. The results 
obtained from the fitted calculations in Figure 5A indicate that the DBS gradually increases and then 
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Figure 5. Energy storage studies of sintered (1-x)BNBT-xSBTZ ceramics. (A) Weibull distribution of the breakdown electric field; (B) P-E 
loops as a function of x; (C) Pm, Pr, and Pm-Pr as a function of x; (D) Wr, W, and η as a function of x.

decreases with the increase of SBTZ content, which is consistent with the shift in the average grain size. The 
DBS values obtained for increasing dopant concentrations were 215 kV/cm, 230 kV/cm, 245 kV/cm, and 
218 kV/cm, respectively. The DBS is influenced by several factors, including porosity, grain size, and 
extrinsic measurement conditions such as sample thickness, sample area, and electrode configuration. In 
this study, all the samples had almost the same phase structure and measurement condition, but there was a 
slight difference in grain size. Generally, smaller grain size contributes to an enhanced DBS, and 
furthermore, the DBS exhibits an opposite variation tendency with grain size[23-25].

The polarization hysteresis (P-E) loops of the sintered BNBT-xSBTZ ceramics were measured and shown in 
Figure 5B. The test electric field was loaded near the breakdown field. The P-E loops were observed to be flat 
and slender, indicating weak ferroelectricity and enhanced relaxation properties. This is a crucial factor in 
achieving high energy storage density and efficiency[26]. As the doping content increased, Pmax, Pr, and Pmax-Pr 
gradually decreased, as depicted in Figure 5C. The trend of decreasing polarization intensity also suggests a 
decline in ferroelectricity. The sample with 0.93BNBT-0.07SBTZ exhibited the highest Pmax of 44.38 μC/cm2, 
but its Wr was not the highest due to its high Pr. In contrast, the 0.9BNBT-0.1SBTZ sample had a lower Pmax 
of 29.04 μC/cm2 and Pr of 2.36 μC/cm2. Figure 5D illustrates the values of W, Wr, and η for all samples. It was 
observed that Wr reached its maximum value at x=0.09, while η was highest at x=0.10. The values of W, Wr, 
and η are presented in Table 1.

The practical application of energy storage ceramics requires good temperature stability. To investigate the 
temperature stability of the 0.91BNBT-0.09SBTZ ceramic, energy storage characteristics were examined at 
various temperatures. P-E hysteresis loops were measured at 170 kV/cm, with temperatures ranging from 
25 °C to 140 °C, as depicted in Figure 6A. The P-E loops did not exhibit significant changes, with Pmax 
decreasing from 34.7 μC/cm2 at 25 °C to 31.6 μC/cm2 at 140 °C. Additionally, Wr decreased from 1.71 J/cm3 
to 1.52 J/cm3, as shown in Figure 6B. Despite the temperature variations, Wr and η remained at a relatively 
high level, indicating excellent temperature stability.
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Table 1. Energy storage properties of (1-x)BNBT-xSBTZ ceramics

x W (J/cm3) Wr (J/cm3) E (kV/cm) η
0 1.38 0.174 60 12.6%

0.07 3.02 1.91 215 63.1%

0.08 3.21 2.37 230 73.9%

0.09 3.60 2.68 245 74.4%

0.10 2.84 2.38 218 83.9%

Figure 6. Temperature stability and fatigue resistance of the sintered ceramics. (A) P-E hysteresis loops at 25 °C to 140 °C; (B) Wr and 
η as a function of temperature; (C) fatigue behavior measured at various electrical cycles; (D) Wr and η as a function of electrical cycles.

In addition to examining the temperature stability of ceramics, their fatigue resistance behavior was also 
investigated. The fatigue behavior was assessed at room temperature under a frequency of 10 Hz and a 
voltage of 170 kV/cm, with a cycling number of 105. The P-E loops at different cycles were depicted in 
Figure 6C, while the changes in Pmax and Wr with an increase in the number of charging/discharging cycles 
were illustrated in Figure 6D. After 105 cycles, Wr remained at a relatively high level of 1.5 J/cm3, which was 
only 13.3% lower than its initial value of 1.73 J/cm3, indicating favorable fatigue resistance properties. It is 
worth noting that Pmax and Wr exhibited a slight decrease, which was attributed to the local phase 
decomposition caused by switching-induced charge injection, as suggested by Lou et al.[27-29].

CONCLUSIONS
This study investigated the dielectric and energy storage properties of (1-x)(0.94Bi0.5Na0.5TiO3-0.06BaTiO3)
-xSr0.8Bi0.1γ0.1Ti0.8Zr0.2O2.95 ceramics, prepared through the solid-state method. X-ray diffraction analysis 
revealed a single perovskite structure in all ceramic samples, indicating successful incorporation of SBTZ 
into the BNBT lattice. Doping with SBTZ resulted in notable relaxation properties and excellent energy 
storage capabilities. Specifically, 0.91BNBT-0.09SBTZ ceramics demonstrated a breakdown electric field of 
230 kV/cm, with Wr of 2.68 J/cm3 and η of 74.4%. Additionally, the energy storage properties of the ceramics 
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exhibited remarkable temperature stability and fatigue resistance. The energy storage density only decreased 
by 11% from room temperature to 140 °C, and after 105 electrical cycles, the energy storage density 
decreased by only 5.2%. Overall, these findings suggest that 0.91BNBT-0.09SBTZ ceramics have great 
potential as dielectric materials for energy-storage dielectric capacitors.
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Abstract
Photocatalytic reduction of carbon dioxide (CO2) is a promising technology for carbon recycling that offers both 
environmental and economic benefits. Among the potential photocatalysts, metal nanoclusters (MNCs) stand out 
as a class of materials with remarkable photophysical and photochemical properties. Despite the growing number 
of studies on MNCs-based photocatalytic reduction of CO2 in recent years, a systematic and comparative overview 
of these studies is still lacking. This review provides a concise and comprehensive summary of the latest research 
on MNCs-based catalysts for enhancing photocatalytic CO2 reduction performance. Moreover, this review 
highlights the challenges and opportunities in this field based on the current development trends.
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INTRODUCTION
Fossil fuels have been the dominant source of energy for various applications such as production, 
transportation, and power generation throughout human history. However, the excessive consumption of 
fossil fuels has led to the massive emission of carbon dioxide (CO2), which poses serious threats to energy 
security and environmental quality[1-9]. Numerous carbon fixation strategies have been developed to address 
these challenges, such as CO2 emission reduction, CO2 capture and storage (CCS), and CO2 utilization[10-12]. 
CO2 emission reduction involves the use of innovative technologies to lower the amount of CO2 produced 
during the production stage. However, these methods are often associated with high costs that are difficult 
for the general public to bear. The CCS also received significant attention, but the high cost and leakage risk 
limit its application on a large scale. CO2 utilization, in contrast, is the most attractive path. Chemical 
reforming, electrochemical reduction, biological reduction, and photochemical reduction are the leading 
CO2 utilization technologies. Photocatalytic CO2 reduction (PCR) is a sustainable process. It does not 
produce any toxic byproducts or cause any environmental pollution. PCR process can harness solar energy 
to reduce CO2 and produce valuable energy sources such as methane or methanol. Moreover, the PCR 
process is usually operating under mild conditions of ambient temperature and pressure. These advantages 
make PCR a highly desirable method for completing the carbon cycle[13-20].

In the past few decades, the development of PCR catalysts has shifted from early bulky metals to 
nanostructured materials with specific properties[21]. Nanoclusters (NCs) are a new class of materials 
comprising a few to several hundred atoms surrounded by ligands. NCs have three components: the inner 
core, the outer atoms, and the surface ligands (as shown in Figure 1)[22]. NCs exhibit distinct physical and 
chemical properties compared to nanoparticles and molecules due to their distinctive electronic and 
geometric structures. The majority of the current NCs are metal nanoclusters (MNCs) with sizes ranging 
from 0.1 to 5 nm (typically < 2 nm for MNCs)[23], which is close to the Fermi wavelength (approximately 
0.7 nm). Due to the quantum size effect, a single atomic change can drastically alter the electronic structure 
and the physical and chemical properties of the clusters. Compared to conventional nanoparticles, MNCs 
possess a much higher proportion of surface atoms. The surface atoms of MNCs have a low coordination 
number, which results in high activity[24]. Furthermore, MNCs are easier to synthesize than individual atoms 
and also have a larger surface area and more catalytic sites than bulk materials[25].

Taking advantage of these inherent advantages, MNCs have been used as catalysts in various catalytic 
processes. For example, Kurashige et al. investigated Au NCs as co-catalysts for H2 evolution[26]. 
Gautam et al. presented a series of Aun(GSH) NCs as co-catalysts on BaLa4TiO15 for photocatalytic water 
splitting[27]. Numerous efforts also have been devoted to the development of MNCs-based photocatalysts to 
further improve PCR performance[28]. For instance, Shoji et al. reported CuxO NCs as a general co-catalyst 
and can be used in combination with various semiconductors to construct low-cost and efficient PCR 
systems[29]. Similarly, Gao et al. also reported Ag NCs as co-catalysts for selective CO2 photoreduction to 
CO[30]. Additionally, Bo et al. bridged Au NCs with ultrathin nanosheets via ligands for enhancing charge 
transfer in PCR[31]. All these relevant reports above confirm that MNCs are promising catalyst candidates for 
PCR.

However, the synthesis and utilization of MNCs for PCR remain challenging. It requires a comprehensive 
understanding of their properties and catalytic reaction mechanisms. In this review, we provide a systematic 
overview of the recent advances in MNCs-based catalysts for PCR applications. We first introduce a general 
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Figure 1. Structures of MNCs of Ag26Pt and Ag24 Pt[22]. Copyright 2018, American Chemical Society.

method for preparing MNCs. Next, we review how MNCs can enhance the PCR process as catalysts. We 
then classify the MNCs into two major categories: noble and nonnoble MNCs and summarize their 
advantages for PCR applications. Finally, we discuss the current challenges and prospects of MNCs for PCR. 
We hope this review will stimulate further research and innovation in this emerging field.

ADVANTAGES OF MNCS AND COMMON SYNTHESIS METHODS
Advantages of MNCs
MNCs show a very different energy level structure in comparison with large-size nanoparticles (as shown in 
Figure 2). MNCs change the electron energy level near the Fermi level from quasi-continuous to discrete, 
resulting in energy level splitting or energy gap widening[32,33]. The discrete energy levels allow the electrons 
in MNCs to jump between energy levels and interact with light, which enhances the separation of electrons 
and holes[34]. Additionally, MNCs also have a small energy gap and absorb light in the visible and near-
infrared regions[35,36]. Furthermore, MNCs are stable against oxidation or reduction by photogenerated 
electrons or holes[37,38]. More importantly, MNCs have a high specific surface area, a high fraction of low-
coordinated atoms, a quantum size effect, a tunable composition, and a unique surface structure (e.g., 
pocket-like sites) due to their ultra-small size. These unique features of MNCs make them an emerging class 
of photocatalytic materials with increasing interest[39]. Moreover, their precise atomic-level structures enable 
fundamental research on the photocatalytic mechanisms, which provides theoretical guidance for the design 
of new photocatalytic materials and improves catalytic performance[40].

The synthesis methods of MNCs
There has been much research into the synthesis of MNCs, so we have summarized the commonly reported 
synthesis methods in the literature as follows[41]:

(1) Reduction growth method[42] (as shown in Figure 3 a→c): The metal core is created by reducing the 
respective metal ions. Therefore, the strength of the chosen reducing agent and the kinetic regulation of the 
reduction process are crucial for synthesizing the desired product.

(2) Seed growth method[43] (as shown in Figure 3 c→d): Smaller-sized MNCs are used as seeds to induce 
nucleation, resulting in the growth of larger-sized MNCs over time. The regulation of the crystal growth 
process is noteworthy.
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Figure 2. Geometric and electronic structures of single atoms, NCs, and nanoparticles[23]. Copyright 2018 American Chemical Society.

Figure 3. Common methods for the synthesis of MNCs: (a→b) formation of M(I)-SR complexes, metal atom (M(I)), thiolate ligand 
(SR), (b→c) reduction growth, (c→d) seeded growth, (c→f) alloying reaction, (c→g) ligand-exchange process, (c→h) self-assembly of 
metal NCs, and (d→e) evolution from metal NCs to metal nanocrystals[41]. Copyright 2016, American Chemical Society.

(3) Alloying method[44] (as shown in Figure 3 c→f): The introduction of other metals for doping could be 
accomplished through the template exchange method, where the difference in electrode potential between 
the two metals serves as the driving force for the substitution reaction.

(4) Ligand exchange method (as shown in Figure 3 c→g): In principle, the ligand exchange method is 
similar to the alloying method in that both involve an exchange process, but the objects exchanged differ. 
For example, template exchange generates alloying NCs, whereas ligand exchange refers to preparing MNCs 
by exchanging the protective ligand layers on their periphery.
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(5) The current atomically precise nano-chemistry is indeed moving toward the programmable synthesis of 
MNCs with control over the structure, such as the bcc, fcc, hcp, decahedra, icosahedra, multi-tetrahedral 
network, etc. (as shown in Figure 4)[45,46]. This programmable synthesis of MNCs offers promising 
opportunities for designing their structures and enhancing their catalytic performance[47].

THE PCR MECHANISM OVER MNCS-BASED PHOTOCATALYSTS
PCR involves multielectron reduction, and various products can be obtained via different reduction
pathways, such as CO, CH4, HCOOH, C2H4, HCHO, and CH3OH. Below are the reduction potentials (E0, V
vs. NHE) required for these products:[48]

CO2 + e- → CO2
- E0 = -1.900 V                                                                (1)

CO2 + 2H+ + 2e- → HCOOH E0 = -0.610 V                                                       (2)

CO2 + 2H+ + 2e- → CO + H2O E0 = -0.530 V                                                       (3)

  2CO2 + 2H+ + 2e- → H2C2O4 E0 = -0.913 V                                                         (4)

CO2 + 4H+ + 4e- → HCHO + H2O E0 = -0.480 V                                                    (5)

CO2 + 6H+ + 6e- → CH3OH+ H2O E0 = -0.380 V                                                    (6)

CO2 + 8H+ + 8e- → CH4+ 2H2O E0 = -0.240 V                                                      (7)

2CO2 + 12H+ + 12e- → C2H4+ 4H2O E0 = -0.349 V                                                  (8)

2CO2 + 14H+ + 14e- → C2H6+ 4H2O E0 = -0.270 V                                                  (9)

 3CO2 + 18H+ + 18e- → C3H7OH + 5H2O E0 = -0.310 V                                            (10)

The ultra-small size of NCs gives them a strong quantum size effect, exhibiting discrete energy levels that
allow electrons to undergo a leap from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO), and electron-hole separation occurs. The energy gap of MNCs is
typically less than 2.2 eV, allowing photocatalytic reactions under visible light irradiation. Therefore, MNCs
can be considered semiconductor nanomaterials for photocatalytic reactions with small band gaps.

The mechanism of MNCs as catalysts in the PCR process is as follows (as shown in Figure 5)[49,50]. After
irradiating the MNCs-based catalyst with light with photon energy equal to or greater than the band gap
energy, the electrons transfer from the valence band (VB) to the conduction band (CB) to generate
photogenerated electrons and holes. The photogenerated holes are transferred to the surface active sites for
the oxidation reaction, as shown in process (1) of Figure 5[51]. In process (3) of Figure 5, photogenerated
electrons are transferred to the surface-active site for the reduction reaction. Therefore, the photocatalytic
performance is affected by the incident light absorption capacity and charge separation efficiency. To fully
utilize the energy from solar radiation, the band gap of the photocatalyst should be below 3.1 eV to
maximize light absorption[52]. Most of the solar radiation energy reaching Earth is in the visible spectrum.
Additionally, the generated electrons and holes do not always migrate to the surface of the photocatalyst
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Figure 4. Programmable atomic packing into different crystal structures of Au NCs[45]. Copyright 2021, Wiley-VCH.

Figure 5. Photocatalytic process of MNCs[49]. Copyright 1995, American Chemical Society.

and react optimally. Occasionally, photogenerated electrons and holes will combine inside the catalyst [as 
shown in process (2) in Figure 5] or on the surface [as shown in process (4) in Figure 5] in a brief period, 
releasing energy in the form of heat or light that can result in a significant reduction in photocatalytic 
efficiency.

Therefore, the MNCs-based materials used to improve the PCR process must satisfy the following 
conditions: (1) Smaller energy gaps, typically exhibiting significant absorption in the visible or near-infrared 
region, make it easier to form photogenerated electron-hole pairs; (2) Good photostability, not readily 
oxidized or reduced by photogenerated holes or electrons. Long lifetimes of photogenerated electrons and 
holes so that the electron-hole pairs can participate more in redox reduction; and (3) The large specific 
surface area provides more catalytic sites, allowing free electrons to react with CO2 via charge transfer to the 
composite surface[53].



Page 7 of Li et al. Microstructures 2023;3:2023024 https://dx.doi.org/10.20517/microstructures.2023.09 20

PROGRESS OF MNCS-BASED CATALYSTS IN PCR
MNCs have garnered attention for their potential to improve PCR performance due to their unique and 
desirable properties. Several reasons contribute to the focus on MNCs for PCR, including:

(1) High catalytic activity: The small size and high surface area-to-volume ratio of MNCs result in a high 
catalytic activity, which can enhance the efficiency of the PCR.

(2) Improved charge transfer: MNCs have been shown to improve the charge separation and transfer 
processes in photocatalytic systems, leading to higher photocatalytic activity.

(3) Tailor-made properties: The properties of MNCs can be easily tuned or customized by controlling the 
size, shape, and composition, allowing for better control of their catalytic activity.

Overall, MNCs have shown great potential for enhancing PCR performance. Continued research on MNCs 
can contribute to the development of sustainable and efficient CO2 reduction systems. Many strategies have 
been proposed to use MNCs as catalysts for improving PCR performance. This section reviews the recent 
advances in MNCs-based catalysts for enhancing PCR performance. We classify the MNCs-based catalysts 
into two subsections, nonnoble (e.g., Cu[54], CdS[55], Fe, Co[56], Ni, Cu) and noble MNCs-based (e.g., Au[57], 
Ag[58], Pt) catalysts[59]. Then, we describe their respective roles as catalysts for improving the PCR process. 
The photocatalytic performance of various MNCs-based catalysts under visible-light irradiation is presented 
in Table 1.

Nonnoble MNCs-based catalysts in PCR
Nonnoble MNCs offer a wide range of material selection options, and commonly available and inexpensive 
metals such as Fe, Ni, Cu, and Al can be used to prepare MNCs. Additionally, they are generally less costly 
compared to noble MNCs, resulting in lower preparation costs. In addition, semiconductor materials with 
wide energy gaps, such as TiO2, SrTiO3, BiVO4, Ta3N5, g-C3N4, CdS, and MoS2, are the most widely used 
photocatalysts[60]. However, most required light sources are in the ultraviolet spectrum, with low solar 
utilization and high electron-hole complexation rates, resulting in low photocatalytic reaction 
efficiency[61-63]. Consequently, using nonnoble MNCs as co-catalysts is suitable for overcoming these 
disadvantages[64]. Due to the advantages mentioned above, nonnoble MNCs-based catalysts are primarily 
employed for surface modification of semiconductor materials to enhance PCR performance. The reaction 
process for nonnoble MNCs-based catalysts to improve PCR performance by surface modification 
techniques has two steps, namely visible-light-induced interfacial charge transfer (IFCT) between the MNCs 
and semiconductor materials and the multielectron reduction of oxygen molecules mediated by the co-
catalytic promoter effect of the MNCs[65].

Preparation of nonnoble MNCs-based catalysts by impregnation to enhance PCR performance
Photocatalysts composed of nonnoble MNCs and semiconducting materials are typically fabricated by the 
impregnation method[66]. Impregnation is a method of incorporating one material into another by soaking 
or spraying the material onto the surface of the other. Impregnation involves the following steps: The 
prepared semiconducting material is soaked or sprayed with the MNCs’ solvent, which contains a 
suspension of MNCs, and allowed to dry. The MNCs are then deposited onto the surface of the 
semiconducting material. The impregnated semiconducting material is then calcined at high temperatures 
to remove the solvent and stabilize the MNCs on the surface of the semiconducting material. The 
impregnation method allows for the controlled deposition of MNCs onto the surface of semiconducting 
materials, thereby preparing materials with good photocatalytic activity.
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Table 1. Performance of various noble & nonnoble MNCs used for PCR

Sample Performance                                                                                                         References

Cu (II)-TiO2 CO2 generation rate = 0.13 µmol/h; quantum efficiency = 27.7% [67]

Cu(II)-Nb-doped TiO2 CO2 generation rate = 0.20 µmol/h; quantum efficiency = 25.3% [69]

Cu(II)-TiO2 after the coordination of oxygen and metal CO2 generation rate = 0.40 µmol/h; quantum efficiency = 68.7% [75]

Fe(III)-TiO2 CO2 generation rate = 0.40 µmol/h; quantum efficiency = 53.5% [77]

Fe(III)-Ti(IV)-TiO2 CO2 generation rate = 0.69 µmol/h; quantum efficiency = 92.2% [79]

Ni/TiO2 CH3CHO production rate = 1.42 µmol g-cat-1 [81]

TiO2-x/CoOx CO production rate = 1.2473 µmol/g/h; CH4 production rate = 0.0903 µmol/g/h [82]

CeOx-S/ZnIn2S4 CO productivity of 1.8 mmol/g/ with a rate of 0.18 mmol/g/h [83]

Au NCs/TiO2/Ti3C2 with CBD method CO yield of 27.5 µmol/g in 3 h; CH4 yield of 42.11 µmol/g in 3 h [87]

SNO/CdSe–DET CO production rate = 36.16 µmol/g/h [102]

Au-NC@UiO-68-NHC CO production rate = 57.57 µmol/g/h [107]

The initial focus of the research was to improve the visible light sensitivity of TiO2 semiconductors by using 
Cu(II) or Fe(III) NCs as co-catalysts (as shown in Figure 6)[67,68]. However, this photocatalytic system has 
limited catalytic efficiency because IFCT occurs only at the TiO2/MNCs interface. Liu et al. designed a TiO2 
photocatalyst that can respond to visible light based on the principle of energy level matching[69]. The energy 
level occupied by the N-doped particles below the conduction band of TiO2 matches the potential of the 
Cu2+/Cu+ redox couple in the Cu(II) NCs. The matched energy levels facilitate the efficient transfer of 
photogenerated electrons from the doped Nb state to the Cu(II) NCs, thereby contributing to the efficient 
multielectron reduction of oxygen molecules (as shown in Figure 7)[69,70]. This method provides a practical 
and strategic approach to creating new MNCs materials with effective photocatalytic properties.

Nonnoble MNCs-based catalysts improve PCR performance by increasing vacancies and defects
Nonnoble MNCs-based catalysts are not limited to simple grafting modifications as co-catalysts. It was 
discovered that the performance of PCR could be enhanced by increasing the vacancies and defects. By 
generating oxygen vacancies, these modifications increase the surface negative charge density[71]. Upon 
exposure to light, the oxygen vacancies accumulate additional negative charges that contribute to the 
extension of the visible light absorption of semiconductor material, making the metal oxide capable of 
activating CO2

[72].

Nolan et al. present a study of electron and hole localization in low-coordinated titanium and oxygen sites 
of free and metal oxide-supported TiO2 nanocrystals (as shown in Figure 8A)[73]. This approach highlights 
how nonnoble MNCs can enhance oxygen and metal coordination by modifying semiconductor materials. 
The structure of MNCs as catalysts in semiconductors reveals a significantly different metal and oxygen 
coordination environment compared to that of the unmodified semiconductor[74,75]. Low-coordinated metal 
and oxygen sites are crucial as charge carrier capture sites and active sites for target molecules, such as 
carbon dioxide and water[76]. Thus, Liu et al. developed a more sophisticated synthesis strategy by employing 
MNCs with poorly coordinated metal and oxygen sites as catalysts[77,78]. Liu et al. also demonstrated that 
amorphous Ti(IV) NCs promoted the oxidation of organic compounds effectively (as shown in Figure 8B) 
and that TiO2 with Fe(III) and Ti(IV) NCs as catalysts achieved a Q.E. of 90% (as shown in Figure 8C)[79]. 
Additionally, Cheng et al. recently published the first study on Cu clusters mediated into Cd vacancies at the 
edges of CdS nanorods for photocatalytic CO2 conversion[80]. Billo et al. reported a Ni-NCs/TiO2 catalyst 
with improved PCR performance[81]. The Ni-NCs and O vacancies provide energetically stable CO2 binding 
sites for CO2 reduction, allowing for rapid electron transport for enhanced solar energy harvesting[81]. This 
method enhances the photocatalytic activity and selectivity of Ni/TiO2 via a synergistic interaction in which 
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Figure 6. Cu (II) (A) and Fe (III) (B) NCs-grafted TiO2 images captured by TEM. UV-Vis absorption spectra for Cu(II) (C) and Fe(III) 
(D) NCs-grafted TiO2

[70]. Copyright 2016, American Chemical Society.

Figure 7. Proposed photocatalytic processes for (A) NbxTi1-xO 2, (B) Cu(II)-TiO 2, and (C) Cu(II)-NbxTi1-xO 2, respectively[70]. Copyright 
2016, American Chemical Society.

the active center increases activity by lowering the activation barrier energy for CO2 dissociation, and CO2 
molecules can bind to Ni and defect sites. Li et al. developed an effective photothermal catalyst by 
modifying TiO2 nanotubes with a minute amount of CoOx and oxygen vacancies. The results demonstrated 
that introducing oxygen vacancies facilitated the charge separation and dispersion of CoOx co-catalysts, in 
which grafted CoOx acted as hole traps and promoted the release of more protons (as shown in Figure 9)[82]. 
In addition, Hou et al. have significantly enhanced the activity by constructing CeOx NCs with surface 
defect sites via a “partial sulfation” technique. The underlying principle of this strategy is improving the 
surface electronic properties of CeOx-S NCs, which in turn induces the appearance of several Ce3+ and 
oxygen vacancies[83]. The photogenerated electrons were captured by oxygen vacancies on the 
CeOx-S/ZnIn2S4 catalyst and subsequently transferred to CO2, promoting CO2 activation (as shown in 
Figure 10). This discovery also provides information regarding the optimization of PCR.

Noble MNCs-based catalysts in PCR
While the high cost of noble MNCs limits their use in large quantities, they possess large energy bandwidths 
and high electron densities that enable them to rapidly receive and release electrons. This results in the high 
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Figure 8. (A) Atomic structure of TiO2 and La2O3 modified with TiO2 NCs[73]. Copyright 2014, American Chemical Society. (B) Proposed 
photocatalysis processes. (C) Photocatalytic performance of the Fe(III)-Ti(IV)-TiO2 nanocomposites[79]. Copyright 2014, American 
Chemical Society.

Figure 9. Scheme of photothermocatalytic reaction over three typical samples: (A) TiO2-x. (B) big CoOx clusters modified TiO2-x. 
(C) small CoOx clusters modified TiO2-x

[82]. Copyright 2018, Elsevier.

catalytic activity of noble MNCs[84]. Noble MNCs are also known to exhibit unique electrical and 
thermodynamic properties, which allow them to perform reactions that other catalysts cannot. For instance, 
they are being utilized in biological research.

Noble MNCs-based catalysts improve PCR performance by cluster beam deposition
The acids and ligands used in conventional surface modification techniques have a chemical contamination 
effect on the MNCs (the effect causes the change of a single atom to have a significant physical and chemical 
effect on the MNCs). Cluster beam deposition (CBD) was proposed to avoid the chemical contamination of 
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Figure 10. Investigation of the promotional role of CeOx-S clusters in electron transfer and the subsequent surface reaction. (A) In situ 
EPR signals of CeOx-S/ZnIn2S 4. (B) Quantitative analysis by the double integral of the EPR signals in a. (C) In situ FTIR spectra for the 
adsorption, activation, and reduction of CO2 under visible light over CeOx-S/ZnIn2S 4. (D and E) Adsorption energies of CO2 and 
(F and G) CO at different sites of Ce6O10-ZnIn2S4 (0001) determined by DFT calculations[83]. Copyright 2018, Elsevier.

MNCs. CBD produces cluster-modified semiconductor materials with exceptional photocatalytic properties 
by forming clusters in a gaseous environment and then soft-landing them on supports with precise control 
over their size, shape, and composition (as shown in Figure 11)[85]. After deposition, unlike wet chemistry, 
no additional calcination or activation steps are required[86]. The vapor-phase Au NCs deposition method 
permits the placement of all active particles on the surface. Li et al. also prepared Au NCs/TiO2/Ti3C2 and 
Au nanoparticles/TiO2/Ti3C2 by deposition and precipitation[87]. The optimized Au NCs/TiO2/Ti3C2 
exhibited higher yields of reduced CO2 to CO and CH4 than Au-nanoparticles/TiO2/TiCO2 and P-Au-
nanoparticles/TiO2/TiCO2 (as shown in Figure 12)[87]. CBD for MNCs synthesis not only reduces the risk of 
chemical contamination but also ensures that the MNCs are evenly distributed over the semiconductor 
surface and reduces costs.

Preparation of Noble MNCs-based catalysts by preventing clusters from aggregating improve PCR performance
Due to their large specific surface area and high surface energy, noble MNCs are typically 
thermodynamically unstable and susceptible to migration and agglomeration under light irradiation or 
high-temperature conditions, resulting in a substantial decrease in catalytic activity and selectivity[88,89]. 
Therefore, strategies to prevent cluster aggregation on the carrier are necessary to enhance their 
photocatalytic performance[90].
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Figure 11. (A) Schematic illustration of magnetron CBD technology. High-Resolution SEM images of (B) Au NCs modified FTO and (C) 
colloidal Au modified FTO. The inset image in (B) shows the global view of deposited Au NCs[85]. Copyright 2021, Wiley-VCH.

Figure 12. (A) Schematic illustration of hot electron transfer from an excited plasmonic state on the gold nanoparticle to the TiO2 
conduction band. Formal Quantum Efficiency (FQE) under (B) UV and (C) green light illumination as a function of Au NCs coverage on 
TiO2 P25[86]. Copyright 2018, Wiley-VCH.

Bard proposed traditional Z-scheme photocatalysts in 1979[91], which can improve charge separation 
efficiency and retain strong redox capabilities. This system consists of two semiconducting materials with 
appropriate intermediate couples, such as Fe3+/Fe2+, IO3-/I-, and I3-/I-[92]. These two semiconductors have 
band structure configurations that differ. In a perfect process, photogenerated holes in the VB of PC I react 
with electron donors to produce electron acceptors. Photogenerated electrons in PC II’s CB react with 
electron acceptors to produce electron donors. Then, photogenerated electrons in PC I’s CB and holes in PC 
II’s VB participate in the reduction and oxidation reactions, respectively (as shown in Figure 13)[93,94]. This 
mode of charge transfer can endow this system with powerful redox capability and spatially distinct redox 
reaction sites. Deng et al. developed PCR catalysts based on Z-scheme Au NCs (as shown in Figure 14)[95]. 
By combining with the photogenerated electrons in the coupled semiconductor, the photogenerated holes 
in the Au NCs can be consumed. This combination prevents the self-oxidative aggregation of Au NCs and 
increases their stability, thereby enhancing their photocatalytic activity[95]. Therefore, it is essential to 
combine NCs with suitable semiconductors when constructing a Z-scheme heterojunction system.
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Figure 13. Schematic illustration of charge transfer in traditional Z-scheme heterojunction photocatalysts. D in the figure indicates 
electron donors, and A in the figure indicates electron acceptors[94]. Copyright 2020, Elsevier Inc.

Figure 14. (A) A Z-scheme photocatalytic mechanism in natural photosynthesis system[90]. Copyright 2014, WILEY-VCH. (B) 
Photogenerated electron transport rules between Au NCs and COF support[95]. Copyright 2020, Wiley-VCH.

In addition to Z-scheme heterojunction structures, S-scheme heterojunctions are utilized to fabricate 
catalysts for improving PCR performance. (as shown in Figure 15A)[96]. S-scheme heterojunction has the 
following advantages: (1) the photocatalytic system can have both a wide photo-response range and a strong 
redox ability; (2) the large internal contact area and the rapid separation of carriers in the S-scheme system 
suppress the photo-induced electron-hole pair combination, which further improves the photocatalytic 
ability[97-101]. Ke et al. initially fabricated a novel S-scheme SNO/CdSe-DET composite and investigated its 
PCR activity (as shown in Figure 15B)[102]. The SNO/CdSe-DET composites exhibited excellent CO2 
photoreduction stability. Such a superior activity should be ascribed to the S-scheme system, which benefits 
the separation of the photogenerated carriers and promotes the synergy between CdSe-DET nanorods and 
SNO nanosheets by strong chemical-bonding coordination.

The encapsulation of MNCs in metal-organic frameworks (MOFs) has also garnered considerable 
interest[103,104]. By encapsulating MNCs within the environment of the MOFs structure, their fluctuations and 
aggregation can be effectively reduced, resulting in improved stability and catalytic efficiency. The MOFs 
structure prevents MNCs from interacting with undesirable species in the reaction environment, which can 
have a detrimental impact on their performance. Furthermore, the highly porous and interconnected 
structure of MOFs enables the efficient mass transfer of molecules to and from the active sites of MNCs, 
thereby enhancing their catalytic activity[105]. Overall, the MOFs-encapsulated MNCs show enhanced 
stability and improved performance, making them highly attractive for improving PCR performance. 
Indrani Choudhuri and Donald G. Truhlar studied a composite material containing a Cd6Se6 cluster in the 
pore of NU-1000 MOF. The Cd6Se6@NU-1000 composite permits electron transfer from the visible-light 
photo-excited organic linker to the lowest unoccupied orbital of the inorganic cluster, which can result in 
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Figure 15. (A) S-scheme heterojunction. (B) The S-scheme SNO/CdSe-DET heterojunction charge migration and separation diagram 
under light irradiation[102]. Copyright 2021, Wiley-VCH.

charge separation (as shown in Figure 16A and B)[106]. Jiang et al. present a heterogeneous nucleation 
strategy for stabilizing and dispersing ultrasmall Au NCs in an NHC-functionalized porous matrix (as 
shown in Figure 16C)[107]. The Au NCs are embedded in the MOF material to prevent cluster aggregation. It 
gives the composite material a high degree of photostability and chemical stability. During the PCR process, 
the Au-NC@MOF composite demonstrates outstanding and consistent activity (as shown in 
Figure 16D)[107]. Therefore, MOFs are ideally suited for photocatalysis design.

Noble MNCs-based catalysts improve PCR performance by photosynthetic biohybrid system
Noble MNCs exhibit excellent biocompatibility, minimizing interference with the inherent functions of 
living organisms. This advantage allows noble MNCs to be used in the biological field. To link pre-
assembled biosynthetic pathways with inorganic light absorbers, a photosynthetic biohybrid system (PBS) 
was developed. Both the high light-harvesting efficiency of solid-state semiconductors and the superior 
catalytic performance of whole-cell microorganisms are inherited by this strategy[108]. For instance, 
Zhang et al. utilized Au NCs as biocompatible intracellular light absorbers in PBS[109]. A biocompatible light 
absorber circumvents slow electron transfer kinetics and functions of the existing PBS as an inhibitor of 
reactive oxygen species to maintain high bacterial activity. With the dual advantages of light absorption and 
biocompatibility, this PBS can efficiently absorb sunlight and transfer photogenerated electrons to cellular 
metabolism, allowing for several days of continuous CO2 fixation (as shown in Figure 17)[109]. The method of 
constructing PBSs offers a novel concept for PCR.

To summarize, compared to noble MNCs-based catalysts, nonnoble MNCs-based catalysts have a lower 
price, greater availability, a more comprehensive selection of materials, and better stability. The 
disadvantage is that the catalytic effect of the PCR process is inferior to that of noble MNCs. Furthermore, 
noble MNCs-based catalysts exhibit better biocompatibility. However, the scarcity of precious metals causes 
them to be expensive. The high specific surface area of noble MNCs-based catalysts can cause aggregation. 
Maintaining the long-term stability of the composites under in situ light conditions is challenging, a 
bottleneck in developing noble MNCs-based catalysts for practical applications. Thus, adopting strategies to 
prevent cluster aggregation on the carrier (such as Z/S-scheme heterojunction or MOF structure) is 
essential for their photocatalytic performance.

SUMMARY AND PROSPECTS
Artificial carbon fixation has stimulated the development of PCR as a promising technology. MNCs are a 
new potential photocatalyst with unique physical and chemical properties. To improve PCR performance, 
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Figure 16. (A) Structure of the Cd6Se6 cluster encapsulated in NU-1000 at a node site (Cd6Se6@NU-1000). The unit cell of the system 
is denoted by a solid line. (B) Total and partial density of states of Cd6Se6@NU-1000. The Fermi level is set to zero and denoted by a 
black dashed line. The highest occupied crystal orbital (HOCO) is on the linker, and the lowest unoccupied crystal orbital (LUCO) is on 
the cluster. The highest-energy occupied orbitals on the linker and the lowest-energy unoccupied orbitals on the cluster are highlighted 
in yellow[106]. Copyright 2020, American Chemical Society (C) Schematic presentation for the synthesis of UiO-68-NHC, 
Au-NC@UiO-68-NHC, and UiO-68-NH2/Au mixture. (D) Time courses of CO evolution by PCR using UiO-68-NHC, 
Au-NC@UiO-68-NHC, UiO-68-NH2, and Au/UiO-66-NH2 as photocatalysts upon AM 1.5 G irradiation[107]. Copyright 2021 Wiley-
VCH.

Figure 17. (A) Schematic diagram of the M. thermoacetica/Au NCs hybrid system. (B) photosynthesis behavior of different 
systems[109]. Copyright 2018, Springer Nature.

various advanced techniques have been widely explored. Due to the fast progress of this field, a summary of 
recent studies is essential for both new and experienced researchers in related fields. In this review, we 
summarize the recent advances in MNCs-based catalysts for PCR. We first introduce the synthesis of 
MNCs. Then, we explain the mechanism of photocatalysis based on MNCs-based catalysts. Finally, in the 
section on advanced MNCs-based catalysts for PCR, we classify MNCs into nonnoble MNCs and noble 
MNCs and summarize their role as catalysts in enhancing PCR performance. In the future, it is believed that 
there will be more strategies to optimize the design of MNCs-based catalysts for PCR. Therefore, we want to 
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emphasize the outlook for catalysts based on MNCs:

(1) The majority of current research is devoted to the development of transition MNCs. However, other 
types of NCs, such as alloy NCs, also merit investigation and consideration.

(2) The selectivity of CO2 reduction by MNCs-based catalysts used to enhance the PCR process is still not 
good, and most systems can only reduce CO2 to C1 products such as CO. Therefore, how to improve the 
selectivity of PCR through material and system design is an important challenge at present.

(3) In the PCR process, MNCs are mostly used as co-catalysts/photosensitizers for semiconductor 
nanomaterials. It is hoped that in the future, there will be MNCs that can be used directly in PCR with 
excellent performance.

(4) The PCR efficiencies are still lower than commercial targets, and a firm understanding of how these rich 
structures of MNCs affect catalytic performance has yet to be fully achieved. The reaction pathways at the 
atomic level have yet to be determined. Therefore, further research should be dedicated to enhancing the 
activity of PCR processes and monitoring the structure of MNCs during reactions to further establish the 
precise correlation between structure and catalytic performance.
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Abstract
The practical application of carbon-supported Pt-based catalysts for the oxygen reduction reaction (ORR) in proton 
exchange membrane fuel cells (PEMFCs) still faces many limitations, including carbon corrosion and their weak 
interaction with Pt-based nanoparticles (NPs). Harnessing the strong metal-support interaction (SMSI) effects at 
the interface between Pt-based nanoparticles and alternative corrosion-resistant non-carbon support is an 
effective strategy to address these issues. The rational design of Pt-based catalysts with favorable SMSI and 
elucidation of the mechanisms underlying such interactions is indispensable for achieving desirable activity and 
stability. In this review, first, the basic principles of the ORR are briefly introduced. Next, the formation process of 
SMSI, construction strategies, and the advantages and drawbacks of representative supports, including transition 
metal oxides, nitrides, and carbides (TMOs, TMCs, and TMNs, respectively), are fully discussed. Finally, the 
challenges and prospects in promoting the practical applications of the SMSI effect for ORR are highlighted.
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INTRODUCTION
The accelerated global population growth and massive consumption of fossil fuel energy have induced 
imbalanced energy shortages and severe environmental disruption. Thus, the development of environment-
friendly and sustainable energy technologies has attracted widespread attention to mitigate these 
phenomena[1-3]. Benefiting from their high energy density and zero carbon emissions, proton exchange 
membrane fuel cells (PEMFCs) have been considered as one of the most promising energy conversion 
technologies in residential applications, automobile transportation, and other stationary power systems[4-6]. 
However, the sluggish kinetics of the cathodic oxygen reduction reaction (ORR) is the major barrier to the 
further scale-up of PEMFC for large-scale commercialization[7-9]. Carbon-supported Pt nanoparticles (Pt/C) 
have been widely employed as the ORR electrocatalysts, while the weak interaction between Pt and carbon 
frequently causes the aggregation, dissolution, Ostwald ripening/coalescence, or detachment of Pt from the 
carbon support, thus deteriorating the ORR activity and stability[10,11]. Furthermore, carbon supports tend to 
experience severe corrosion, especially under the high potential encountered during the start-up or shut-
down stages. The strong acidic environment (pH < 1) also contributes to catalyst inactivation and short 
lifetime[8,12], which is a non-negligible factor.

To overcome such shortcomings of carbon support, different types of alternative supports have been 
exploited to improve the stability of Pt-based catalysts towards ORR in highly oxidative and acidic 
environments, including graphitic carbon nitride (g-C3N4), transition metal oxides, carbides and nitrides 
(TMOs, TMCs, and TMNs, respectively), 2D metal-organic frameworks (MOFs), covalent-organic 
framework (COFs), layered double hydroxide (LDH), and so on[13-22]. Among them, TMOs, TMNs, and 
TMCs are considered to be the most promising alternative supports due to their superior corrosion 
resistance and strong metal-support interaction (SMSI) with Pt nanoparticles (NPs). The driving force of 
SMSI is defined as minimizing the surface energy of Pt NPs by covering the mobile support suboxides, 
which provide a variety of possibilities to modulate the catalytic activity, selectivity, and stability of the 
active species, opening up opportunities for developing highly active and stable ORR catalysts. To be 
specific, the SMSI of Pt-support usually involves interfacial electron transfer/donation and structural 
reconstruction at the metal-support interface (defined as electronic and geometric effects), which has the 
capacity to alter the adsorption energies of the reactants and reaction intermediates at the catalytic active 
sites situated on the catalyst surface, thereby affecting the activity and stability of catalysts[23,24]. In addition, 
SMSI is usually accompanied by the encapsulation of supported metal particles by the support, which 
effectively stabilizes the metal particles, thus improving the stability of the catalyst. Recently, several review 
articles have shed much new light on SMSI, which provides an effective method to design catalysts with 
high activity and durability. For example, Wang et al. summarized several new routes to construct SMSI 
involving reductive/oxidative induced SMSI, adsorbate-mediated SMSI (A-SMSI), and wet-chemistry SMSI 
(wcSMSI) to improve the sinter resistance and catalytic performances of the supported metal catalysts[25]. 
Luo et al. provided an overview of the developments of SMSI and covered its applicability in both 
thermocatalysis and electrocatalysis systems[26]. Pu et al. reviewed various spectroscopic and microscopic 
techniques capable of characterizing the SMSI phenomena and systematically explored the effect of SMSI on 
catalytic activity/selectivity[27]. However, these SMSI analyses were largely limited to catalytic reactions 
involving CO, CH4, CO2, or methanol as the main reactant, lacking relevant summaries and mechanistic 
elucidation in the field of ORR.
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In this review, particular attention is paid to the recent progress in the design, construction, and emerging 
applications of SMSI in ORR catalysts. Particularly, we start by optimizing the intrinsic activity of TMOs, 
TMNs, and TMCs supports. By elaborately selecting their compositions, precisely modulating the synthesis 
methods, and further adjusting the metal-support interaction, we aim to improve the ORR activity and 
stability of the catalysts. This distinguishes our view from the previous review articles[27,28]. Firstly, the basic 
principles of the ORR, some descriptors of the computational activity, and electrochemical activity are 
briefly introduced. Secondly, detailed strategies of manipulating SMSI through rational design of catalyst 
structures and different atmosphere treatments in recent years are summarized. In addition, the precise 
synthetic methods and effective improvement strategies of several TMO-, TMN-, and TMC-supported Pt-
based catalysts applications for ORR are discussed. Finally, the prospects and challenges of SMSI for ORR 
catalysts are provided.

BASIC PRINCIPLES OF THE ORR
Mechanisms of the ORR
The ORR process generally consists of four steps as follows: (1) diffusion and adsorption of O2 on the
electrocatalyst surface; (2) electron migration from the electrode to adsorbed O2 molecules; (3) weakening
and splitting of O=O bonds; and (4) removal of the generated species to the electrolyte[29]. Typically, O2 can
be reduced to H2O or H2O2 through two different electron transfer pathways: the direct four-electron
transfer pathway (Eq. 1) and the indirect two-electron transfer pathway (Eq. 2). Four-electron transfer
occurs to reduce molecular oxygen to water, facilitating the ORR process. However, it is always
accompanied by the reduction of the two-electron pathway, resulting in the partial reduction of oxygen to
hydrogen peroxide products, which reduces the electrocatalytic selectivity. Both four- and two-electron
transfer pathways involve various oxygen-containing intermediates such as *O, *OH, or *OOH (*represents
the active catalytic site)[30-32]. More specifically, there are three possible reaction mechanisms: dissociative,
associative, and peroxo mechanisms, as shown in Figure 1A. For the dissociative and associative
mechanisms of the four-electron transfer pathway, their difference depends on whether they involve the
formation of *OOH intermediate[33].

O2 + 4H+ + 4e- → 2H2O, E0 = 1.229 V vs. RHE                                         (1)

O2 + 2H+ + 2e- → 2H2O2, E0 = 0.695 V vs. RHE                                        (2)

where RHE represents the reversible hydrogen electrode.

Linear scaling relationships
Density functional theory (DFT) calculations have been extensively used to understand the free energies of
those intermediates and further estimate the ORR performance. By extending the calculations to various
close-packed metal surfaces, the scaling relationship between ORR activity and oxygen adsorption energy
(ΔEo) have been eventually plotted in ‘‘volcano plots’’ with Pt located at the extreme tip of the linear
currently (as shown in Figure 1B)[34]. Generally, the ΔEo of Pt-based catalysts is determined by the position of
the d-band center relative to the Femi level, while the shift of the d-band center can be modulated by alloy
with other elements (ligand effect), such as Ni, Co, Fe, etc.[33,35]. An ideal candidate metal should have a
moderate affinity for oxygen. More specifically, if the metals bind oxygen too strong, the ORR will be
retarded due to the difficulty in removing intermediates (O* or OH*) formed by proton-coupled electron
transfer, whereas the metals bind oxygen too weak, the O2 adsorption and later dissociation to form O* will
be constrained. Additionally, a series of catalysts with the SMSI effect, compared to PtM/C catalysts, can
rapidly accelerate the electron transfer in the metal-support interface and precisely regulate the d-band
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Figure 1. (A) ORR mechanism in acidic (blue line) and alkaline (red line) electrolytes and proposed pathways for ORR. Reproduced with 
the permission of Ref.[31] Copyright 2021, Elsevier. (B) Trends in oxygen reduction activity plotted as a function of the oxygen binding 
energy. Reproduced with permission of Ref.[34] Copyright 2004, American Chemical Society. (C) Relationship between the d-band 
center of Pt and the current density at 0.9 V (vs. RHE) for the ORR. The Pt NPs were deposited on support materials (a)-(s) shown on 
the right. Reproduced with the permission of Ref.[36] Copyright 2021, American Chemical Society.

center of the catalyst. Inspired by this, Ando et al. constructed a similar “volcano-type” of a series of binary 
transition metal oxides/cup-stacked carbon nanotubes supported Pt NPs (Pt/M1M2Ox/CSCNTs) catalysts to 
demonstrate that the d-band center values of Pt/M1M2Ox/CSCNTs catalysts can be downshift in a controlled 
manner by reasonable selection and precise regulation of M1 and M2 in the M1M2Ox/CSCNTs support (as 
shown in Figure 1C)[36]. The Pt/TiNbOx (Ti/Nb = 1:6.6 in atomic ratio)/CSCNTs catalysts with ca. 0.2 eV 
downshift of the d-band center from that of Pt exhibited the maximum ORR activity and stability, resulting 
from the ligand effect in the metal-support structure and the SMSI effect as well.

METHODS TO INDUCE THE STRONG METAL-SUPPORT INTERACTIONS
With the rapid development in the field of SMSI, the methods to induce SMSI have also been continuously 
developed and evolved for improving the sinter resistance and catalytic performance of the supported metal 
catalysts. To date, several SMSIs construction strategies, including SMSI, oxidative strong metal-support 
interaction (O-SMSI), A-SMSI, wcSMSI, reaction-induced SMSI (R-SMSI), and laser-induced SMSI 
(L-SMSI) have been reported with different construction conditions[26], such as reduction, oxidation, 
adsorbates, photo-treatment, etc. Tuning the SMSI behaviors has also been proven to be one of the most 
efficient methods for manipulating catalytic performance. Here, we briefly summarize the recent progress in 
SMSI, focusing on different methods for constructing SMSI and their advantages and disadvantages. The 
timeline for different types of SMSI is shown in Figure 2.

Strong metal-support interaction (SMSI)
Since the first report[37] and follow-up work[38] in the late 1970s by Tauster et al., the classical strong metal-
support interaction (SMSI), a term coined to describe a phenomenon that the loss of small molecules (such 
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Figure 2. A timeline of representative achievements in the field of SMSI.

as CO and H2) chemisorption of titania-supported platinum group metals (PGMs) after high-temperature 
reduction (HTR) with hydrogen (as shown in Figure 3A), has garnered a great deal of interest and attention 
in the field of heterogeneous catalysis. Initially, the inhibition of chemisorption was assigned to the electron 
perturbation of the system, i.e., the intermetallic bonding between PGMs and Ti cations under hydrogen 
atmospheres[10]. Subsequently, an increasing number of studies have shown that the primary reason for the 
CO adsorption suppression is the partially reduced layer of TiO2 encapsulating its supported PGMs, thereby 
obscuring the metal surface adsorption sites[10,39-41]. With the application of high-resolution real-space 
methods, the primary characteristics of SMSI have been revealed successively and eventually identified by 
four criteria, including: (1) remarkable suppression of the chemisorption of small molecules on the metal; 
(2) mass transport induced by metal NPs encapsulated by the reduced support; (3) electron transfer from 
the support to metal NPs; and (4) a reversal of the above phenomena on reoxidation[25,42]. The electronic/
geometric effects and synergistic interactions between metal and support arising from these features endow 
the catalysts with great tunability and stability for their structure and properties[43,44]. However, metals with 
high surface energy and large work functions are believed to be indispensable for the formation of SMSI, 
that is, a series of low work function and surface energy IB group metals NPs, such as Au, Cu, and Ag, fail to 
manifest SMSI behaviors on TiO2, as shown in Figure 3B[45-48]. Additionally, the SMSI effect is limited 
existing on reducible oxide supports, which inevitably influences the catalyst performance owing to the low 
electrical conductivity. Furthermore, the traditional method for inducing SMSI requires a high-temperature 
reduction in the H2 atmosphere to activate the surface of reducible metal oxide support, which usually 
causes the aggregation of metal NPs before forming the barriers under harsh reduction conditions, in turn 
affecting the catalytic performance. Therefore, it is necessary to develop several new routes for constructing 
SMSI to elucidate its universality in catalytic systems.

Oxidative strong metal-support interaction (O-SMSI)
O-SMSI, a novel strategy to construct SMSI by high-temperature oxidative treatment, was first reported by 
Liu et al. in an Au/ZnO-nanorod catalyst[49]. The reversible encapsulation of Au NPs by a thin layer of zinc 
oxide and reduction of small-molecule adsorption are identical to the traditional SMSI except that the 
electron transfer of O-SMSI is from Au NPs to support. This new discovery not only broadens the 
occurrence of SMSI but also points to new directions in the study of SMSI for Au-based catalysts. 
Subsequently, a series of studies extended the support of SMSI from oxide to non-oxide systems such as 
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Figure 3. (A) Schematic illustrations of the formation process of SMSI in Pt/TiO2. Reproduced with the permission of Ref.[26] Copyright 
2022, John Wiley and Sons. (B) Relationship between surface energy (γM) and work function (φ) of different transition metals. 
Reproduced with the permission of Ref.[48] Copyright 2005, American Chemical Society. (C) Schematic illustrations of the formation 
process of O-SMSI in Au/HAP. Reproduced with the permission of Ref.[50] Copyright 2016, American Chemical Society. HRTEM images 
of (D) The destabilization of overlayer and (E) the dynamic behavior of Pt NPs on the support interface. Reproduced with the permission 
of Ref.[10] Copyright 2022, Science. (F) Different encapsulation functions between O-SMSI and classical SMSI in Pt/TiO x. Reproduced 
with the permission of Ref.[53] Copyright 2021, American Chemical Society.

hydroxyapatite (HAP) (as shown in Figure 3C), opening a new avenue for the design of highly stable 
supported gold catalysts[50,51]. With the diversification of measurement methodologies and the advancement 
of characterization techniques, the atomic-level structural evolution of TiO2 encapsulated layer in a redox-
active regime (O2 + H2 atmosphere) and the dynamic behavior of particles and interfaces induced by metal-
support interaction were systematically revealed via in situ transmission microscopy by Frey et al.[10]. With 
the atmosphere switches from O2 to a redox-active H2-O2 mixture, the TiO2 encapsulation layer was 
completely retracted from all the particles (as shown in Figure 3D), and the particles exhibited dynamic 
behavior on the support interface and ceased as soon as H2 was completely removed from the reactor cell (as 
shown in Figure 3E), whereby the overlayer is also reformed around the NPs. This phenomenon indicates 
that the encapsulation layer induced by the O-SMSI and SMSI strategy is vulnerable to the external 
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environment (e.g., humid atmosphere), resulting in encapsulation failure, metal agglomeration, and a 
dramatic decrease in stability. To optimize the stability of the TiO2 overlayers, Liu et al. reported that 
Au/TiO2 catalysts modified with melamine and annealed at 600 °C in N2 atmosphere and further treatment 
at 600 °C in air atmosphere to form an amorphous and permeable TiOx encapsulation layer on Pt NPs, 
which is extremely stabilized against re-oxidize in air, in stark contrast to the retreat of the TiOx 
encapsulation layer by later oxidation treatment in previous SMSI (as shown in Figure 3F)[52]. Subsequently, 
they expanded this strategy to TiO2-supported Pd and Rh NPs, a promising way for designing supported 
platinum group metal-based catalysts with high activity and stability[53].

Adsorbate-mediated SMSI (A-SMSI)
Notably, the aforementioned examples of SMSI and O-SMSI typically rely on high-temperature thermal 
treatment (≥ 500 °C) while inevitably decreasing the catalytic performance due to blockage of metal active 
sites. Matsubu et al. reported an adsorbate-mediated SMSI (A-SMSI) encapsulated strategy that forms with 
the treatment of TiO2- and Nb2O5-supported Rh NPs in 20CO2:2H2 atmosphere at a relatively low 
temperature (150-300 °C)[54]. In situ spectroscopy and microscopy demonstrated that the thickness of the A-
SMSI overlayer is almost twice that of the SMSI overlayer, thanks to the adsorbates HCOx species strongly 
bounded on the support to induct the formation of oxygen-vacancy, prompting the migration of HCOx-
functionalized support onto the metal to form an extremely stabilized encapsulated state against re-
oxidation by the air atmosphere (As shown in Figure 4A, line a-b-c). Later, the A-SMSI strategy was labeled 
as “low-temperature induction” and “encapsulation stability” with its extended application to Cu/CeO2

[55] 
and Ru/MoO3

[56]. Nowadays, the induction of A-SMSI overlayer is not restricted to CO2-H2 atmospheres 
only. For example, Li et al. successfully constructed A-SMSI on a commercial Cu/ZnO/Al2O3 catalyst under 
H2/H2O/CH3OH/N2 mixture atmosphere at 300 °C (as shown in Figure 4B) and found that the ZnOx species 
migrated onto the surface of metallic Cu0 NPs to constitute a stable encapsulated structure, and the proper 
degree of encapsulation could be achieved by adjusting the exposure time[57]. Combined with DFT 
calculations, the improved methanol steam reforming reaction activity of Cu/ZnO/Al2O3 catalysts was 
attributed to the increased number of the ZnOx-Cu interfacial sites (as shown in Figure 4C).

Wet-chemistry SMSI (wcSMSI)
Besides the A-SMSI strategy enables encapsulation at relatively low temperatures, the wcSMSI method is 
another effective strategy for achieving SMSI in an aqueous solution at room temperature, which not only 
avoids the conventional high-temperature redox condition causing pre-sintered metal NPs but also 
effectively stabilizes the metal NPs against re-oxidation. As an example, an Au/TiO2-wcSMSI catalyst 
synthesis was reported by Zhang et al. that the average diameter of the TiO2 overlay was 2 nm, and the 
supported Au NPs were completely encapsulated[58]. In addition, they provide a proof-of-concept design to 
reveal the mechanisms of enhancing the catalytic activity of Au55 cluster on inert SiO2 support covered by 
TiOx overlayers (Au55@Ti/SiO2) through DFT calculations (as shown in Figure 4D), thereby extending the 
wet-chemistry method to inert oxide supported field. Recently, Hao et al. synthesized a Pt@TiOx/TiO2 
catalyst via the wcSMSI strategy, which consists of Pt NPs decorated by amorphous TiOx overlayers and 
exhibits extremely active and stable in C3H8 and C3H6 combustion compared with the conventional 
supported Pt/TiO2 catalyst owing to the electronic interaction between Pt and TiOx (Ptx+/Pt0 ↔Ti3+/Ti4+)[59]. 
Since the wcSMSI process protects the severe sintering of the NPs from the high temperature, the stability of 
catalysts is also substantially ensured.

Reaction-induced SMSI (R-SMSI)
In particular, the abovementioned types of SMSI constructions predominantly rely on the redox oxide 
supports, such as TiO2, ZnO, Nb2O5, etc. However, the relatively redox-inert supports (e.g., Mg- and Al-
based oxide supports) are unsuitable for the construction of SMSI as their surface activation is challenging. 
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Figure 4. (A) A-SMSI and Classical SMSI overlayer structure and behavior. Reproduced with the permission of Ref.[54]. Copyright 2017, 
Springer Nature. (B) Structural change of Cu/ZnO/Al2O3 catalyst after different pretreatments and the corresponding elemental 
distribution from transmission electron spectroscopy images. The DFT simulations over (C) Cu/ZnO/Al2O 3. Reproduced with the 
permission of Ref.[57]. Copyright 2022, Springer Nature. (D) Au55@Ti/SiO2 model with two TiOx atomic layers. Reproduced with the 
permission of Ref.[58]. Copyright 2019, American Chemical Society.

Reaction-induced SMSI (R-SMSI) strategy is an effective method to induce the activation, migration, and 
encapsulation of redox-inert support via its phase transition. For example, Wang et al. successfully achieved 
R-SMSI between Au NPs and Mg-Al layered double oxides (LDO) vis a high-temperature treatment in 
nitrogen atmosphere[60]. The hydroxide-to-oxide support transformation is the prerequisite for the 
construction of R-SMSI, and if Au NPs were loaded directly onto the LDO surface, the R-SMSI structure 
was not obtainable under the same conditions (as shown in Figure 5A). Then, Dong et al. reported that the 
cyclic change (MoCx-to-MoO3) in the support of Au/MoCx catalyst under a 20 vol% CH4/He atmosphere 
can realize R-SMSI[61]. Later, they demonstrated that R-SMSI can also be achieved in the Ni/BN catalysts 
under the same conditions due to the BN-to-BOx interfacial change[62]. In other studies, the support phase 
change between BaCO3-to-BaO of Co/BaO and Mn3O4-to-Mn2O3 of Pt/Mn2O3 catalysts were both formed 
R-SMSI and exhibited excellent catalytic activity and stability[15,63]. Recently, a reversible reaction of 
MgO+CO2 ↔ MgCO3 was employed to induce the R-SMSI of Au/MgO catalysts in a flowing CO2 
atmosphere (as shown in Figure 5B)[64]. CO2 was applied to react with MgO support, and the MgCO3 was 
subsequently decomposed into a regenerated MgO overlayer to encapsulate the Au NPs. Intriguingly, the 
direct application of MgCO3 as a support is also able to realize the MgCO3-to-MgO phase transition and to 
construct a MgO overlayer on Au NPs. These studies demonstrate that the SMSI effect can also be 
constructed on relatively redox-inert supports, and the mobility of the support after the phase change is 
significantly higher than that of the original support, which also implies that the encapsulation rate of 
metals by the R-SMSI strategy seems to be faster than that of classic SMSI.
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Figure 5. Schematic illustrations of the formation process of (A) R-SMSI in Au/LDO. Reproduced with the permission of Ref.[60] 
Copyright 2017, American Chemical Society, (B) R-SMSI in Au/MgO. Reproduced with the permission of Ref.[64] Copyright 2021, 
Springer Nature, (C) L-SMSI in Pd/TiO2. (D) TEM images of Pd/TiO2. Reproduced with the permission of Ref.[65] Copyright 2021, 
American Chemical Society. (E) Schematic illustrations of the formation process of L-SMSI in Pt/CeO2. (F) TEM images of Pt/CeO2. 
Reproduced with the permission of Ref.[66] Copyright 2021, Springer Nature.

Laser-induced SMSI (L-SMSI)
Similar to the wcSMSI, L-SMSI also enables the migration of metastable supports to facilitate SMSI 
formation without specific gaseous atmospheres and thermal treatment. Recently, Chen et al. successfully 
constructed L-SMSI on a Pd/TiO2 catalyst by a photochemistry-driven methodology[65]. Specifically, when 
excitation energy supplied by ultraviolet (UV) irradiation was greater than the band gap of titanium dioxide 
(3.1 eV), the separated photoinduced reductive electrons (e-) and oxidative hole (H+) were generated to 
trigger the formation of Ti3+ species/oxygen vacancies (Ov) and then interfacial Pd-Ov-Ti3+ sites, finally 
constructing the L-SMSI structures (as shown in Figure 5C and D). Subsequently, this as-constructed 
L-SMSI layer is reversible between retraction on thermal O2 treatment and re-encapsulation on UV 
irradiation. Similarly, the L-SMSI strategy has been extended to CeO2-supported Pt system catalysts and 
even to non-reducible oxide supports such as Al2O3 and MgO. Zhang et al. applied an ultrafast laser to a 
Pt/CeO2 catalyst to boost the formation of surface defects and the migration of metastable CeOx, and 
succeeded in creating porous overlayers of CeOx on Pt NPs (as shown in Figure 5E and F), which exhibit 
superior catalytic activity and stability[66].

In summary, we briefly reviewed some typical strategies for constructing SMSI on various atmospheric 
conditions, annealing temperatures, and oxide and non-oxide supports (as shown in Table 1). These new 
types displayed similar properties to classical SMSI, including the electron and mass transfer between metal 
NPs and substrates, the encapsulation of metal species by the migrating substrate, and the suppression of 
the adsorption behavior of small molecules. Furthermore, they also exhibited remarkable strengths over 
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Table 1. Comparison between SMSI and novel construction strategies

SMSI O-SMSI A-SMSI wcSMSI R-SMSI L-SMSI

Metal VIII group 
metals

VIII/IB group metals VIII/IB group 
metals

VIII/IB group 
metals

VIII/IB group metals VIII group 
metals

Support Reducible metal 
oxide

Hydroxyapatite, 
phosphate, and ZnO

Reducible metal 
oxide

TiO2 LDO, MoO3, MgO, 
BaO, Mn2O3

TiO2, CeO2

Condition H2 O2 CO2-H2, H2/H2O
/CH3OH/N2

Ti3+ treatment N2, CO2, CH4/He Laser 
treatment

temperature High-
temperature

High-temperature > 200 °C Room-
temperature

High-temperature Room-
temperature

Electronic transfer Support to metal Metal to support Support to metal Support to 
metal

Support to metal Support to 
metal

Suppression of small 
molecule 
adsorption

Yes Yes Yes Yes Yes Yes

classical SMSI, such as a wide scope of supports, various construction atmospheres, low heating 
temperatures, and excellent stability under harsh reaction conditions.

APPLICATION OF STRONG METAL-SUPPORT INTERACTIONS IN ORR
In general, the requirement for an ideal ORR catalyst includes both high activity and stability. A series of 
classical SMSI systems, including SMSI, O-SMSI, and A-SMSI catalysis, precisely satisfy the high stability 
requirement for ORR due to their inherent encapsulation effect. In addition, the electron and mass transfer 
between metal and support makes the modulation of the catalyst activity more feasible and efficient. For 
some new types of SMSI, i.e., L-SMSI, wcSMSI, and R-SMSI, their low or room temperature construction 
strategy and independent encapsulation phenomena can effectively disperse the metal and prevent its 
detachment and agglomeration, greatly improving the stability of the catalyst.

Oxide-based materials
TMOs are an ideal alternative to carbonaceous materials as supports for Pt NPs not only because of their 
robust corrosion resistance but also the strong interaction with the Pt NPs inducing the SMSI effect for 
enhanced ORR activity and stability enhancement[67]. The SMSI effect mainly arises from an interfacial 
interaction of Pt-Metal Oxide (Pt-MO), which leads to a modification of the Pt electronic structure and 
provides several advantages for ORR, including (1) facilitating the O2 adsorption and O-O bond cleavage on 
the Pt surface; (2) decreasing the OH coverage on the Pt surface; and (3) preventing the detachment and 
further aggregation of Pt NPs. Based on this, a variety of TMOs have been applied to support Pt-based 
catalysts toward ORR, such as titanium oxide, cerium oxide, and tungsten oxide.

Titanium oxide (TiO2)
Among the various metal oxide supports reported so far, titanium oxide-based materials have been 
considered as a promising support for nanosized catalysts in the ORR owing to their low cost, nontoxicity, 
high defect contents, etc.[68-70]. The robust corrosion resistance ensures TiO2 is an intrinsically stable 
electrode material under harsh operation conditions, especially in acid medium and high-temperature 
environments. Most importantly, the synergetic effect of SMSI between Pt NPs and TiO2 can exquisitely 
enhance the electrocatalytic performance of Pt NPs and the durability of the catalysts. However, as a 
support, TiO2 has several drawbacks, such as low electrical conductivity (10-8 Scm-1) and poor reactivity, 
limiting the electron interactions between Pt and Ti atoms[71]. Therefore, the issue of insufficient 
conductivity of TiO2 should be primarily resolved before the application of TiO2 to improve the 
performance and stability of Pt-based catalysts for ORR.
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Coupling TiO2 NPs with superior conductive carbon-based support materials has been reported as one of 
the most effective solutions to enhance their low electrical conductivity. Wang et al. presented a 
photochemical deposition method for loading Pt NPs onto a composite TiO2-C support (Pt/TiO2-C) and 
then heated it at 300 °C under H2/N2 atmosphere for 2 h to induce the SMSI effect[72]. Such a structure 
enhances not only the overall conductivity of the catalyst system but also the TiO2-induced SMSI effect that 
strongly encapsulates the Pt NPs to facilitate the electron transfer and prevent the migration and 
aggregation. As a result, the resulting catalysts exhibit excellent ORR activity and durability in high-
temperature environment. Additionally, embedding TiO2 films onto carbon matrix is another fabrication 
strategy. Shi et al. reported a sonochemical reaction method to synthesize a continuous ultrathin (~1.5 nm) 
TiO2-coated carbon nanotube (CNT) as the support of Pt NPs[73]. Their investigations revealed that the 
improved ORR activity of Pt/TiO2/C catalysts is attributed to the SMSI effect between Pt NPs and TiO2-
coating and the bifunctional mechanism of TiO2. Notably, either TiO2 NPs or a layer in these composites 
serves as a channel that allows electron transfer between Pt NPs and carbon-based support. Therefore, the 
TiO2 NPs or coating should not be too big or thick (< 5 nm) to facilitate electrical conductivity. In addition, 
the TiO2 NPs or coating should also be conformally continuous over the entire carbon surface to prohibit 
direct contact between the carbon support and the Pt NPs. Therefore, effective tuning of TiO2 particle size 
or film layers thickness in these composites and selective deposition of Pt NPs in composites are key to 
improving the SMSI effect and thus increasing the ORR activity and durability of the catalyst.

Recently, an attractive method to enhance the electrical conductivity of titanium dioxide is the introduction 
of structural defects such as oxygen vacancies (Vo) on the surface of TiO2

[74], which can construct the 
Pt-Vo-Ti interaction and induce the SMSI effect to optimize the ORR catalytic activity by reducing the 
desorption free energy of Pt-OH, Pt-O, or O2. In addition, the SMSI effect reduces the binding energy 
between the active sites and the adsorbed oxygen species, which is beneficial for the ORR process[75]. One 
common method to introduce Vo in TiO2 is by doping the metal oxides with other metals, such as W[76-78], 
Nb[78-84], Cr[85,86], Mo[87,88], Ta[89,90], V[91], and more. In general, similar electron donations from the substrate to 
metals and induced SMSI effect between them can be observed in various doping systems. Synoptically, a 
screening strategy was proposed by Tsai et al. to quickly find out potential supports and dopants (Ti1-xMxOy 
supports, where M = Nb, W, Mo, Ru, etc.) in which based on a method of high-throughput DFT 
calculations[92]. To predict properties by M dopants, a systematic guide map has been produced for TiMO2 
substrate that contains data of metal-induced electronic states (MIES, as shown in Figure 6A), the formation 
energy of oxygen vacancies (EOvac), the adsorption energy of single Pt atoms (E1Pt), and charge states of 
deposited Pt (ΔδPt).

Another effective strategy to enhance ORR performance is to construct nanostructured TiO2 support, such 
as microspheres, nanofibers, nanotubes, nanosheet assembly, and nanorods. For example, 
Murphin Kumar et al. presented a Pt NPs decorated one-dimensional (1D) TiO2 nanorod (Pt/TiO2 NRs) 
with remarkably enhanced electronic conductivity and excellent strong coupling of Pt NPs with the TiO2 
NRs support compared to the Pt/TiO2(Comm) catalyst (as shown in Figure 6B)[93]. The results verified that 
the as-prepared Pt/TiO2 NRs composite nanostructures exhibited excellent ORR performance and stability, 
which are mainly attributed to the unique 1D morphology of the TiO2 NRs providing a greater surface area 
and the SMSI effect enhancing electron transfer rate at their functional interface.

Cerium oxides (CeO2)
Recently, CeO2 has attracted plenty of attention as ORR catalytic support because of its lower price and 
corrosion resistance in acidic media. What is more, CeO2 support could switch between Ce3+ and Ce4+ 
oxidation states due to its abundant oxygen vacancies, which is beneficial to the storage and release of lattice 
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Figure 6. (A) A guide map containing four descriptors, MIES, EOvas, E 1Pt, and ΔδPt of TiMO2 as the support for Pt catalysts in fuel cells. 
Reproduced with the permission of Ref.[92] Copyright 2017, Royal Social of Chemistry. (B) Schematic illustrations of the synthesis of 
Pt/TiO2 NRs catalyst. Reproduced with the permission of Ref.[93] Copyright 2018, Royal Social of Chemistry. (C) Schematic illustrations 
of the synthesis of Pt/CeO2/CNT junction interface catalyst. Reproduced with the permission of Ref.[95] Copyright 2020, Elsevier. (D) 
The mass activity (at 0.9V vs. RHE) and half-wave potential of commercial Pt/C, Pt/NC, and Pt/xCeO2/NC, (E) LSV curves of 
Pt/0.3CeO2/NC and commercial Pt/C before and after 10,000 cycles. Reproduced with the permission of Ref.[99] Copyright 2022, Royal 
Social of Chemistry. (F) Schematic illustrations of the synthesis of Pt/white WO3-x NF and Pt/black WO3-x NF catalysts, (G) Binding 
energies of Pt NPs of different sizes supported on WO3-x NFs. Reproduced with the permission of Ref.[100] Copyright 2021, John Wiley 
and Sons.

oxygen, delivering active oxygen species via a spillover process[94]. When the active oxygen species migrate 
to the surface of Pt NPs, the Pt-CeO2 interfaces will form and accelerate the ORR kinetics. Meanwhile, the 
oxidation state of Ce3+ can also stabilize the Pt NPs and enhance the durability of Pt/CeO2 catalysts. Most 
importantly, the SMSI effect between Pt NPs and CeO2 support can facilitate the dispersion of Pt NPs and 
prevent its detachment and aggregation during long-term potential cycling. However, the inferior electronic 
conductivity of CeO2 has been an obstacle to the widespread use of Pt/CeO2 catalysts in ORR. Similar to 
TiO2, the introduction of carbon into Pt/CeO2 materials to construct Pt/CeO2/C triple junction interface 
catalysts has been reported to raise the electronic conductivity without affecting the SMSI between Pt-CeO2 
interface (as shown in Figure 6C)[95-97]. With the unique ternary nanostructure, abundant oxygen vacancies, 
and SMSI effect advantages, the Pt/CeO2/C catalysts exhibit higher ORR performance and durability than 
commercial Pt/C[98]. Lu et al. reported that CeO2/N-C synthesized through a polyol method with an 
extremely low Pt content (5%) catalyst (Pt/CeO2/N-C) possessed a higher mass activity of 593.6 mA mgpt

-1 
when compared with the commercial Pt/C (97.0 mA mgpt

-1) (as shown in Figure 6D)[99]. Meanwhile, the E1/2 
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of Pt/CeO2/N-C only negatively shifted by 5 mV after a durability test for 10,000 cycles, while it is 43 mV for 
Pt/C (as shown in Figure 6E). The enhanced ORR activity and durability of Pt/CeO2/N-C can be attributed 
to the abundance of oxygen vacancies present on the CeO2 surface, leading to a strong interaction between 
the Pt-CeO2 interface.

Tungsten oxides (WO3)
Tungsten oxide is another metal oxide with superior inherent properties and durability in acidic media. 
Tungsten trioxide (WO3), as the most stable oxidation state, has been proposed as a promising support for 
Pt-based electrocatalysts in the ORR due to its series of advantages, which include: (1) the W possesses 
strong electronegativity, which can modify the electronic structure of Pt and tune the Pt-Pt distance, thereby 
facilitating the ORR kinetic; (2) WO3 can introduce hydrogen spillover effect on Pt via the formation of 
hydrogen tungsten bronze (HxWO3), which speeds up the protonation of the O2 molecule and the rate of 
oxygen reduction on Pt NPs; (3) the unusual structural defects and unique surface features of WO3 can 
promote the high dispersion of the Pt NPs and narrow size distribution; (4) the synergistic effect and SMSI 
effect between Pt and WO3 enable Pt/WO3 catalyst to achieve higher ORR activity and stability. Kim et al. 
synthesized a Pt/black WO3-x nanofiber (NF) catalyst with controlled oxygen deficiency and high electrical 
conductivity (as shown in Figure 6F)[100]. Their investigations revealed that the as-prepared Pt/black WO3-x 
NFs exhibited better ORR activity and durability in acidic media as compared to Pt/white WO3-x NFs and 
Pt/C catalysts. Combined with DFT calculations suggested that the high ORR performance was attributed to 
plentiful ORR active sites facilitated by numerous oxygen vacancies on the black WO3-x surface and the 
excellent surface charge properties of the Pt NPs, and the enhanced stability is attributed to the SMSI effect 
between Pt and oxygen-deficient WO3-x (as shown in Figure 6G). In addition, Pt/WO3-C system catalysts 
have been reported to have high ORR activity and stability because of the combination of the excellent 
electrical conductivity of carbon nanomaterials and the strong interaction at the Pt-W interface[101,102]. 
Interestingly, besides as a support for Pt NPs or a modified part of the carbon substrate, the WO3 has also 
been applied to modify the catalyst surface. For example, Mo et al. prepared a WOx-surface modified PtNi 
alloy nanowires (WOx-PtNi NWs) catalyst with a high aspect ratio by a one-step solvothermal method, 
which showed a superior mass activity of 0.85 A mgpt

-1 at 0.9V than PtNi NWs (0.33 A mgpt
-1) and Pt/C 

(0.14 A mgpt
-1)[103]. Meanwhile, the mass activity of WOx-PtNi NWs only dropped 23.89% after the 30 k 

cycles durability test, whereas it is 45.94% and 57.9% for PtNi NWs and Pt/C, respectively[104].

Besides TiO2, CeO2, and WO3, other reducible oxide supports, such as NbO2
[67] and Ta2O5

[105,106], have also 
been demonstrated to be capable of enhancing the ORR performance through the SMSI effect with Pt NPs. 
Some newly published literature for Pt/TMO catalysts with the performance of ORR is given in Table 2. 
However, in a three-electrode system, a high-speed rotating disc electrode can eliminate the influence of 
mass transfer and conductivity on the performance of oxide-supported Pt-based catalysts due to the limited 
conductivity and low specific surface area of oxide supports, however, in practical applications, thicker 
catalyst layers will require higher mass transfer and conduction capabilities of the catalyst. As a result, there 
are few reports of Pt-based catalysts supported by oxide carriers for hydrogen fuel cells or metal-air 
batteries.

Nitrides-based materials
TMNs, especially titanium nitride (TiN), niobium nitride (NbN), etc., are used as electrocatalysts because of 
their excellent electronic conductivity, electrochemical and thermal stability, and corrosion resistance 
compared with TMOs. In addition, TMNs inherit the characteristics of TMOs in terms of wide source and 
low price since their synthesis is mainly using TMOs as precursors and roasted under ammonia 
atmosphere. The excellent corrosion resistance and SMSI facilitate the high catalytic stability and a 
prolonged lifetime of TMNs-supported catalysts. More importantly, the high electronic conductivity of 
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Table 2. ORR performance and stability of Oxide-based supported Pt catalysts

Catalyst Pt (wt.%) Size of Pt (nm) Support electrical conductivity 
(S cm-1)

ECSA 
(m2g-1

pt)
Mass activity 
(A mgpt

-1)
Specific activity 
(mA cmpt

-2) Stability Ref.

TiO2-based catalysts

Pt/TiO2 12 30 / 7.23 0.083 1.134 5.9% loss of ECSA after 5,000 cycles [68]

Pd/TiO2/C / 7.8 / 54.2 2.6 4.8 13% mass activity loss after 10,000 cycles [69]

PtAu/TiO2 NWs / 3.62 / 85.8 0.381 0.441 20% loss of ECSA after 5,000 cycles [70]

Pt/TiO2-C 3.5 3.5 / 82 0.205 / 0.8% loss of ECSA after 10,000 cycles [72]

Pt/TiO2/C 4.4 2.3 / 50.2 0.442 0.881 2.3% loss of ECSA after 10,000 cycles [73]

Pt/TiWNxOy 20 9 2.3 / 0.1 / 22.9% mass activity loss after 5,000 cycles [78]

Pt/TiNbO2 NTs 6 4 / 110.3 0.314 / 19% loss of ECSA after 2,000 cycles [84]

Pt/TiCrO2 / 3-5 / 18 / 0.46 / [86]

Pt/TiMoO2 20 3-4 2.8 × 10-4 72.5 / / 8% loss of ECSA after 5,000 cycles [87]

Pt/TiTaO2 20 0.2 0.06 / 35% loss of ECSA after 10,000 cycles [89]

Pt/TiVO2 6 2.0 / 115.4 0.356 / 24% mass activity loss after 4,000 cycles [91]

Pt/TiO2-x NSs / 3 2.66 × 10-3 65 0.006 13.27 32% loss of ECSA after 10,000 cycles [93]

CeO2-based catalysts

Pt/CeO2/CNT 10 2.5/3.7 74.1 ~0.38 / 13.4% mass activity loss after 5,000 cycles [95]

Pt/CeO2/C / 2-3 / 50.1 0.05 / 80% loss of ECSA after 10,000 cycles [97]

Pt/CeO2N-C 5.6 5.7 / / 0.238 5.88 / [98]

Pt/CeO2-NC 5 2.3 / / 0.6 6.72 5 mV E1/2 loss after 10,000 cycles [99]

WO3-based catalysts

Pt/black WO3-x / 5 / / / / 13% loss of ECSA after 5,000 cycles [100]

Pt/WO3 20 2-3 7.8  ×10-3 75 0.325 0.769 5.5% loss of ECSA after 5,000 cycles [101]

WOx-(0.25)-PtNi NWs/C / 2-3 / 77.5 0.45 0.58 15.72% loss of ECSA after 30,000 cycles [103]

Other oxygen-based catalysts

Pt/NbO2/C / 5.3 / 66 0.56 0.85 15% loss of ECSA after 5,000 cycles [67]

Pt/N-ALDTa2O5/C / 3.3 85.7 70.3 0.28 / 14.9% mass activity loss after 10,000 cycles [105]

Pt-Ta2O5/CNT 9.06 3 5.8 × 10-5 78.4 0.23 0.293 3.5% loss of ECSA after 10,000 cycles [106]

TMNs eliminates the disadvantage of the inherent poor conductivity in TMOs-supported catalysts. Furthermore, recent studies have demonstrated the TMN 
itself possesses considerable ORR catalytic activity under acidic conditions. Therefore, TMNs-supported Pt-based catalysts display not only excellent ORR 
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activity and stability but also hold significant potential for use in fuel cell and metal-air battery devices.

Titanium nitride (TiN)
TiN as a high conducting material (119 Scm-1 as opposed to 5 Scm-1 for carbon black) has been recently 
reported as a promising alternative candidate to the carbon-based support for Pt NPs due to its good 
thermal stability, high corrosion- and structure-resistance, and electrochemically stable in fuel cell operating 
conditions[107]. Also, the SMSI effect between TiN support and Pt NPs has been confirmed to be capable of 
supplying a strong adhesion to Pt NPs and accelerating electron transfer. Since Ni doping may boost the 
ability of Ti atoms to transfer electrons to the adsorbed oxygen molecules and simultaneously reduce the 
Ti-O strength to an appropriate level, thereby resulting in high ORR activity[33,108]. As an example, a marriage 
of the high activity of the Pt shell and the low cost and superb stability of core TiN NPs was obtained by 
Tian et al. via depositing several atomic layers of thick Pt shell on a binary titanium nickel nitride 
nanocrystal (as shown in Figure 7A)[109]. The TiNiN@Pt catalyst exhibited extremely high activity and 
excellent durability for the ORR in the acidic solution owing to the synergetic effects of SMSI between the 
ultrathin Pt skin and the ultrastable TiNiN support. However, a series of inter-particle grain boundaries 
may act as electron reservoirs and traps during the electron transfer between TiN support and Pt NPs, 
resulting in the size of TiN particles decreasing and thereby losing their intrinsic high electrical 
conductivity. To solve this problem, Shin et al. designed a grain-boundary-free scaffold-like porous TiN 
nanotube (NT) with high electrical conductivity (ca. 30-fold higher than TiN NPs) as a support for Pt NPs 
(as shown in Figure 7B)[110]. The result showed that the Pt/TiN NT exhibited a higher ORR activity and 
stability compared with Pt/TiN NPs catalyst because of the unique hollow and porous, scaffold-like, 
cylindrical structure of TiN NT, which allows for facilitated carrier diffusion in TiN materials, resulting in 
improved electrical conduction. To date, a series of TiN modifications through nanostructure formation of 
nanotubes[111-115], nanoflakes[116,117], nanorods[118], nanosphere[119] (as shown in Figure 7C-F, respectively.) and 
through doping by Nb[120], Mo[121], Cu[122], Co[113,118], Cr[114,123], and Ni[124] were reported to modify the metal-
support interface structure, modulate the activation energy of molecular adsorption, and enhance interfacial 
electron transfer and mass transfer, thereby improving the ORR activity and stability of catalysts.

Vanadium nitride (VN)
Vanadium nitride (VN), a kind of transition metal nitride, has received much attention in the field of 
supercapacitors and lithium-ion batteries but less attention in ORR since most of the synthesis methods of 
VN involve high-temperature calcination, which inevitably leads to agglomeration of particles, resulting in 
lower specific areas. Therefore, it is necessary to seek a breakthrough from the synthesis of VN materials to 
achieve the expected level of ORR activity of catalysts for Pt/VN systems. Yin et al. successfully synthesized 
a VN/graphitic carbon (GC) nanocomposite for the first time, which acts as an enhanced support of Pt NPs 
toward ORR[125]. After loading 10% Pt NPs, the resulting Pt-VN/GC catalyst demonstrates higher ORR 
activity than 20% Pt/C. More importantly, the electrochemically active surface area (ECSA) of 10% Pt-VN/
GC catalyst maintains 99% after 2,000 cycles, whereas Pt/C is just 75%. The excellent stability is attributed to 
the synergistic and SMSI effects between VN and Pt and the stability of the GC. Recently, a high electrical 
conductivity VN NFs support Pt NPs catalyst (Pt/VN) was prepared by Kim et al. (as shown in 
Figure 7G)[126]. The Pt/VN catalysts exhibited higher ORR activity and durability in acid electrolytes 
compared to Pt/C. DFT calculations provided further evidence of the SMSI effect between Pt and VN, 
which contributed to the excellent stability of the catalyst (as shown in Figure 7H).

Chromium nitride (CrN)
Chromium nitride (CrN) is also a viable support material and possesses several desirable properties, 
including high electrical conductivity, outstanding thermal and electrochemical stability, exceptional 
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Figure 7. (A) Schematic illustrations of the synthesis of TiNiN@Pt catalyst. Reproduced with the permission of Ref.[109] Copyright 2016, 
American Chemical Society. (B) Schematic illustrations of Pt/spherical TiN NPs and Pt/scaffold-like TiN NTs catalysts, Reproduced 
with the permission of Ref.[110] Copyright 2016, American Chemical Society. SEM images of (C) Ti0.9Ni0.1N nanotubes. Reproduced with 
the permission of Ref.[124]. Copyright 2018, Royal Social of Chemistry, (D) Ti0.9Cu0.1N nanoflakes. Reproduced with the permission of 
Ref.[116] Copyright 2018, Elsevier, (E) TiN nanorods. Reproduced with the permission of Ref.[110]. Copyright 2016, American Chemical 
Society, (F) TiN nanosphere. Reproduced with the permission of Ref.[119] Copyright 2022, Elsevier. (G) Schematic illustrations of the 
synthesis of Pt/VN catalyst. (H) (i) Adsorption sites of Pt1 or Pt6 on the VN surface (ii and iii) top view and side view of the Pt6-VN 
system, respectively. Reproduced with the permission of Ref.[126] Copyright 2017, Elsevier. (I) Schematic illustrations of the synthesis of 
2D layered mesoporous Pt/TMNs/G catalysts. Reproduced with the permission of Ref.[130]. Copyright 2016, American Chemical 
Society.

hardness and corrosion resistance, and good catalyst-support interaction[127]. Yang et al. reported 
mesoporous CrN-supported Pt NPs (Pt/CrN) catalysts and found that, as compared with the commercial 
Pt/C catalysts, the obtained Pt/CrN catalysts exhibited both higher ORR activity and stability due to the 
smaller pore size and higher surface area of the CrN support and the SMSI effect between Pt and CrN[128,129]. 
Subsequently, Liu et al. constructed a series of 2D layered mesoporous TMNs/graphene including mono-
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TiN/G, CrN/G, WN/G, MoN/G, and binary-TiCrN/G, TiWN/G and TiMoN/G nanocomposites with a 
large surface, high porosity, and excellent electrical conductivity (as shown in Figure 7I)[130]. After loading 
Pt NPs, the binary Pt/Ti0.5Cr0.5N/G catalysts exhibit the best ORR activity and stability due to the enhanced 
exposure of active sites, the large accessible active sites, and the improved specific surface area and porosity, 
resulting in strengthened electron transfer between Pt, Ti0.5Cr0.5N, and graphene.

From the above results, it is clear that the use of TMNs as support is an effective method to enhance the 
ORR activity and stability of Pt-based catalysts. Firstly, the overall structural stability of the catalyst can be 
enhanced by the SMSI between TMN and Pt. In addition, the inherent ORR performance and excellent 
electrical conductivity of TMNs can further promote the catalytic activity in TMNs-supported Pt catalyst 
systems. Moreover, the ORR catalytic activity can be further enhanced by doping TMN supports with other 
elements due to the modulated structure and composition of the supported Pt nanomaterials. The detailed 
ORR performance of Pt/TMN catalysts is presented in Table 3.

Carbides-based materials
Apart from TMO and TMN, TMC also possesses the potential as the ORR catalyst support because of their 
chemical stability and high electrical conductivity. First, the similar electronic structure and catalytic 
properties of TMC and Pt-group metals can reduce the overall loading of precious metals. Second, Pt-based 
metals tend to bind firmly to metal-terminated TMC surfaces and facilitate the electron transfer with its 
support to improve ORR stability and intrinsic activity[131-133].

Titanium carbide (TiC)
Titanium carbide (TiC) possesses similar structural and physicochemical properties as TiN. This results in a 
strong interaction between the TiC support and the Pt nanoclusters, which leads to an increase in the 
adsorption strength of the oxygen molecules on the Pt surface and improves the ORR activity of the Pt/TiC 
catalyst. According to the DFT calculations, the TiC support can strongly anchor Pt NPs and prevent their 
exfoliation or agglomeration due to the formation of Pt-C-Ti bonds (as shown in Figure 8A)[134]. Moreover, 
Pt-C-Ti bonds were also demonstrated to possess stronger electronic interaction as compared to Pt-N-Ti 
and Pt-O-Ti bonds, which leads to higher accessibility of active Pt sites in Pt/TiC and presents a better ORR 
activity and stability than Pt/TiN and Pt/TiO2 catalysts[71]. Lee et al. synthesized a high conductive two-
dimensional Ti3C2 (MXene)-supported Pt NPs catalyst (Pt/Ti3C2) and precisely tuned the number of layered 
Ti3C2 to provide more electron transfer for Pt NPs[135]. DFT calculation showed that electron-rich Pt had 
fewer d-band vacancies, weakening the binding of oxygen species to the Pt surface and increasing the rate of 
*OH desorption. Furthermore, the electron transfer between Pt and Ti3C2 triggers the SMSI effect, inducing 
encapsulation phenomena of metal support and ensuring the stability of the Pt/Ti3C2 catalysts. 
Subsequently, Xie et al. presented a Pt/ Ti3C2X2 (X = OH, F) catalyst and found that the -OH and -F groups 
can also prevent Pt NPs from agglomeration, Ostwald ripening, and dissolution, as does SMSI effect[136]. 
Nevertheless, the TiC substrate is not electrochemically stable and will undergo irreversible electrochemical 
oxidation. To solve this problem, a Pt3Pd/TiC@TiO2 core-shell composite catalyst has been reported to 
possess better ORR stability than that of Pt/TiC and Pt3Pd/TiC catalysts by Ignaszak et al. due to the TiO2 
shell can act as a protective layer over the TiC core[137]. Besides the core-shell protection strategies, 
electrochemical modification is another effective method to obtain oxygen-rich species on catalyst surfaces. 
A surface aluminum-leached Ti3AlC2-supported Pt NPs catalyst (Pt/e-TAC) with much-improved ORR 
activity and stability compared to Pt/C has been synthesized by Xie et al. (as shown in Figure 8B)[138]. DFT 
calculations indicated that the enhancement mechanism of Pt/e-TAC is attributed to the stronger 
interaction that exists between Pt13 clusters and Ti3C2 with respect to C. The partial density of states (PDOS) 
confirmed that the SMSI effect between Pt and Ti3C2 results in a considerable overlap between the Pt-d and 
Ti-d states near the Fermi energy level.
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Table 3. ORR performance and stability of Nitrides-based Pt catalysts

Catalyst Pt (wt.%) Size of Pt (nm) Support electrical conductivity 
(S cm-1)

ECSA 
(m2g-1

pt)
Mass activity 
(A mgpt

-1)
Specific activity 
(mA cmpt

-2) Stability Ref

TiN-based catalysts

TiNiN@Pt 4.98 2-3 / 97 0.83 0.49 21% loss of ECSA after 10,000 cycles [109]

Pt/TiN NTs 20 3.65 118 61.3 0.21 3.37 No degradation ECSA after 10,000 cycles [110]

Pt/TiN NTs 20 3.75 85 45.8 0.4 0.87 23% loss of ECSA after 12,000 cycles [111]

Pt/Ti0.95Co0.05N 20 3.34 / 51.5 0.84 / 14% loss of ECSA after 10,000 cycles [113]

Pt3Cu/TiN NTs 20 28 184 45.7 2.43 5.32 16.1% mass activity loss after 10,000 cycles [115]

Pt/Ti0.9Cu0.1N NFs 20 2.3 / 57.5 1.56 2.64 13% loss of ECSA after 10,000 cycles [116]

Pt/TiN NPs 20 3.0 679 / 0.65 1.06 12% loss of ECSA after 15,000 cycles [117]

TiN@Pt 12 2-3 / 66 0.44 0.33 10% loss of ECSA after 3,000 cycles [119]

Pt/Ti0.8Mo0.2N 20 3.4 / 54.9 0.62 1.07 47% loss of ECSA after 9,000 cycles [121]

Fe3Pt/Ti0.5Cr0.5N 10.5 1-2 / 52.8 0.68 1.28 21.8% mass activity loss after 5,000 cycles [123]

Pt/Ti0.9Ni0.1N NTs 20 3.1 / 59.7 0.78 1.3 9% mass activity loss after 15,000 cycles [124]

VN-based catalysts

Pt-VN/GC 10 3.8 / 12.6 0.137 / 1% loss of ECSA after 2,000 cycles [125]

Pt/VN 15 2-8 / / / / / [126]

CrN-based catalysts

Pt/Ti0.95Cr0.05N NTs 20 3.0 / 52 0.62 / 29% loss of ECSA after 1,800 cycles [114]

Pt/CrN 20 3.9 69 75.3 0.009 0.012 30% mass activity loss after 10,000 cycles [128]

Pt/Ti0.5Cr0.5N2/G 15.6 4 / 76.2 0.79 1.04 9.3% loss in the acidic medium after 1,800 cycles [130]

Molybdenum carbide (Mo2C)
Molybdenum carbide (Mo2C) is another carbide material that has received a lot of interest as a support for Pt-based catalysts[139-142]. Elbaz et al. synthesized a 
Pt/Mo2C catalyst with unique platinum rafts consisting of 6 atoms or less on the Mo2C surface, which showed a higher mass activity of 0.29 A mgpt

-1 at 0.9 V 
than Pt/XC-72 (0.19 A mgpt

-1). Meanwhile, the Pt/Mo2C lost only 10% of its initial ECSA, whereas the Pt/XC-72 lost approximately 80% after 5,000 cycles of 
accelerated durability testing[143]. Subsequently, they investigated the formation of Pt nanorafts and its ORR catalytic activity on Mo2C using first-principles 
calculations and found that the O-O repulsion between the O atoms on the Mo2C and the O adsorbate enhances the ORR activity by weakening the O 
adsorption energy. Moreover, the SMSI effect and strong binding energy between Pt and Mo2C are prone to show better electrocatalytic activity towards ORR 
when compared to Pt/XC-72 (as shown in Figure 8C)[144]. More recently, Mo2C has been demonstrated as a promising support material for anchored Pt single 
atoms, as the Mo atoms can provide SMSI with Pt species. Significantly, it is able to anchor Pt single atoms over a broad range of concentrations, thereby 
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Figure 8. (A) Stable structure models of Pt13 clusters on (i) TiN, (ii) TiC, and (iii) graphene. Reproduced with the permission of Ref.[134] 
Copyright 2019, Elsevier. (B) Schematic of Pt/e-TAC catalyst formation. Reproduced with the permission of Ref.[138]. Copyright 2014, 
Royal Society of Chemistry. (C) Binding energies of Pt atoms on the ordered Mo2C surface and the formation of Pt nanorafts on the 
Mo2C surface (i) to (iv) Pt deposited growing in a channel, (v) to (viii) Pt atoms deposited outside the channel with an increase in 
Pt-loading. Purple, blue, and yellow spheres represent C, Mo, and Pt atoms, respectively. Reproduced with the permission of Ref.[144] 
Copyright 2018, American Chemical Society. (D) Free energy diagrams of ORR on Pt@Mo2C(100)_O* and Pt(111). Reproduced with the 
permission of Ref.[148]. Copyright 2021, American Chemical Society. (E) Schematic diagram, phase characterization, and performance. 
(i) Schematic illustrations of the synthesis of various Pt/Mo2C samples, (ii) XRD patterns of various Pt/Mo2C samples, (iii) Fitted 
EXAFS results of Ptquasi/Mo2C, without and with Pt-Pt coordination, (iv) Structural models of the cases for quasi-paired Pt single atoms 
and completely paired Pt atoms, (v) Stability of Ptquasi/Mo2C determined by chronoamperometry test conducted at a potential of 
0.85 V. Reproduced with the permission of Ref.[149] Copyright 2021, John Wiley and Sons.

allowing the modeling of potential synergistic interactions among the densely populated Pt single atoms 
without affecting the dispersion and durability[145-147]. Huang et al. successfully dispersed a series of TM 
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atoms, including Pt, Pd, Ir, etc. atoms, over Mo2C by bonding with its surface Mo atoms to obtain 
thermodynamically stable single-atom catalysts (SACs) and investigated their corresponding ORR activity 
and selectivity based on DFT calculations[148]. It is found that only Pt@Mo2C exhibits extraordinary 4e- ORR 
activity with an overpotential of only 0.33 V, exceeding the state-of-the-art Pt (111) catalyst (as shown in 
Figure 8D). Zhang et al. reported a β-Mo2C support quasi-paired Pt single atoms catalyst (Ptquasi/Mo2C), that 
is, two closely neighboring and yet non-contiguous Pt sites exhibit synergistic interactions while remaining 
“single” (as shown in Figure 8E (i))[149]. Similar to the isolated Pt single atoms, there is no crystalline Pt phase 
in the X-ray diffraction (XRD) pattern, and no Pt-Pt bond is present (as shown in Figure 8E (ii-iv)). The 
Ptquasi/Mo2C catalyst showed higher stability as compared to Pt/C, with a current density retention of more 
than 85% after 20,000s (as shown in Figure 8E (v)), which was attributed to the synergistic interaction from 
the two quasi-paired Pt atom sites in modulating the binding mode of reaction intermediates as well as the 
SMSI between Pt and Mo2C. Nowadays, Mo2C-supported Pt single-atom catalysts are at the forefront of 
research and promising for practical applications in PEMFCs.

Besides TiC and Mo2C, a series of carbides (TaC[150], WC[151,152], NbC[153,154], ZrC[13,155], etc.)-supported Pt-based 
catalysts have also been reported to exhibit excellent ORR performance due to SMSI effect. Some recently 
published literature on the ORR performance of Pt/TMCs is summarized in Table 4. In addition, similar to 
TMNs, it is possible that these carbides may act as catalytic centers themselves. This outcome would be 
desirable because the parent metals of most TMC are orders of magnitude more abundant in the earth’s 
crust and less expensive than Pt-based metals[156]. However, the carbide particle structure itself and the 
surface area make the system even more complex. In addition, the nucleation and growth mechanism of 
catalyst particles on the carbide surfaces is not fully understood at present, and the effects of surface 
functional groups, surface defects, and relative catalyst particle distribution still need further investigation. 
Moreover, carbon corrosion has been a drawback for the commercial application of Pt-based catalysts 
supported by TMCs. Future work should pay more attention to the durability of the TMCs-supported 
catalysts, especially in a realistic PEMFC cathode environment under working conditions, and elucidate the 
corrosion mechanisms and durability behavior.

Other non-carbon supporting materials
Transition metal sulfide
Presently, 2D layered transition metal chalcogenides (TMS), especially MoS2, have been used as potential 
supports for Pt-based catalysts because of their unique layer structures, abundant defects, and edge 
locations[157,158]. Bothra et al. have systematically explored the ORR activity of different size (Pt)n clusters 
(n = 1-12) supported MoS2 by first-principles density functional theory. This scaling relationship gives rise 
to a model volcano curve (as shown in Figure 9A), indicating that Pt7/MoS2 is the best electrocatalyst for 
ORR with a minimum overpotential value of 0.33 V, which is highly dependent on the binding strength of 
the oxygenated species and can be correlated with electron transfer between Pt and MoS2

[159]. Therefore, the 
restacking behavior of the MoS2 layer reduces the anchoring sites for Pt deposition and does not provide 
high catalytic activity for PEMFC applications. To solve this issue, Anwar et al. introduced MoS2 into a 
graphene with a mesh shape and electronic conductivity to prepare a hybrid support material (MoS2-rGO) 
for a Pt-based catalyst. The results show that the abundantly exposed edges of the MoS2 NPs constitute a 
homogeneous dispersion of Pt NPs, the mesh structure of graphene prevents the leaching of the Pt NPs, and 
the outstanding electronic conductivity of the r-GO cooperatively leads to the higher electrochemical 
performance[160]. Subsequently, a flowerlike MoS2/N-doped reduced graphene oxide supported ultrafine Pt 
NPs catalyst (Pt@MoS2/NrGO) was successfully synthesized by Logeshwaran et al.[158]. The purpose of 
incorporating N atoms into r-GO is to enhance its conductivity and catalytic activity owing to the high-
electron transport kinetics and the capability to inhibit Pt NPs from agglomerating on the support. 



Page 21 of Chen et al. Microstructures 2023;3:2023025 https://dx.doi.org/10.20517/microstructures.2023.12 31

Table 4. ORR performance and stability of Carbide-based Pt catalysts

Catalyst Pt (wt.%) Size of Pt (nm) Support electrical conductivity 
(S cm-1)

ECSA 
(m2g-1

pt)
Mass activity 
(A mgpt

-1)
Specific activity 
(mA cmpt

-2) Stability Ref

TiC-based catalysts

Pt/Ti3C2X2 20 3-7 1.2 × 10-5 54.88 / / 15.66% loss of ECSA after 10,000 cycles [136]

Pt3Pd-TiC-TiO2 / 3.15 0.12 37.6 0.33 0.883 20% loss of ECSA after 2,000 cycles [137]

Pt/Ti3AlC2 14.8 2 4.3 × 10-2 44.81 0.18 0.399 No degradation ECSA after 1,500 cycles [138]

M2C-based catalysts

Pt-Mo2C/CNTs 16 3-6 / / / / / [139]

Pt/Mo2C-F / 3.25 / 58.5 0.149 0.024 35% loss of ECSA after 5,000 cycles [142]

Pt/M2C 5 1 / / 0.29 / 10% loss of ECSA after 5,000 cycles [143]

Ptquasi/Mo2C 2.36 / / / 0.224 / over 85% retention of current density after 20,000 s [149]

Other carbide-based catalysts

ALD-Pt-ZrC 19 2-4 / / 0.12 0.23 17% loss of ECSA after 4,000 cycles [13]

Pt-Ta2O5-TaC 4.95 2.4 / 70 0.297 0.424 5.7% loss of ECSA after 10,000 cycles [150]

Pt-Ni/WC 9.425 4 / 178.4 2.198 1.232 9.19% loss of ECSA after 3,000 cycles [152]

Pt/NbC/C 30 3.1 10 52 0.087 / 31% loss of ECSA after 10,000 cycles [153]

Moreover, the attachment of MoS2 between NrGO and Pt NPs also generates a synergistic effect and SMSI effect, resulting in Pt@MoS2/NrGO catalysts 
exhibiting superior ORR activity and stability, with a half-wave potential at 0.895 V and only 1.7% loss after 30 k ADT in 0.1 M HClO4 solution, which is 
greater than that of commercial Pt/C by a factor of 0.876 V and 3% loss, respectively. Currently, Pt-based/TMS catalysts are extensively employed in hydrogen 
evolution reaction (HER), while the catalyst activity in oxygen evolution reaction (OER) and ORR has been limited, mainly because the TMS supports offer 
poor reactivity, slow electronic conductivity, and fast reunion rate of electrons and holes[161].

Transition metal phosphide and boride
Transition metal phosphide and boride (TMP and TMB) themselves as excellent catalysts have been investigated extensively for HER, OER, and ORR. 
However, there is still a lack of relevant work and understanding to design the TMP- and TMB-supported Pt-based catalyst[162,163]. Zirconium phosphates 
(ZrP)-supported Pt NPs catalysts have recently been reported that ORR benefited from the phosphate groups in ZrP has acidic functionality, and thus the close 
contact with Pt NPs can facilitate the active interface (as shown in Figure 9B). The Pt/ZrP catalyst shows strong evidence of charge transfer from the ZrP 
support to Pt NPs, contributing to SMSI effect, and in turn directly affecting the adsorption strength of the oxygen and oxygen intermediates[164]. Titanium 
diboride (TiB2), as an electrically conducting ceramic material, is a promising support medium for PEMFC catalysts thanks to their low resistance and 
considerable chemical stability. In previous work, Yin et al. successfully prepared Pt/TiB2 catalyst via a colloidal route and revealed that the durability of 
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Figure 9. (A) Thermodynamic volcano relation for ORR activity as a function of Gibbs adsorption energy of *OH. Reproduced with the 
permission of Ref.[159] Copyright 2016, Royal Society of Chemistry. (B) Schematic illustrations of the synthesis of the Pt/ZrP catalysts. 
Reproduced with the permission of Ref.[164] Copyright 2023 John Wiley and Sons. (C) Schematic diagram of Pt NPs anchored on Ti3C2Tx 
layer Reproduced with the permission of Ref.[168] Copyright 2020, Elsevier. (D) The radar chart of the performance of TMO, TMN, and 
TMC supports.

Pt/TiB2 was approximately four times better than that of the commercial Pt/C catalyst[165]. However, the 
large particle size (1~8 μm) and the low BET surface area of the raw TiB2 support severely hinder the 
deposition of Pt NPs. Subsequently, they employed perfluorosulphonic acid as both a proton-conducting 
polymer and a stabilizer to strengthen the SMSI between the Pt NPs and the TiB2 support, enabling the Pt 
NPs to be strongly anchored and effectively dispersed on the inert ceramic support[166]. In the other 
proposal, Huang et al. made defects on the surface of TiB2 support by H2O2 etching to create abundant 
active sites or functional groups to help the deposition of Pt[167]. The results showed that the mass activity of 
Pt/H2O2-TiB2 was 80.3 mA mg-1, which was significantly higher than that of Pt/TiB2 at 2.9 mA mg-1.

Although TMP- and TMB-supported Pt-based catalysts have been demonstrated as promising ORR 
catalysts, their characteristics of limited conductivity and easy agglomeration cause them to still have a long 
way for practical application. Therefore, anchoring them to a conducting substrate may be an effective 
strategy to overcome these shortcomings in the future.

MXenes
MXenes are novel two-dimensional (2D) graphene-like transition metal carbides and/or nitrides that have 
been developed as competitive candidates for electrocatalyst support for PEMFC applications due to their 
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unique layer structures, excellent electronic properties (approximately 15,100 S/cm), and high corrosion 
resistance, which facilitate various electrochemical reactions[168-170]. Among the MXene families, Ti3C2Tx 
support is the most commonly used and expected to supply a strong adhesion for Pt NPs, benefiting from 
their same elemental composition as TiC[171]. Zhang et al. reported the presence of abundant -OH and -F 
surface termination groups on Ti3C2Tx, which makes it easier to create Pt deposition sites (as shown in 
Figure 9C). Thanks to the SMSI effect between Pt NPs and Ti3C2Tx nanosheets, the migration and 
agglomeration of Pt NPs is effectively prevented, leading to Pt/Ti3C2Tx catalysts that exhibit superior ORR 
activity and stability over commercial Pt/C in both acidic and alkaline environments[168]. However, the 
charge-transfer performance of the Ti3C2Tx surface with the functional groups may be limited by the 
inherent restacking phenomenon of 2D materials. Hybridization of Ti3C2Tx with carbon nanotube (CNT) is 
an effective strategy to prevent the agglomeration of the Ti3C2Tx support caused by strong van der Waals 
forces and enhance electron transport between Pt-Ti3C2Tx-C. Xu et al. demonstrated that the hybridized 
Pt/CNT-Ti3C2Tx shows excellent ORR activity (the mass activity is 3.4-fold over Pt/C) and durability (a 
great ECSA retention of 94% with respect to that in Pt/C of 73% after 2,000 cycles accelerated stress test 
(AST))[172]. Furthermore, the Pt/CNT-Ti3C2Tx exhibited the peak power density (181 mW cm-2) in the single-
cell MEA test compared to Pt/CNT, Pt/Ti3C2Tx, and Pt/C, attributed to the better mass transport on this 
cathode material[172]. In addition to Ti3C2Tx, Yang et al. revealed that V2C MXene displays excellent charge 
transfer kinetics and conductance[173]. The SMSI effect enables highly dispersed Pt atoms and thin Pt films to 
form on the V2C, dramatically improving the stability of Pt/V2C MXene towards the ORR[173,174]. Li et al. 
have identified Nb2CTx as capable of providing a good catalytic support interaction for Pt through an 
efficient method of generating reactive metal-support interactions on Pt/Nb2CTx catalysts at moderate 
temperature[175]. Although the use of MXene as Pt-based catalyst support has pointed out the direction to 
ORR, the AST is still unsatisfactory, possibly due to the oxidative environment of the fuel cell cathodes, 
which exposes MXene to oxidation over an extended period of time. Future designs could consider 
incorporating nanomaterials such as carbon nanostructures into MXene to improve its oxidative stability.

Finally, while several PGM catalysts have shown impressive ORR activity in half-cell tests, few of them have 
demonstrated both good activity and durability in PEMFC. This is most likely related to the intrinsic nature 
of the catalyst supports. A number of novel carbon materials, including 1D carbon nanotubes, 2D graphene, 
3D carbon nanocomposites, etc., have recently been investigated for PEMFC due to their promising 
progress in various aspects such as corrosion resistance and porosity of the material[176-180]. However, the 
small number of nucleation sites, low charge transfer for the deposition of metal NPs with carbon supports, 
and the mass transfer between metal and support have been major challenges for device performance. A 
series of noncarbon-based support based on their inherent properties (as shown in Figure 9D) are able to 
generate SMSI effect with Pt NPs, which greatly helps to suppress the agglomeration/separation of the metal 
and promote high performance and durability for PEMFC. Despite progress, there are still gaps and 
challenges between the properties and practical application of Pt-based catalysts supported by TMOs, 
primarily due to the poor conductivity of the TMOs supported. TMNs and TMCs, in particular TiN, TiC, 
and MoxC, stand out from other materials as Pt NPs support in terms of the ORR activity and stability in 
half-cell tests and the performance and durability in fuel cells with reported values well above those of 
carbon-supported Pt-based catalysts.

PERSPECTIVE AND OUTLOOK
The development of high-stability carbon-free Pt-based catalysts is scientifically and technically essential to 
facilitate their practical application in fuel cells. As discussed in this review, a series of TMOs-, TMNs-, and 
TMCs-supported Pt-based catalysts provide an excellent opportunity to substitute the use of carbon at the 
cathode for PEMFCs. Innovative and effective construct strategies of SMSI are essential to improve the 
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catalytic activity and stability with regards to improving the electron conduction, suppressing the 
chemisorption of small molecules, and increasing the interaction between metal and support. However, a 
series of significant challenges remain for the application of TM-supported Pt-based catalysts in PEMFCs.

Firstly, metal-oxide systems and metal-carbide systems suffer from several drawbacks, such as low 
electronic conductivity and limited surface area, which can be efficiently optimized by doping strategies 
(introducing Vo) and coupling superior conductive materials. The SMSI effect between metal and supports 
can also further be enhanced by doping strategies to change the electronic structure of the support. Metal-
nitride systems can effectively avoid these drawbacks due to their high conductivity, while the specific areas 
of TMNs are generally extremely low due to the fact that the high-temperature annealing process is always 
needed to synthesize TMNs. In addition, the specific preparation method of the catalysts and the size of the 
metal NPs can significantly affect the charge transfer between the metal and the support, while the charge 
transfer between the support and the noble metal particle sizes has rarely been reported. Furthermore, the 
study of the surface/interface structure and dynamic evolution of TM-supported Pt catalysts in the reaction 
environment at the atomic scale is important for the rational design of catalysts and revealing the reaction 
mechanism, whereas the key issues such as the interfacial structure performance relationship in the TM-
supported Pt catalytic reaction have not been fully elucidated. Finally, although some typical catalysts with 
SMSI show considerable activity and durability for ORR in the rotating ring disk electrode level, while few 
electrocatalysts have not yet been practically promoted and applied to the membrane electrode assembly, 
thus the practical potential of these catalysts cannot be verified. All in all, although many challenges are still 
in the way, the SMSI provides great potential to improve the performance of the catalysts for ORR and 
beyond, shedding light on the practical application of these novel materials with high activity and durability.
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Abstract
We investigate flux-grown BiFeO3 crystals using transmission electron microscopy (TEM). This material has an 
intriguing ferroelectric structure of domain walls with a period of approximately 100 nm, alternating between flat 
and sawtooth morphologies. We show that all domain walls are of 180° type and that the flat walls, lying on (112) 
planes, are reconstructed with an excess of Fe and a deficiency of Bi. This reconstruction is similar to that observed 
in several previous studies of deposited layers of BiFeO3. The negative charge of the reconstructed layer induces 
head-to-head polarisation in the surrounding material and a rigid-body shift of one domain relative to the other. 
These characteristics pin the flat 180° domain walls and determine the domain structure of the material. Sawtooth 
180° domain walls provide the necessary reversal of polarisation between flat walls. The high density of immobile 
domain walls suppresses the ferroelectric properties of the material, highlighting the need for careful control of 
growth conditions.

Keywords: Bismuth ferrite, ferroelectric domains, 180° domain walls, reconstructed domain walls

INTRODUCTION
BiFeO3 is arguably the most investigated multiferroic material[1-3], simultaneously showing ferroelectric, 
antiferromagnetic, and ferroelastic order at room temperature[4]. The coupling of ferroelectric and 
ferromagnetic properties makes it ideal for the promising application of mutual control of electrical and 
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magnetic order in multiferroic devices[5,6].

BiFeO3 has a rhombohedral structure (space group R3c) below its Curie temperature Tc = 1,100 K[4], with a 
pseudocubic lattice parameter of 3.965 Å and rhombohedral angle 89.4° (pseudocubic indexing is used 
throughout this paper). Its spontaneous ferroelectric polarisation (Ps) has a magnitude Ps approximately 
100 μC cm-2 along [111] and mostly arises from the displacement of Bi ions relative to their surrounding 
FeO6 cages[7]. Oxygen octahedra are tilted antiphase around the three-fold [111] axis by 10°-14° (a-a-a- in 
Glazer notation[8]). The formation of domains in BiFeO3, similar to other ferroelectric materials, occurs to 
minimise the total energy, comprised of electrostatic, depolarisation, and elastic components[9]. Depending 
on the angle ϕ between Ps of adjacent domains, the meeting of these domains at domain walls can result in 
either purely ferroelectric (ϕ = 180°) or ferroelectric-ferroelastic (ϕ = 71° or 109°). The orientation or habit 
plane of domain walls has been of great interest as it provides insight into the competing energy 
components[10-13] and determines functional properties[14,15].

The batch of flux-grown single-crystals of BiFeO3 investigated in this study have been subject to several 
previous investigations[16,17], all of which have revealed a dense array of parallel domain walls seen in 
piezoresponse force microscopy (PFM) and conventional transmission electron microscopy (TEM) as 
alternating sawtooth and flat bands of contrast [Figure 1]. The complex microdomain structure in these 
crystals is extremely stable, exhibiting no change upon observation, even in the thinnest specimens. 
Furthermore, no observable switching (or rapid back-switching into the pristine domain pattern) was 
found, even with 200 V applied to the surface with an AFM tip. The inability to access the functional 
properties of these high-quality single crystals is concerning and may have implications for the exploitation 
of BiFeO3 in practical applications. Therefore, it is important to understand the nature and origin of this 
domain structure.

The first study of these crystals[16] showed the domain walls to be either 180°- or 109°-type and due to the 
high predicted energy of 180°-type domain walls, it was proposed that they were probably 109°-type. A 
second study[17] of the same batch of crystals using negative Cs high-resolution TEM imaging found a variety 
of domain wall types, including 71°-, 109°-, and 180°-type. Another recent study of similar material[18] 
confirms the sawtooth walls to be 180°-type but proposes that flat domain walls are 109°-type. In this article, 
along with its companion publication[19], we revisit the domain structure in this same batch of crystals using 
a combination of PFM, conventional TEM, convergent beam electron diffraction (CBED), atomic 
resolution scanning TEM (STEM), and electron energy loss spectroscopy (EELS). The high stability of the 
domains ensured there was no influence of specimen preparation on the structure. We find that there are 
only 180° domains in the crystal, i.e., all domain walls are 180°-type. The difficulties experienced in previous 
work may potentially be attributed to projection effects when the three-dimensional domain structure is 
observed in an electron-transparent foil. To overcome this, we use a focused ion beam (FIB) technique to 
prepare multiple sections with different orientations from the same region of the crystal. We describe the 
sawtooth domains in a companion article[19]; the focus of this article is on the flat 180° domain walls.

MATERIALS AND METHODS
BiFeO3 single crystals were obtained from the same batch used in the studies of Berger et al.[16] and 
Jia et al.[17], who described growth conditions in detail. In brief, crystals were precipitated from a 
Fe2O3/Bi2O3/B2O3 flux cooled very slowly from 1,170 K to 875 K. Much of the growth took place below the 
paraelectric-ferroelectric phase transition at 1,098 K. The crystals were compact and had sizes of half to a 
few millimetres, with a top surface of four (hhl) facets, only a few degrees away from (001). For this study, 
several well-formed single crystals that had no contact with the crucible sidewalls were selected.
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Figure 1. (A) PFM out-of-plane amplitude image of the sectioned and polished (001) surface of the BiFeO3 crystal. (B) Low 
magnification BF-STEM image of a (110) FIB-prepared lamella. (C) Low magnification BF-STEM image of a (010) FIB-prepared lamella. 
Arrows in (B and C) point towards increasing thickness. Examples of continuity of domain walls, where a sawtooth wall changes 
direction and becomes a flat wall, are marked by x in (A and B). Scale bars are 100 nm.

For PFM measurements, a crystal was ground and polished to (001) using diamond lapping film of 
decreasing sizes to 0.1 µm, finishing with a dilute 0.04 µm colloidal silica solution. PFM measurements were 
conducted on a Bruker Dimension Icon AFM at a scan rate of 0.5 Hz using a Bruker OSCM-PT-R3 tip with 
Pt coating, along with a drive frequency of 254 kHz and a drive voltage of 2 V.

Specimens for TEM were prepared by lift-out on a Tescan Amber Ga+ FIB-SEM from a second crystal in its 
as-grown state, with (110), (010), and ( 10) orientations. Cutting and thinning were performed using an ion 
beam energy of 30 kV, with a final low-energy polish at 2 kV. The specimens were taken from a compact 
region on the crystal, and their orientations were verified by their relative position, selected area electron 
diffraction (SAED) patterns, and atomic resolution images. To obtain the thinnest possible specimens for 
very high-resolution imaging, wedge-shaped lamellae were produced.

STEM images were taken with a double-corrected JEOL ARM 200F TEM/STEM operating at 200 kV, with a 
beam convergence semi-angle of 22 mrad. The annular bright field (ABF) and annular dark field (ADF) 
detectors covered 11.5-24 and approximately 45-180 mrad, respectively[11]. In atomic resolution STEM 
images, atom positions are determined by fitting two-dimensional Gaussian peaks[11,20].

EELS data and ADF images were acquired at the UK SuperSTEM Laboratory using a Nion UltraSTEM 
100 MC operated at 60 kV, with a beam convergence semi-angle of 32 mrad. The acceptance semi-angles of 
EELS and ADF were 44 mrad and 79-185 mrad, respectively.

RESULTS AND DISCUSSION
Domains on the polished (001) surface imaged by PFM follow a regular stripe pattern running along [ 10] 
with reversal of both in-plane and out-of-plane phase and alternating sawtooth and straight domain walls, 
as shown in Figure 1A and Supplementary Figure 1A. No relation between domain structure and surface 
topography was present (see Supplementary Figure 1B). The spacing between stripes varies between 60 and 
120 nm. Occasionally, domains can be found to terminate where sawtooth and straight domain walls meet 
(e.g., at x in Figure 1), indicating that these two types of walls separate the sample into only two different 
domains. Bright-field (BF) STEM images of (110) and (010) FIB lift-out lamellae are shown in 
Figure 1B and C (see Supplementary Figure 2A). In both (110) and (010) orientations, the domain walls 
appear as alternating sawtooth and planar bands of contrast. In these BF-STEM images, the crystal is 

202313-SupplementaryMaterials.pdf
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aligned to the zone axis, and local conditions, such as strain, composition, or a small change in crystal 
orientation across a boundary, can strongly affect the transmission of the electron probe. As a result, 
domain boundaries appear slightly darker. Their orientation varies depending on the direction of view. In 
the (110) section [Figure 1B], straight bands are parallel to the (001) surface, while in the (010) section 
[Figure 1C], they are inclined at an angle of approximately 25°, running along [ 01]. Sawtooth walls present 
different V-shapes when observed from different directions, and their structure is considered in detail 
elsewhere[19]. The domain appearance and PFM measurements agree with the observations of Berger et al.[16]. 
However, they interpreted the flat bands of contrast seen in Figure 1B and C as domains with a width of 
approximately 10 nm. The varying thickness of the lamellae in Figure 1 shows this to be incorrect. In 
Figure 1C, the lamella decreases to a thickness of just a few nm at the edge of the specimen on the top-right 
of the image. The width of the bands decreases as the specimen thickness decreases, indicating that they 
correspond to planes in the material that are inclined to the direction of view. The same effect can also be 
seen in Figure 1B, where the specimen thickness increases towards the bottom of the image. Therefore, the 
darker bands are not slabs of material that form domains, different to the adjacent lighter material. They are 
the projection of a plane that is inclined to the point of view.

The proposal that the flat bands of contrast in Figure 1B and C are planes rather than slabs of finite 
thickness is confirmed by the ( 10) section shown in Figure 2A. In this projection, their width does not 
depend on specimen thickness. Here, they are seen edge-on and appear as sharp, straight lines at an angle of 
35° to (001) surface, i.e., lying on (112) planes. The sawtooth domain pattern can be recognised in the 
thinnest part of the specimen but becomes indistinct where the lamella is thicker due to overlapping 
projections. Higher magnification images [Supplementary Figure 2B] show that the average habit plane is 
slightly away from (112); the flat domain walls have a terraced structure, with (112) facets seen edge-on, 
separated by steps 1-2 nm in height.

High-resolution ( 10) STEM images of one of these domain walls, seen edge-on in the thinnest part of the 
specimen, are shown in Figure 2C and D. In any {110} section of BiFeO3, the [111] polar axis can either lie 
within the plane of the section or at 35° to it, (i.e. with an out-of-plane component). The a-a-a- antiphase 
tilting of oxygen octahedra in the R3c structure gives different projections for the two cases. When the polar 
axis is in the image plane, the antiphase tilting of octahedra is not visible, and oxygen columns appear as a 
dumbbell at the same location in every unit cell[21]. Conversely, when it has an out-of-plane component, 
O-Fe-O-Fe-O chains  form an arc  wi th  a  curvature  indicat ing  the  d irect ion of  P s

[17] 
[Supplementary Figure 3]. In Figure 2C, the polar axis is in the image plane for both domains, consistent 
with a [ 10] BiFeO3 projection [Figure 2B]. On a unit-cell level, polarisation Ps is often taken to be 
proportional to the negative displacement of Fe relative to the centre of the rectangle defined by its four Bi 
neighbours, namely -δFB

[22,23]. Since the polar axis lies in the image plane, we observe a full projection of the 
displacement (in comparison, one can only observe approximately 57% or 81% of the displacement in [110] 
or [100] projections, respectively[23]). The quiver map of -δFB vectors overlaid on the ADF-STEM image of 
Figure 2D shows that polarisation changes by 180°, pointing towards the wall on both sides. (N.B. at the 
domain wall itself, δFB is not calculated because it is unclear how to define the unit cell.) Away from the 
domain wall, the magnitude of δFB is generally around 40 pm, in good agreement with the theoretical value 
of 41 pm for Ps of approximately 100 μC cm-2[7,23,24]. As a final observation in Figure 2D, Bi atom columns in 
the domain wall are not as bright as equivalent atom columns in the surrounding material, indicating a 
lower occupancy of Bi at the domain wall.

202313-SupplementaryMaterials.pdf
202313-SupplementaryMaterials.pdf
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Figure 2. (A) Low magnification BF-STEM image of a ( 10) FIB-prepared lamella. The dark arrow at the thin edge of the lamella points 
towards increasing thickness. The width of the straight dark lines is independent of specimen thickness, showing that they correspond 

to planes seen edge-on. The crystal orientation applies to all images in this figure. (B) Ideal ( 10) projection of BiFeO3, where Bi atoms 
are presented in red, Fe blue, and O grey. The direction of the -δFB vector is also shown. (C) A high-resolution ABF-STEM image of a flat 
wall. White lines are aligned horizontally and vertically, allowing the rigid-body displacement of the domains along [110] and [001] to 
be seen. (D) An ADF-STEM image taken simultaneously with C). Arrows in (D) show local -δFB vectors, indicating the magnitude and 
direction of polarisation in each unit cell.

It is apparent from Figure 2C and D that these 180° head-to-head domain walls are reconstructed; the local 
structure is different from the bulk crystal, and the associated distortions are quantified in Figure 3. 
Examining the horizontal (001) planes of bright Bi atom columns in Figure 2D, downwards displacements 
(i.e., along [00 ]) are seen on the left, starting approximately 0.5 nm away from the domain wall, while 
upwards displacements along [001] are seen on the right. These displacements are shown as blue points and 
lines in Figure 3A and reach a value of approximately 0.1 nm at the domain wall itself. Far from the domain 
wall, these displacements tend to zero, showing that the (001) planes are aligned, as can be directly seen 
from the horizontal white lines in Figure 2C. The orange line in Figure 3A shows a similar measurement for 
the vertical (110) planes. Here, there is greater scatter as the displacements vary from place to place along 
the domain wall. Interestingly, there is a slight increase in displacements immediately adjacent to the 
domain wall. Additionally, a long-range misalignment of about 0.1 nm is observed, corresponding to a 
lateral shift of ½[110]. This rigid-body displacement can be directly observed in Figure 2C by comparison of 
the vertical white lines with the position of atom columns. The average value of Ps changes its sign abruptly 
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Figure 3. (A) Distortion of unit cells in the vicinity of the domain wall shown in Figure 2D, measured by the displacement of Bi atom 
columns away from (110) planes (orange) or (001) planes (blue). Points correspond to individual measurements, and the line is an 
average value. (B) Average polarisation Ps obtained from -δFB vectors, measured in bands parallel to the domain wall.

(over approximately 1 nm) at the wall [Figure 3B], which is significantly different from the previously 
reported thicker (> 2 nm) widths for charged domain walls in BiFeO3 without any local 
reconstruction[23,25-27]. The narrow domain wall width indicates the presence of a strong electrical field 
related to the local change in structure at the domain wall.

More information on the reconstruction at these domain walls can be obtained from a second point of view, 
obtained from a (010) section shown in Figure 4. Although the domain wall is probably inclined to the 
electron beam direction, this image is taken at the thinnest part of the lamella, and the high electron beam 
convergence angle gives a reduced depth of field[28]. Consequently, the domain wall is sharply delineated in 
ADF-STEM images. (The effect of reduced depth of field is shown in Supplementary Figure 4). At the 
domain wall [Figure 4A], the reconstruction appears as alternating bright and dark clusters of atoms, 
forming either 2 × 1 or 2 × 2 atom blocks, while -δFB vectors demonstrate the 180° head-to-head nature 
[Figure 4B]. There is no obvious change in the magnitude of Ps immediately adjacent to the reconstructed 
domain wall, which is approximately 1.5 unit cells in width and runs along [ 01] in this projection. Just as 

in the [ 10] images of Figure 2, (001) planes are fully aligned (horizontal white lines), while a ½[100] 
displacement is visible (vertical white lines). Since the component along the beam direction is not visible, 
this is in full agreement with the ½[110] rigid body shift observed in Figure 2. Bending of the (001) Bi planes 
can also be found at the domain wall (see Supplementary Figure 5). Figures 4E-G show core-loss EELS 
elemental maps of the domain wall, together with a simultaneously recorded ADF image in Figure 4D. The 
brightest atom columns in the ADF image are shown to be Bi in a separate EELS acquisition 
[Supplementary Figure 6]. Dark regions in the ADF image at the domain wall lack Bi and consist of Fe+O. 
These findings, along with the results presented in Figures 2 and 4, show that the flat domain wall has a 
structure and stoichiometry different from bulk BiFeO3. They are consistent with each other both in the 
observed rigid-body shift, lower Bi content, bending of (001) Bi planes, and Ps distribution around them.

The nonstoichiometry of the reconstruction in the flat 180° head-to-head walls is an indication that they 
form during crystal growth, while the periodic domain structure indicates a degree of self-organisation. 
Synthesis of crystalline BiFeO3 is only possible within a narrow range of conditions, both in the deposition 
of thin epitaxial layers[22,29-32] and as ceramics or single crystals[31,33-35]. In bulk crystal growth, the secondary 
Bi-rich sillenite Bi25FeO39 and/or Fe-rich mullite Bi2Fe4O9 phases readily form to accommodate deviations 

202313-SupplementaryMaterials.pdf
202313-SupplementaryMaterials.pdf
202313-SupplementaryMaterials.pdf
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Figure 4. (A) An ADF-STEM image of a head-to-head 180° domain wall in a (010) FIB-prepared lamella. Large and bright atoms 
columns are Bi, and smaller ones are Fe. O atoms are not visible. (B) Quiver plot of local -δFB vectors, indicating the magnitude and 
direction of polarisation in each unit cell. (C) Ideal (010) projection of BiFeO3; Bi atoms are red, Fe blue, and O grey. The direction of the 
-δFB vector is also shown. (D-G) core-loss EELS data: image size is 1.32 × 3.13 nm. (D) HAADF-STEM; (E) an element map of Fe; (F) an 
element map of O; (G) a composite of ADF (red) and Fe (green).

from perfect stoichiometry, e.g., due to the relative volatility of Bi2O3
[33,35]. In epitaxial thin film growth, 

locally nonstoichiometric planar defects that strongly resemble those shown in Figure 4 are often 
seen[22,29,30,32,36,37]. Maclaren et al. found iron-rich regions consisting of edge-sharing FeO6 octahedra, 
resembling the structure of γ-Fe2O3, (and, indeed, mullite)[30,36,37]. Li et al. showed that they can be induced by 
a slight increase in substrate temperature during MBE deposition, which makes the surface Fe-rich[22,29,32]. 
Similar to the observed reconstruction in this study, these previously observed planar defects also have a 
half-unit-cell rigid body shift across them caused by the switch from corner-sharing to edge-sharing oxygen 
octahedra. The deviation from stoichiometry gives a local excess of oxygen anions, giving a negative charge 
density estimated to be between -68 μC cm-2 and -110 μC cm-2[22,36,37]. The effect of these negatively charged 
planar defects in the surrounding BiFeO3 matrix is to induce an increased local polarisation towards them, 
producing charged head-to-head domain walls[32]. The intrinsic negative charge density accommodates the 
majority of the -190 μC cm-2 polar discontinuity expected at the flat domain walls in our crystal, explaining 
the relatively narrow region of adjacent material that has a different polarisation to the bulk material.
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Therefore, in our material, we may explain the origin of the domain microstructure as follows. Since the 
temperature during crystal growth is below Tc, ferroelectric domains are to be expected, and ideally, they 
would assume a form to minimise the competing ferroelectric/ferroelastic/electrostatic energy components 
of the system. In thin film growth, it is well established that domain microstructures may evolve during film 
deposition[38] and, in turn, can influence growth morphology[39]. Therefore, in our case of single-crystal 
BiFeO3 growth, we may expect regions with positive and negative surface charges that have an effect on 
domain structure and subsequent growth. Importantly, Li[29] showed that nonstoichiometric monolayers 
may form on polarisation-up, negatively charged BiFeO3 growth surfaces. They found that as growth 
progresses, a region with polarisation pointing towards the growth surface may, therefore, reach a critical 
negative charge, causing the incorporation of FeO6 octahedra at the crystal surface and producing 
nonstoichiometric monolayers of the defective material. They also showed that the negative charge induces 
and pins head-to-head polarisation[32]. It seems plausible that a similar mechanism is responsible for the 
head-to-head domain walls that we observe. On a (hhl) growth surface, the FeO6 octahedra would form 
edge-sharing chains along [1 0], partly defining the orientation of the wall. These negatively-charged defects 
stabilise the 180° domain walls and perpetuate incorporation of FeO6 octahedra in the next monolayer of 
crystal growth. It is not clear if the (112) plane makes the best match of their structure to the adjacent R3c 
BFO or whether this habit plane is a result of the asymmetrical surface charge where the domain wall 
intersects the surface, which may vary with, for example, the growth rate. An array of such structures can 
only exist with a further reversal of polarisation between them, and tail-to-tail 180° domain walls are the 
most efficient way of achieving this. The presence of the sawtooth walls is thus topologically necessary. It 
has been shown that unpinned 180° domain walls are expected to develop a crenellated structure to balance 
polarisation and electrostatic energy[40,41]. The crenellated structure of these walls indicates that they are not 
pinned in the same way as the flat walls, and a very recent study of these tail-to-tail walls indicates that they 
are, to some extent, mobile when an electric field is applied, while head-to-head flat walls are immobile[18]. 
This is in good agreement with our measurements of Ps hysteresis, which gave essentially no signal, 
indicating that the flat walls are completely pinned. It is commonly observed that measurements of Ps in 
bulk BiFeO3 crystals are usually an order of magnitude smaller than in thin films, even though our 
measured δFB vectors at the atomic scale are similar, equivalent to Ps approximately 100 μC cm-2. While this 
batch of material now dominates high-resolution structural studies of bulk BiFeO3

[16,17], there is nothing in 
the proposed origin of the domain structure that would indicate it to be specific to these particular crystals. 
On a macroscopic scale, the deviation from perfect stoichiometry is miniscule; approximating the defects as 
sheets of Bi with 50% occupancy, a spacing of 100 nm gives a Fe excess of only approximately 0.2 at.%, 
meaning that they are unlikely to be avoided by changes in starting composition.

CONCLUSIONS
Periodic domain structures in single crystal BiFeO3 have been re-investigated. Our results show that all 
domain walls are of 180°-type, alternating between flat head-to-head and sawtooth tail-to-tail walls. We 
focus on the flat walls here, finding that they have an orientation close to (112) and a polarisation reversal 
that occurs over only approximately 1 nm, significantly less than seen in other charged domain walls in 
BiFeO3. They are locally nonstoichiometric, with an atomic reconstruction of roughly a unit cell in 
thickness, similar to that seen in planar defects in thin film BiFeO3 and related materials. The reconstructed 
region contains edge-sharing FeO6 octahedra that produce a rigid-body shift of half a unit cell and a 
negative charge density that induces head-to-head polarisation. We propose that the periodic domain 
structure forms during crystal growth in regions where negative surface charges exceed a critical value, 
causing the incorporation of FeO6 octahedra that is perpetuated and becomes self-organised as growth 
proceeds. The reconstruction and local charge strongly pin head-to-head 180° domain walls, explaining the 
poor response of these BiFeO3 single crystals in measurements of polarisation. Avoiding their formation is, 
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therefore, a necessary prerequisite for high-performance BiFeO3 crystals and ceramics.
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No more than 150 words.

3-8 keywords /
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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 
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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]
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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.
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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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