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Abstract: Solid oxide electrolysis cell (SOEC) industrialization has been developing for many
years. Commercial materials such as 8 mol% Y2O3-stabilized zirconia (YSZ), Gd0.1Ce0.9O1.95 (GDC),
La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF), La0.6Sr0.4CoO3−δ (LSC), etc., have been used for many years, but
the problem of mismatched thermal expansion coefficients of various materials between cells has
not been fundamentally solved, which affects the lifetime of SOECs and restricts their industry
development. Currently, various solutions have been reported, such as element doping, manufac-
turing defects, and introducing negative thermal expansion coefficient materials. To promote the
development of the SOEC industry, a direct treatment method for commercial materials—quenching
and doping—is reported to achieve the controllable preparation of the thermal expansion coefficient
of commercial materials. The quenching process only involves the micro-treatment of raw materials
and does not have any negative impact on preparation processes such as powder slurry and sintering.
It is a simple, low-cost, and universal research strategy to achieve the controllable preparation of the
thermal expansion coefficient of the commercial material La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) through a
quenching process by doping elements and increasing oxygen vacancies in the material. Commercial
LSCF materials are heated to 800 ◦C in a muffle furnace, quickly removed, and cooled and quenched
in 3.4 mol/L of prepared Y(NO3)3. The thermal expansion coefficient of the treated material can
be reduced to 13.6 × 10−6 K−1, and the blank sample is 14.1 × 10−6 K−1. In the future, it may be
possible to use the quenching process to select appropriate doping elements in order to achieve
similar thermal expansion coefficients in SOECs.

Keywords: thermal expansion coefficient; solid oxide electrolytic cells; quenching

1. Introduction

Energy development is related to people’s well-being. Hydrogen energy is regarded
as the most promising clean energy in the 21st century, and many countries and regions
around the world have conducted extensive research on hydrogen energy. The medium-
and long-term plans for the development of the hydrogen energy industry (2021–2035)
emphasize the need to promote research into solid oxide electrolysis cells (SOECs) as a
hydrogen production technology to promote the high-quality development of the hydrogen
energy industry, and to assist in achieving carbon neutrality and carbon peaking goals.

SOECs are high-efficiency electrochemical energy storage and conversion devices.
These devices can convert H2O (g) and CO2 into usable fuels such as hydrogen and syngas
when powered on. The development of SOECs not only reduces carbon dioxide emissions,

Materials 2024, 17, 1216. https://doi.org/10.3390/ma17051216 https://www.mdpi.com/journal/materials

https://doi.org/10.3390/ma17051216
https://doi.org/10.3390/ma17051216
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-9497-9381
https://orcid.org/0000-0003-4103-2925
https://orcid.org/0000-0003-4353-913X
https://doi.org/10.3390/ma17051216
https://www.mdpi.com/journal/materials
http://www.mdpi.com/1996-1944/17/5/1216?type=check_update&version=2


Materials 2024, 17, 1216 2 of 8

but also promotes the recycling of resources [1]. SOECs are mainly composed of an anode
functional layer, electrolytes, and a cathode functional layer [2–5].

Many reasons may cause the degradation of SOECs under high-temperature condi-
tions for a long time [6]. Ghamarinia et al. [7] reviewed some degradation factors on SOEC
performance. Non-destructive testing analysis of SOECs using electrochemical impedance
spectroscopy technology can clearly determine the factors that lead to cell performance degra-
dation and their impact on cell impedance growth [8,9], such as attenuation factors leading to
increasing ohmic impedance, polarization impedance, or gas diffusion impedance [10].

To meet commercial usage requirements, SOEC methods need to satisfy a minimum of
5 years of long-term usage. The mismatch of thermal expansion coefficients between differ-
ent components of cells can lead to degradation, delamination, or fracture, which is one of
the obstacles to the commercialization process of SOECs. The most commonly used positive
electrode material on the air side of SOECs is cobalt containing perovskite materials, such as
Sm0.5Sr0.5CoO3−δ, La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF), Ba0.5Sr0.5Co0.8 Fe0.2O3−δ (BSCF), and
SrNb0.1Co0.9O3−δ (SNC). This is because they have excellent oxygen reduction activity and
high conductivity. But their thermal expansion coefficients (TECs) are very high, which can
be attributed to the thermal reduction of cobalt ions, related phase transitions, and thermal
activation transitions of Co-d orbital electron spin states [11].

LSCF perovskite oxide has high electronic conductivity and oxygen ion conductivity,
making it a promising commercial material. But the thermal expansion coefficient of
this material is very high. It has been reported that the thermal expansion coefficient
(TEC) of LSCF is 17.5 × 10−6 K−1 at 800 ◦C, which is 70% higher than the TEC of 8 mol%
Y2O3-stabilized zirconia (YSZ) (10.5 × 10−6 K−1) and 40% higher than Gd0.1Ce0.9O1.95
(GDC) (12.5 × 10−6 K−1) [12]. The mismatch of thermal expansion between materials will
make it difficult to achieve rapid start-up of the SOEC stack and make it unstable in a
high-current operation.

To solve the interface contact problem caused by the mismatched thermal expansion
coefficients of cells, scholars have made a lot of efforts in the past [13–18] (such as element
doping [19]) to introduce A-site defects into perovskite [20] and composites of perovskite
electrode materials with electrolyte materials [21]. The tedious modification strategy
forces scientists to try new materials [22]. However, these new materials are rare in
practical commercial applications because the development of new materials and the
final commercial batch preparation process require a large number of experiments for
verification. New sintering processes for cells [23] are being explored in order to reduce the
occurrence of micro gaps at the interface of cells due to the intolerable stress caused by the
interface during high-temperature sintering.

During 2021 and 2022, ‘Nature’ reports on the interface delamination problem of
SOECs once again drew the attention of scientists to solving this problem. In 2022, a
method was reported to improve material interface contact by increasing the roughness of
the electrode surface with acid treatment [24]. This method has to some extent improved
the stability performance of the cell, but the acid-treated material causes certain damage
to the crystal structure of the material. At the same time, acid brushing on the sintered
electrolyte indicates that the local reaction rate of the electrolyte is uncontrollable, which
can easily cause electrolyte perforation and impact the existing cell preparation process.
However, this method only increases the interface contact area, but does not fundamentally
solve the problem of interface delamination caused by the mismatched thermal expan-
sion coefficients of materials. In 2021, ‘Nature’ reported the introduction of a negative
thermal expansion coefficient compensation strategy and the preparation of composite
electrodes with matching thermal expansion coefficients through the method of “addition
and subtraction” [11]. The thermal expansion compensation strategy is to react and sinter
cobalt containing perovskite materials with a “negative thermal expansion” material, and
offset the negative impact of the positive thermal expansion coefficient of the perovskite ma-
terials through the “thermal shrinkage and cold expansion” characteristics of the negative
thermal expansion material, thereby forming a new composite material that matches the
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electrolyte thermal expansion coefficient [25,26]. This composite material exhibits excellent
electrochemical performance when prepared as an electrode. However, the introduction
of materials with negative thermal expansion coefficients can easily reduce the catalytic
activity of raw materials and introduce unknown interfacial reactions. More unfortunately,
this method is limited to specific materials and does not have universality, which makes it
unable to be applied to commercial material batch-processing processes [27]. It is worth
noting that the doping of the material Y element and the absence of the material Sr element
in this work can effectively reduce the thermal expansion coefficient of the raw material.

Based on the current strategy of solving the thermal expansion coefficient of materials
that is not suitable for the industrial processing of materials, the quenching process is
introduced into the research on material modifications of SOECs. Through the quenching
process, the controllable preparation of the thermal expansion coefficient of the commercial
material LSCF is achieved through element doping and increasing material oxygen vacan-
cies by adjusting the type and concentration of the quenching solution. The quenching
process was initially used in the field of iron making. It not only allows for the doping of
material elements, but also for the preparation of more oxygen vacancy concentrations in
materials [28]. The doping of material elements can significantly improve the conductivity
and catalytic activity of materials [29–31]. Li et al. [32] prepared Y-doped SrTiO3 with a
solid-state reaction method, and studied the effect of Y doping on the sintering perfor-
mance and conductivity of YxSr1−xTiO3. When the yttrium content in YxSr1−xTiO3 is less
than 0.09, Y doping can improve the conductivity of SrTiO3. Tahini et al. [33,34] showed
that doping can facilitate the formation of oxygen vacancies in materials. Increasing the
oxygen vacancy concentration of the material can not only reduce the thermal expansion
coefficient of the material, but also improve its conductivity. Hu et al. [35] reported that
the introduction of oxygen vacancies significantly reduces the orthogonal strain and ther-
mal expansion anisotropy of MoO3, resulting in a decrease of about 30% in the thermal
expansion coefficient of MoO3. In addition, its conductivity increases with the increase
in oxygen vacancies in the material. Niu et al. [36]. designed a simple solution reduction
method to modify the surface defects of perovskite materials and studied the relationship
between oxygen vacancy concentration and electrochemical performance. Experimental
and theoretical calculations showed that an appropriate oxygen vacancy concentration is
beneficial for obtaining a large number of active sites, which can significantly improve the
ORR activity of materials.

More importantly, the quenching process meets the batch processing requirements of
commercial materials. It only requires micro-treatment on the surface of the raw material,
and does not have an impact on the mixing of cell paste, cell sintering, or other cell prepa-
ration processes. Therefore, it can be directly applied to commercial processes. Comparing
the quenching process reported in the literature with the existing modified material thermal
expansion coefficient method, it can clearly be seen that the quenching process method is
simpler, more feasible, and has universality. The specific data are shown in Table 1.

Table 1. Comparing the quenching process with the existing modified material thermal expansion
coefficient method.

Serial Number Improvement Methods Disadvantages or Advantages Reference

1 Element doping
Disadvantages: The

experimental methods
are cumbersome.

[19]

2 Introduction of A-site
defects into perovskite

Disadvantages: The
experimental methods

are cumbersome.
[20]

3
Composite of perovskite
electrode materials and

electrolyte materials

Disadvantages: The problem of
mismatch in material thermal

expansion has not been
fundamentally solved.

[21]
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Table 1. Cont.

Serial Number Improvement Methods Disadvantages or Advantages Reference

4 Developing new sintering
processes for cells

Disadvantages: Long
experimental cycle, high cost,

and low success rate.
[22]

5 New material
development

Disadvantages: Long
experimental cycle, high cost,

and low success rate.
[23]

6 Acid-treated electrolyte

Disadvantages: By increasing the
contact area of materials, there is
no fundamental solution to the

problem of the mismatched
thermal expansion of materials.

[24]

7
Introducing materials
with negative thermal
expansion coefficients

Disadvantages: Suitable for
special types of materials, unable
to modify commercial materials,
and the method is not universal.

[11]

8 Quenching process

Advantages: The method is
simple, universal, and effectively
regulates the thermal expansion

coefficient of materials.

This work

2. Experimental Materials and Instruments

Y(NO3)3·6H2O was purchased from China National Pharmaceutical Group Chemical
Reagent Co., Ltd., Shanghai, China. purity: 99.99%, company: WoKai, weight: 500 g,
country: China, city: Shanghai. LSCF commercial materials were purchased from Shanghai
Hydrogen Cheng Technology Co., Ltd. Shanghai, China., and the muffle furnace was pur-
chased from Hefei Kejing. A transmission electron microscope (TEM), JEOL JEM-2100HR,
Pleasanton, CA, USA) and X-ray diffraction (XRD) (Bruker, Mannheim, Germany, specifi-
cation model D8 Advance) with Cu kα radiation at 2θ from 5◦ to 90◦ were used at a scan
rate of 10◦/min. The thermal expansion instrument adopts the model number as specified
(manufacturer: NETZSCH, Selb, Germany, specification model: DIL 402C).

3. Material Thermal Expansion Coefficient Test

Heat the commercial LSCF material in a muffle furnace to 800 ◦C and then quickly
remove, quench, and cool it in 3.4 mol/L of prepared Y(NO3)3. Soak it for 3 min using the
vacuum filtration method, wash the processed LSCF material thoroughly and collect it, and
place it in a 60 ◦C oven for backup.

When the quenched LSCF powder is dried and in the muffle furnace, raise the tem-
perature from 20 ◦C to 1000 ◦C at a rate of 5 ◦C/min. Maintain a constant temperature for
2 h and sinter the powder into shape (sinter into a cylinder with a fixed diameter of 6 mm
and a length of 10 mm using a special grinding tool). The thermal expansion coefficient of
the material is measured using a thermal expansion instrument (DIL 402C) with a heating
rate of 1 ◦C/min, rising from 20 ◦C to 800 ◦C, as shown in Figure 1. The quenching process
can effectively reduce the thermal expansion coefficient of the LSCF material. Quenching
treatment is effective in solutions with different Y3+ concentrations (1 mol/L Y3+ means
LSCF quenched in 1 mol/L Y(NO3)3, others are also calculated accordingly). With an
increasing concentration of quenching solution within a certain range, the modified LSCF
has a smaller coefficient of thermal expansion. But when the concentration of the solution
exceeds the range, the increasing concentration of the quenching solution will deteriorate
its quenching modification effect. For example, when LSCF is quenched in 3.4 mol/L Y3+

solution, the thermal expansion coefficient of the modified LSCF is smaller than that of the
quenching in the solution of 4.5 mol/L Y3+.
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temperature variation (b) Histogram of thermal expansion coefficient with temperature variation.

To investigate the effect of the quenching process on the thermal expansion coefficient
of commercial materials, a quenching water experiment was conducted. The commercial
LSCF material was heated from room temperature to 800 ◦C in a muffle furnace at 5 ◦C/min.
The LSCF material was quickly removed from the muffle furnace, quenched and cooled in
prepared deionized water, and immersed for 3 min. Vacuum filtration was used to collect
the treated LSCF material, which was placed in a 60 ◦C oven for later use.

It is worth noting that commercial materials can also effectively reduce their thermal
expansion coefficient through water quenching. Quenching water treatment can also reduce
the thermal expansion coefficient, which can be attributed to the fact that the quenching
process can increase the oxygen vacancies in materials.

4. Structural Analysis

Using XRD, we analyzed the crystal structure of the quenched materials and compared
quenching water (quenching in 4.5 mol/L Y(NO3)3) and a blank sample. The XRD data
are shown in Figure 2. The quenched sample and blank sample highly overlap in the XRD
spectrum (Figure 2), indicating that the quenching process does not have any negative
impact on the crystal structure of the LSCF material.
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5. Result Analysis

To investigate the reason why quenching in 4.5 mol/L Y(NO3)3 could significantly
reduce the thermal expansion coefficient of the commercial LSCF material, we examined
TEM data, which indicated that the quenching process can easily achieve element doping.
The mapping element analysis in Figure 3 clearly shows that the material contains elements
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such as La, Sr, Co, Fe, O, Y, etc. Among them, the Y element shows a small and irregular
distribution feature, while La, Sr, Co, Fe, O, and other elements show an aggregated state.
The mapping data results show that the Y element was successfully doped into the material
after quenching, and the successful doping of the Y element can effectively reduce the
material’s thermal expansion coefficient and improve the material’s conductivity.

At the same time, from the TEM image, it is clearly visible that the commercial material
after quenching showed no obvious agglomeration or particle damage, and the application
of this process did not have any negative impact on the particle size of the material.

The quenching process is a simple, low-cost, and universal research strategy to achieve
the controllable preparation of the thermal expansion coefficient of the commercial material
La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) through doping elements and increasing oxygen vacancies
in the material. The quenching process can directly treat commercial raw materials, im-
proving the optimization process of SOEC powder. In the future, it may be possible to use
the quenching process to select appropriate doping elements in order to achieve similar
thermal expansion coefficients in SOECs.
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6. Conclusions

This is the first report on the application of quenching technology in the field of SOECs,
providing a simple way to handle materials and easily achieve material defect manufactur-
ing and element doping. This study regulated the type and concentration of quenching salt
solution to achieve a controllable preparation of the thermal expansion coefficient of the
commercial material LSCF, solving the problem of cell interface delamination caused by
mismatched thermal expansion coefficients of commercial materials.

The quenching process meets the development needs of the SOEC industry. It is
economical, efficient, and only involves micro-treatment of the material, without negatively
affecting the crystal structure and particle size of the material. It does not affect the mixing
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of back-end slurry or the sintering process of cells. The application and reporting of the
quenching process in the field of solid electrolytic cells have certain promoting effects on
improving the production process of SOECs.
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editing, visualization, Y.S., X.Z. and X.L.; supervision, C.G.; project administration, and funding
acquisition, J.W. All authors have read and agreed to the published version of the manuscript.
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SOECs: Locally-resolved impedance and degradation characteristics. Int. J. Hydrogen Energy 2023, 48, 3740–3758. [CrossRef]

11. Zhang, Y.; Chen, B.; Guan, D.; Xu, M.; Ran, R.; Ni, M.; Zhou, W.; O’Hayre, R.; Shao, Z. Thermal-expansion offset for high-
performance fuel cell cathodes. Nature 2021, 591, 246–251. [CrossRef] [PubMed]

12. Tai, L.W.; Nasrallah, M.M.; Anderson, H.U.; Sparlin, D.M.; Sehlin, S.R. Structure and electrical properties of La1−xSrxCo1−yFeyO3.
Part 1. The system La0.8Sr0.2Co1−yFeyO3. Solid State Ion. 1995, 76, 259–271. [CrossRef]

13. Ullmann, H.; Trofimenko, N.; Tietz, F.; Stöver, D.; Ahmad-Khanlou, A. Correlation between thermal expansion and oxide ion
transport in mixed conducting perovskite-type oxides for SOFC cathodes. Solid State Ion. 2000, 138, 79–90. [CrossRef]

14. Martins, N.R.; Borges, D.D.; Borges, P.D. Computational study of native defects and oxygen diffusion in the YTiO3±δ as cathode
materials in SOFCs. J. Solid State Chem. 2023, 325, 124142. [CrossRef]

15. Manishanma, S.; Dutta, A. Synthesis and characterization of nickel doped LSM as possible cathode materials for LT-SOFC
application. Mater. Chem. Phys. 2023, 297, 127438. [CrossRef]

16. Amira, S.; Ferkhi, M.; Mauvy, F.; Fourcade, S.; Bassat, J.M.; Grenier, J.C. La1.5Nd0.3Pr0.2NiO4.16: A New Cathode Material for
IT-Solid Oxide Fuel Cells. Electrocatalysis 2023, 14, 546–560. [CrossRef]

17. Yurchenko, M.V.; Antonova, E.P.; Tropin, E.S.; Suntsov, A.Y. Adjusting electrochemical properties of PrBaCo2O6−δ as SOFC
cathode by controllable Ca3Co4O9 additions. Ceram. Int. 2023, 49, 21485–21491. [CrossRef]

https://doi.org/10.1016/j.ijhydene.2023.04.231
https://doi.org/10.1039/D3TA02161K
https://doi.org/10.1016/j.ssi.2016.01.001
https://doi.org/10.1016/j.fuel.2022.126835
https://doi.org/10.1016/j.ijhydene.2022.11.307
https://doi.org/10.1016/j.ijhydene.2024.01.096
https://doi.org/10.1016/j.ceja.2023.100503
https://doi.org/10.1016/j.ijhydene.2022.01.104
https://doi.org/10.1016/j.enconman.2020.113509
https://doi.org/10.1016/j.ijhydene.2022.10.265
https://doi.org/10.1038/s41586-021-03264-1
https://www.ncbi.nlm.nih.gov/pubmed/33692558
https://doi.org/10.1016/0167-2738(94)00244-M
https://doi.org/10.1016/S0167-2738(00)00770-0
https://doi.org/10.1016/j.jssc.2023.124142
https://doi.org/10.1016/j.matchemphys.2023.127438
https://doi.org/10.1007/s12678-023-00818-x
https://doi.org/10.1016/j.ceramint.2023.03.281


Materials 2024, 17, 1216 8 of 8

18. Harzand, A.G.; Golmohammad, M.; Zargar, S.A.; Khachatourian, A.M.; Nemati, A. Study of structural, electrical, and electro-
chemical properties of Sr3-xPrxFe1.8Co0.2O7-δ cathode for IT-SOFCs. Solid State Ion. 2024, 404, 116421. [CrossRef]

19. Tsekouras, G.; Neagu, D.; Irvine, J.T. Step-change in high temperature steam electrolysis performance of perovskite oxide cathodes
with exsolution of B-site dopants. Energy Environ. Sci. 2013, 6, 256–266. [CrossRef]

20. Zhou, W.; Ran, R.; Shao, Z.; Jin, W.; Xu, N. Evaluation of A-site cation-deficient (Ba0.5Sr0.5)1−xCo0.8Fe0.2O3−δ (x > 0) perovskite as
a solid-oxide fuel cell cathode. J. Power Sources 2008, 182, 24–31. [CrossRef]

21. Kim, Y.M.; Kim-Lohsoontorn, P.; Bae, J.M. Characterization and electrochemical performance of composite BSCF cathode for
intermediate-temperature solid oxide fuel cell. J. Electrochem. Sci. Technol. 2011, 2, 32–38. [CrossRef]

22. Yamaguchi, Y.; Kagomiya, I.; Minami, S.; Shimada, H.; Sumi, H.; Ogura, Y.; Mizutani, Y. La0.65Ca0.35FeO3-δ as a novel Sr-and
Co-free cathode material for solid oxide fuel cells. J. Power Sources 2020, 448, 227426. [CrossRef]

23. Fu, P.; Yan, M.; Zeng, M.; Wang, Q. Sintering process simulation of a solid oxide fuel cell anode and its predicted thermophysical
properties. Appl. Therm. Eng. 2017, 125, 209–219. [CrossRef]

24. Bian, W.; Wu, W.; Wang, B.; Tang, W.; Zhou, M.; Jin, C.; Ding, H.; Fan, W.; Dong, Y.; Li, J.; et al. Revitalizing interface in protonic
ceramic cells by acid etch. Nature 2022, 604, 479–485. [CrossRef] [PubMed]

25. Mary, T.A.; Evans, J.S.; Vogt, T.; Sleight, A.W. Negative thermal expansion from 0.3 to 1050 Kelvin in ZrW2O8. Science 1996,
272, 90–92. [CrossRef]

26. Chen, J.; Xing, X.; Sun, C.; Hu, P.; Yu, R.; Wang, X.; Li, L. Zero thermal expansion in PbTiO3-based perovskites. J. Am. Chem. Soc.
2008, 130, 1144–1145. [CrossRef]

27. Goodwin, A.L.; Kepert, C.J. Negative thermal expansion and low-frequency modes in cyanide-bridged framework materials.
Phys. Rev. B 2005, 71, 140301. [CrossRef]

28. Ye, C.; Liu, J.; Zhang, Q.; Jin, X.; Zhao, Y.; Pan, Z.; Chen, G.; Qiu, Y.; Ye, D.; Gu, L.; et al. Activating metal oxides nanocatalysts
for electrocatalytic water oxidation by quenching-induced near-surface metal atom functionality. J. Am. Chem. Soc. 2021, 143,
14169–14177. [CrossRef]

29. Suksamai, W.; Metcalfe, I.S. Measurement of proton and oxide ion fluxes in a working Y-doped BaCeO3 SOFC. Solid State Ion.
2007, 178, 627–634. [CrossRef]

30. Silva, E.D.; Curi, M.; Nicolini, J.V.; Furtado, J.G.; Secchi, A.R.; Ferraz, H.C. Effect of doping concentration and sintering
atmosphere on the microstructural and electrical characteristics of Y-doped SrTiO3 perovskite anode for SOFC. Ceram. Int. 2021,
47, 13331–13338. [CrossRef]

31. Singh, S.; Jha, P.A.; Presto, S.; Viviani, M.; Sinha, A.S.; Varma, S.; Singh, P. Structural and electrical conduction behaviour of
yttrium doped strontium titanate: Anode material for SOFC application. J. Alloys Compd. 2018, 748, 637–644. [CrossRef]

32. Li, X.; Zhao, H.; Shen, W.; Gao, F.; Huang, X.; Li, Y.; Zhu, Z. Synthesis and properties of Y-doped SrTiO3 as an anode material for
SOFCs. J. Power Sources 2007, 166, 47–52. [CrossRef]

33. Tahini, H.A.; Tan, X.; Zhou, W.; Zhu, Z.; Schwingenschlögl, U.; Smith, S.C. Sc and Nb dopants in SrCoO3 modulate electronic and
vacancy structures for improved water splitting and SOFC cathodes. Energy Storage Mater. 2017, 9, 229–234. [CrossRef]

34. Zhang, W.; Meng, J.; Zhang, X.; Zhang, L.; Liu, X.; Meng, J. Co-incorporating enhancement on oxygen vacancy formation energy
and electrochemical property of Sr2Co1+xMo1−xO6−δ cathode for intermediate-temperature solid oxide fuel cell. Solid State Ion.
2018, 316, 20–28. [CrossRef]

35. Hu, Y.; Liu, X.; Xu, S.; Wei, W.; Zeng, G.; Yuan, H.; Gao, Q.; Guo, J.; Chao, M.; Liang, E. Improving the thermal expansion and
capacitance properties of MoO3 by introducing oxygen vacancies. J. Phy. Chem. C 2021, 125, 10817–10823. [CrossRef]

36. Niu, Y.; Yin, X.; Sun, C.; Song, X.; Zhang, N. Adjusting surface oxygen vacancies prompted perovskite as high performance
cathode for solid oxide fuel cell. J. Alloys Compd. 2021, 865, 158746. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ssi.2023.116421
https://doi.org/10.1039/C2EE22547F
https://doi.org/10.1016/j.jpowsour.2008.04.012
https://doi.org/10.33961/JECST.2011.2.1.032
https://doi.org/10.1016/j.jpowsour.2019.227426
https://doi.org/10.1016/j.applthermaleng.2017.06.061
https://doi.org/10.1038/s41586-022-04457-y
https://www.ncbi.nlm.nih.gov/pubmed/35444323
https://doi.org/10.1126/science.272.5258.90
https://doi.org/10.1021/ja7100278
https://doi.org/10.1103/PhysRevB.71.140301
https://doi.org/10.1021/jacs.1c04737
https://doi.org/10.1016/j.ssi.2007.02.003
https://doi.org/10.1016/j.ceramint.2021.01.189
https://doi.org/10.1016/j.jallcom.2018.03.170
https://doi.org/10.1016/j.jpowsour.2007.01.008
https://doi.org/10.1016/j.ensm.2017.01.005
https://doi.org/10.1016/j.ssi.2017.12.015
https://doi.org/10.1021/acs.jpcc.1c02405
https://doi.org/10.1016/j.jallcom.2021.158746

	Introduction 
	Experimental Materials and Instruments 
	Material Thermal Expansion Coefficient Test 
	Structural Analysis 
	Result Analysis 
	Conclusions 
	References

