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Abstract: As classical cathode materials of solid oxide fuel cell (SOFC), Fe-based perovskite materials are favored 

for their affordable price, low thermal expansion coefficient and high stability. In this study, B-site high-entropy 

perovskite oxide La0.7Sr0.3(FeNiCo)0.8Mo0.1Ti0.1O3–δ (LSFNCMT) was prepared by the citric acid-nitrate combustion 

method. Due to the faster oxygen surface exchange rate of the high-entropy material, the LSFNCMT cathode shows 

excellent oxygen reduction reaction (ORR) activity with a polarization impedance (Rp) of 0.11 Ω·cm2 at 800 ℃, 

which is much lower than that of the La0.7Sr0.3FeO3–δ (LSF) cathode (0.31 Ω·cm2). Furthermore, the high-entropy 

material exhibits superior stability due to incorporation of highly acidic Ni, Co, and Mo cations as well as Ti cation 

with more negative average bonding energy (ABE) of metal-oxygen. In the 22 h-stability test of the symmetric cell 

with LSFNCMT cathode in the Cr-containing atmosphere, Rp only increases from 1.07 Ω·cm2 to 2.98 Ω·cm2, while 

Rp of the LSF cathode increases from 2.62 Ω·cm2 to 7.90 Ω·cm2 under the same conditions, indicating better 

Cr-resistance of LSFNCMT due to the high-entropy strategy. The fact that the maximum power density (MPD) of 

the single cell with LSFNCMT cathode at 800 ℃ is 1105.26 mW·cm–2, significantly higher than that of LSF 

cathode (830.74 mW·cm–2), and Rp at 800 ℃ is 0.24 Ω·cm2, lower than that of LSF cathode (0.36 Ω·cm2), 

confirming excellent toxicity resistance of the high-entropy cathode. This study shows that B-position high entropy 

is an effective way to improve the catalytic activity and chromium resistance of cathode materials. 

Key words: solid oxide fuel cell; cathode material; B-site high entropy; anti-chromium poisoning 

SOFC is a promising energy conversion system that 
can directly convert the chemical energy in the fuel 
into electrical energy, and this process is characterized 
by high efficiency and low pollution[1-5]. Traditional 

SOFCs run at ~1000 ℃, causing cathode material 

degradation and sealing problems, and greatly limiting 
the commercialization of SOFCs[6]. Therefore, 
reducing the operating temperature of the cell is an 
inevitable trend in the development of SOFC[7-11]. 
However, with the decrease in operating temperature, 
the electrochemical activity of the cathode material 
decreases, leading to the reduced electrochemical 

performance of the cell[12]. Therefore, the research 
focus of SOFC development lies in the advancement 
of cathode materials with exceptional catalytic activity 
at medium and low temperatures. 

In recent years, the research on cathode materials 
mainly focuses on perovskite oxides, including single 
perovskite, double perovskite and perovskite-like 
oxides that possess excellent ionic and electron mixed 
conductivity[13-16]. ABO3 perovskite materials have 
attracted much attention due to their abundant oxygen 
vacancy content, which can provide a variety of 
conductance mechanisms[17-19]. Among them, Fe-based 
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perovskite materials have competitive price and low 
thermal expansion coefficient, which perfectly 
matches electrolyte and connector of SOFCs, showing 
promising development prospects as cathode materials 
at low temperatures[7, 17, 20-22]. Therefore, extensive 
researches have been conducted on Fe-based perovskite 
cathode materials, including La0.7Sr0.3FeO3–δ (LSF)[23], 
La0.6Sr0.4Co0.2Fe0.8O3–δ (LSCF)[24] and 
La0.6Ce0.1Sr0.3Fe0.95Ru0.05O3–δ (LCSFR)[25]. In addition, 
in practice the chromium in the connector material of 
SOFC inevitably volatilizes and spreads into the 
environment, easily reacting with the alkaline earth 
metal cations segregated on the cathode surface, 
generating inert phases and seriously degrading the 
cell[26-28]. Jiang et al.[29] found that the 
La0.6Sr0.4Co0.2Fe0.8O3–δ electrode reacted with 
chromium on the electrode surface to form insulating 
phases in the chromium vapor environment, such as 
SrCrO4 and Co3O4, resulting in increased Rp. Therefore, 
the stability of iron-based perovskite cathode materials 
in chromium-containing environments is critical for 
practical applications. 

More recently, high-entropy oxides have attracted 
great attention due to their excellent physical and 
chemical properties, such as high thermal stability, 
unique magnetic properties, high-efficiency lithium- 
ion storage properties, great dielectric properties and 
excellent catalytic properties[18, 30-33]. High-entropy 
oxides are oxides with a single structure obtained by 
the solid solution of five or more kinds of metal or 
non-metal oxides in equal or similar molar ratio. Due 
to the wide selectivity of constituent elements and 
contents, high-entropy perovskite oxides have many 
novel functional properties and infinite possibilities. 
For example, Gao et al.[31] designed a medium-entropy 
Sr1–xCo0.5Fe0.2Ti0.1Ta0.1Nb0.1O3–δ (S1–xCFTTN, x=0–0.15) 
oxide that exhibited both excellent ORR activity and 
chromium resistance. Han et al.[34] synthesized 
La0.2Pr0.2Nd0.2Sm0.2Gd0.2BaFe2O5–δ (LPNSGBF) from 
PrBaFe2O5–δ as SOFC cathode, showing excellent 
chromium resistance. For perovskite cathode materials, 
the catalytic activity is determined by the B-site ion’s 
activity, and the presence of uniformly dispersed 
transition metals on the B-site offers abundant valence 
variability thereby facilitating enhanced ORR 
activity[35-36]. Recently, it was found that doping more 
stable elements in the B-site of perovskite can 
improve the structural and chemical stability of 
materials in oxidizing atmospheres[30, 37-39]. For 
example, replacing Co or Fe ions in perovskite with 

Ti4+ ions can effectively reduce the coefficient of 
thermal expansion and improve the stability of 
material[40-41].  

Based on the inspiration from previous studies, this 
work utilizes high-entropy effect to optimize the 
catalytic activity and chromium resistance of 
traditional Fe-based materials. B-site high-entropy 
perovskite oxide La0.7Sr0.3(FeNiCo)0.8Mo0.1Ti0.1O3–δ 
(LSFNCMT, Sconfig=1.51R) was synthesized by 
uniformly doping a variety of transition metals at the 
B-site, and the entropy calculation method has been 
described in our previous work[31]. In particular, the 
solid solution limit of the elements Mo and Ti restricts 
the maximum solubility to no more than 10% (in 
molar) in the LSF material. The structural charac-
teristics, compatibility, electrochemical performance 
and stability of the material under chromium- 
containing atmosphere were studied systematically.  

1  Experimental 

1.1  Preparation of LSF and LSFNCMT 
LSF and LSFNCMT powders were prepared by the 

citric acid-nitrate combustion method. According to 
the stoichiometric ratio, La2O3, Sr(NO3)2, Fe(NO3)·9H2O, 
NiC4H6O4·4H2O, Co(NO3)2·6H2O, (NH4)6Mo7O24·4H2O 
and C16H36O4Ti were dissolved in nitric acid (metal 
compounds : nitric acid=1 : 1 (in molar)), and citric 
acid and ethylenediamine tetraacetic acid (EDTA) 
were added according to citric acid : EDTA : metal 
ion=0.8 : 1 : 1 (in molar). The solution was stirred and 
heated on the magnetic stirrer until it became clear. 
Then, an appropriate amount of NH3·H2O was added 
to regulate the solution to pH 7, and stirred until 
spontaneous combustion occurred. The obtained 

powder precursor was calcined at 1050 ℃ for 5 h to 

afford LSFNCMT powder. LSF was prepared by the 
same method. Other powders such as NiO, 
Zr0.85Y0.15O2 (YSZ) and Gd0.1Ce0.9O2–δ (GDC) are 
commercially available (SOFCMAN). 

1.2  Fabrication of SOFC 
For symmetric cell, 0.25 g of GDC powder was ball 

milled and pressed into a finished disc at 200 MPa, 

then calcined in air at 1450 ℃ for 6 h. The resulting 

GDC electrolyte pellet was then polished to a uniform 
thickness. Before the addition of 2 g of 10% (in mass) 
terpineol ethyl cellulose, 1 g of LSF/LSFNCNMT 
powder was ground for 30 min. The slurry was ground 
for another 2 h to afford the cathode slurry. Finally, 
LSF and LSFNCMT slurry were uniformly coated on 
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both sides of the GDC electrolyte sheet by screen 

printing method, and calcined at 1000 ℃ for 3 h to 

afford the symmetric cell LSF|GDC|LSF and the 
symmetric cell LSFNCMT|GDC|LSFNCMT with the 
cathode effective areas of 0.24 cm2. 

The anode support of single cell was prepared by 
the dry pressing method. NiO-YSZ anode powder was 
prepared by ball milling with NiO, YSZ and starch as 
raw materials according to a mass ratio of 6 : 4 : 3. In 
this process, alcohol was used as ball milling medium 
and polyester/polyamine copolymer (KD-1) as 
dispersing agent. 0.4 g of dried NiO-YSZ powder was 
pressed into ϕ15 mm anode substrate. The anode 

substrates were sintered at 1000 ℃ for 3 h to afford 

the anode support body. 10 g of YSZ powder was ball 
milled with 2% (in mass) KD-1 dispersant, 20 g of 5% 
(in mass) terpineol ethyl cellulose and 25 g of acetone 
for 24 h to afford the electrolyte slurry. Electrolyte 
films were prepared by the spin-coating method. YSZ 
slurry was spin-coated on NiO-YSZ anode substrate 

for 3 times at 6000 r/min, and then sintered at 1400 ℃ 

for 10 h to prepare the NiO-YSZ|YSZ half cell. A 
GDC buffer layer was further added between the 
electrolyte and the cathode. The preparation process of 
GDC paste is the same as that of YSZ paste above. 
The GDC slurry was uniformly spin-coated on the 
surface of YSZ at 5000 r/min for 30 s, and sintered in 

air at 1300 ℃ for 3 h to afford the barrier layer. The 

cathode paste was coated on the surface of the barrier 
layer by the screen-printing method, and then calcined 

in air at 1000 ℃ for 3 h to afford single cells 

NiO-YSZ|YSZ|GDC|LSF and NiO-YSZ|YSZ|GDC| 
LSFNCMT with effective cathode areas of 0.24 cm2. 

1.3  Characterization 
The phase structure of the cathode powder and its 

chemical compatibility with the electrolyte were 
characterized by X-ray diffractometer (XRD, Bruker 8 
Advance) at room temperature within 2θ=20°–80°. 

Scanning electron microscopy (SEM) was used to 
analyze the morphology of cathode materials and cells, 
and energy dispersive spectroscopy (EDS, Oxford 
Instrument Aztec Energy) was used to analyze the 
distribution of elements in the samples. The electro-
chemical performance, including current–voltage 
(I–V), electrochemical impedance spectroscopy (EIS) 
and steady-state voltage, was tested using an electro-
chemical workstation (IM6, Zahner). The electro-
chemical process of the cell was analyzed by the 
relaxation time distribution (DRT) according to the 
range of characteristic frequency of EIS data. 

2  Results and discussion 

2.1  Phase structure, microstructure and chemical 
compatibility 

XRD patterns of the cathode materials LSF, 
LSFNCMT and the standard LaFeO3 (PDF#75-0439) 
are shown in Fig. 1. Both materials possess single 
perovskite structure, and no second phase is detected 
(Fig. 1(a)). After doping with B-site elements, the main 
peak of LSF moves toward higher angle (Fig. 1(b)), 
which is attributed to the disparity between the ionic 
radius of the doped element and that of the B-site 
cation, resulting in a contraction within the lattice 
structure of the material. 

In order to achieve chemical compatibility between 
cathode material and electrolyte, cathode material was 
mixed with electrolyte YSZ and GDC at a mass ratio 

of 1 : 1 and calcined at 1000 ℃ for 10 h. The impurity 

peaks of calcined LSF-YSZ and LSFNCMT-YSZ in 
XRD patterns (Figs. 2(a, b)) indicate the occurrence of 
a phase reaction between the cathode material and the 
YSZ electrolyte. XRD patterns of LSF-GDC and 
LSFNCMT-GDC powders (Figs. 2(c, d)) exhibit a 
physical superposition of diffraction peaks corresponding 
to LSF and GDC (Fig. 2(c)), as well as LSFNCMT and 

 

 
 

Fig. 1  XRD patterns of (a) LSF, LSFNCMT and LaFeO3 (PDF#75-0439) samples; (b) Local zoom of main peaks 
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Fig. 2  XRD patterns of mixture of electrolyte materials YSZ with LSF (a) and  
LSFNCMT (b) and GDC with LSF (c) and LSFNCMT (d) 

 

GDC (Fig. 2(d)), without any new impurity peaks. 
Therefore, it is imperative to incorporate a GDC 
barrier layer between YSZ electrolyte and the prepared 
cathode material. Fig. S1 shows the microscopic 
morphology of LSFNCMT powder. In SEM image of 

the LSFNCMT sample sintered at 1050 ℃ for 10 h 

(Fig. S1(a)), the particles are homogeneously distributed. 
In EDS spectra of LSFNCMT (Fig. S1(b)), La, Sr, Fe, 
Ni, Co, Mo, Ti and O distribute uniformly without 
any segregation. 

2.2  Electrochemical properties 
Fig. S2 and Fig. 3(a) show EIS spectra measured at 

650–800 ℃ for symmetric cells prepared with LSF 

and LSFNCMT materials, respectively. To investigate 
the impact of high entropy at the B-site on Rp of the 
cathode material, Figs. 3(a, b) and Fig. S2 are 
presented with the Ohmic impedance (Ro) of the 
symmetric cell eliminated. Rp of the LSF symmetric 

cell at 650, 700, 750 and 800 ℃ are 5.01, 2.00, 0.77 

and 0.31 Ω·cm2, respectively (Fig. 3(c)). Conversely, 
Rp of the LSFNCMT symmetric cell are only 1.21, 
0.49, 0.22 and 0.11 Ω·cm2 at the same temperatures, 
indicating enhanced ORR activity of the LSFNCMT 
electrode. Fig. 3(d) shows Rp and corresponding 
Arrhenius curves of both electrodes. The activation 
energy (Ea) of two cathode materials was obtained by 
slope calculation. The fact that Ea for LSFNCMT is  

124 kJ·mol–1, which is 18.4% lower than that of LSF 
(152 kJ·mol–1), indicating that LSFNCMT cathode 
material possesses a lower oxygen exchange energy 
barrier, which is beneficial for the oxygen exchange 
kinetics and ORR activity of high-entropy material, as 
confirmed by EIS tests below. 

The mechanism of ORR on the oxygen electrode 
and its rate-limiting steps are further clarified by EIS 
tests and corresponding DRT diagrams under different 
oxygen partial pressures (p(O2), N2/O2 mixture). 
Fig. 4(a) and Fig. S3 show EIS spectra of LSFNCMT 

and LSF cathodes under different p(O2) at 700 ℃, 

respectively. Rp of the cathode increases as the p(O2) 
decreases from 2.1×104 Pa to 1×103 Pa, indicating a 
strong correlation between the catalytic activity and 
the oxygen concentration. Due to the fact that ORR is 
a process of oxygen dissociation/adsorption and bulk 
oxygen diffusion, Rp is dependent on p(O2). To 
distinguish the rate-limiting step in ORR process, DRT 
analysis is further performed (Figs. 4(b, c)), revealing 
three dist inct  peaks at  low frequency (LF), 
intermediate frequency (IF) and high frequency (HF) 
reaction processes. In Fig. 4(c), DRT results show that 
the resistance of the high-entropy electrode in the LF, 
MF and HF regions is significantly less than that of 
LSF, indicating faster oxygen surface exchange rate of 
the high-entropy electrode. According to the 
relationship between Rp and oxygen partial pressure:  
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Fig. 3  Electrochemical performance of symmetric cell under different temperatures in air 
(a) EIS spectra of LSFNCMT electrode; (b) EIS spectra of LSF and LSFNCMT electrodes at 800 ℃;  

(c) Rp and (d) corresponding Arrhenius plots of two symmetric cells 

 

 
 

Fig. 4  Electrochemical performance of symmetrical cell under different p(O2) at 700 ℃ 

(a, b) EIS spectra (a) and DRT curves (b) of LSFNCMT; (c) DRT curves of LSF and LSFNCMT under p(O2) of 2.1×104 Pa at 700 ℃;  

(d) Dependence of each Rp as a function of p(O2) for LSFNCMT. Colorful figures are available on website 

 
Rp=k(p(O2))

–n, the value of the reaction order (n) 
corresponding to Rp is calculated to determine the 
main rate-limiting step of ORR[42]. The electrode 

reaction at the cathode encompasses intricate 
processes, with the n values corresponding to distinct 
electrochemical reaction processes. Fig. 4(d) shows n 
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values corresponding to HF, IF and LF under different 
p(O2) are 0.21, 0.26 and 0.22, respectively. Among 
them, n=0.21 (HF) is related to the transfer of O2– 
across the electrode–electrolyte interface[43], n=0.26 
(IF) is related to the dissociation of O2 to 2Oads and 
Oad to Oad

–1[42], and n=0.22 (LF) is related to the 
adsorption/desorption of oxygen and ionic diffusion of 
oxygen on the bulk/surface[44]. The high-frequency 
region remains relatively constant as p(O2) decreases, 
while the MF/LF region gradually increases (Fig. 4(b)). 
This observation suggests that the rate-limiting steps 
of the ORR process in LSFNCMT are associated with 
oxygen dissociation, electron transfer and mass transfer. 

2.3  Cr-tolerance and stability of half-cells 
In the practical application of SOFCs, the 

volatilization of chromium in the connection material 
leads to the reaction between Sr/Ba-containing 
cathode materials and chromium vapor, resulting in 
the formation of an insulating layer and subsequent 
cell degradation. This phenomenon, known as 
chromium poisoning, primarily occurs due to the 
interaction between nucleating agents and chromium 
vapors that readily separate at the surface and react 
with each other[45-46]. The stability and chromium 
resistance of the LSF and LSFNCMT cathodes are 
assessed by the variation in Rp under a cathode current 
density of –200 mA·cm2, an operating temperature of 

700 ℃ and a flow rate of ambient air of 30 mL·min–1. 

EIS spectra of LSF cathode and LSFNCMT cathode in 
the presence of Cr2O3 are shown in Fig. S4(a) and 
Fig. 5(a). The presence of Cr vapor significantly 
deteriorates the performance of LSF cathode 
(Fig. S4(b)), as evidenced by the notable increase in 
Rp for both Cr-LSF cathodes (from 2.62 Ω·cm–2 to 
7.90 Ω·cm–2), suggesting a decline in ORR activity 
due to the presence of Cr2O3. However, it is worth 
noting that the LSFNCMT cathode (Fig. 5(b)) exposed 
to Cr2O3 exhibits relatively lower increase in Rp (from  

1.07 Ω·cm–2 to 2.98 Ω·cm–2), indicating improved 
chromium resistance due to high-entropy doping at the 
B-site of the LSF cathode. On the one hand, Ti–O 
bond in LSFNCMT possesses a more negative ABE 
than Fe–O bond, suggesting that Ti–O bond is stronger 
than Fe–O bond[30]. Therefore, it is beneficial to 
replace Fe with Ti for the stability of the material. On 
the other hand, Ni, Co and Mo cations possess higher 
acidity than Fe cation at the same valence[47]. Thus, 
under a Cr-containing atmosphere, these cations are 
less likely to react with highly acidic Cr vapors, which 
is conducive to the stability of the material. 

2.4  Performance of single cells 
I–V curves and power density curves for the single 

cells using LSF and LSFNCMT cathodes with wet H2 
as fuel and air as oxidant are illustrated in Fig. S5 and 
Fig. 6(a), respectively. The MPD of the single cell 
using LSFNCMT cathode remarkably increases by 

33.13% (in volume) at 800 ℃, compared to the cell 

using LSF cathode (Fig. 6(b)). The superior 
electrochemical performance of LSFNCMT cathode is 
attributed to its enhanced ORR activity. The open 
circuit voltage (OCV) of the single cells decreases 

with the temperature increasing (Fig. 6(c)). At 800 ℃, 

OCV of the single cell with LSFNCMT cathode is 
1.072 V, close to the theoretical value under these 
conditions, indicating effective sealing of the cell. 
MPDs of Ni-YSZ|YSZ|GDC|LSF single cell are 
159.62, 305.86, 530.93 and 830.74 mW/cm2 at 650, 

700, 750 and 800 ℃ (Fig. 6(d)). MPDs of the 

Ni-YSZ|YSZ|GDC|LSFNCMT single cell at 650, 700, 

750 and 800 ℃ are 242.18, 425.74, 666.08 and 

1105.26 mW/cm2, respectively. The high-entropy 
doping at the B-site facilitates the kinetics of oxygen 
migration, thereby augmenting the electrochemical 
performance. EIS spectra of two single cells in the 
open circuit state are presented in Fig. S6 and Fig. 7(a), 
respectively. Impedances for both cells decrease with  

 

 
 

Fig. 5  EIS spectra (a) and variation of Rp (b) of LSFNCMT symmetric cell within 22 h in Cr vapor at –200 mA·cm–2 and 700 ℃ 
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Fig. 6  Electrochemical performance of the single cell at 650–800 ℃ in wet H2 (3% (in volume) H2O)  
(a) I–V and power density curves of LSFNCMT cathodes; (b) I–V and power density curves of LSF and LSFNCMT  

cathodes at 800 ℃; (c) OCV and (d) MPD varied with temperature of different single cells 

 

 
 

Fig. 7  Electrochemical performance of the anode-supported single cell at 650–800  in wet H℃ 2 (3% (in volume) H2O)  
(a) EIS spectra of LSFNCMT cathode; (b) EIS spectra of LSF and LSFNCMT cathodes at 800 ℃;  

(c) Rp at different temperatures and (d) corresponding Arrhenius plots of different single cells 

 

increasing temperature, but at the same temperature, 
the LSFNCMT exhibits a smaller Rp compared to the 
LSF (Fig. 7(b)). As shown in Fig. 7(c), Rp of the single 

cell at 650, 700, 750, 800 ℃ are 2.74, 1.17, 0.59, 

0.36 Ω·cm2 for LSF cathode, and 1.11, 0.47, 0.37, 
0.24 Ω·cm2 for LSFNCMT cathode, respectively. Ea of  
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Fig. 8  Cross-sectional SEM image of single cell with 
LSFNCMT cathode 

 

LSF (108.1 kJ·mol–1) and LSFNCMT (81.5 kJ·mol–1) 
single cells are calculated from Rp at different 
temperatures (Fig. 7(d)), indicating that high-entropy 
doping at the B-site significantly enhanced the ORR 
activity of LSF cathode materials. 

Cross-sectional SEM images of LSF|GDC|LSF and 
LSFNCMT|GDC|LSFNCMT after testing are 
presented in Fig. S7. GDC electrolyte exhibits 
relatively high density, and the thickness of cathode 
material is approximately 20 µm. Cross-sectional 
SEM images of two single cells are shown in Fig. S8 
and Fig. 8, respectively. The thicknesses of both 
electrolytes are around 12 µm without any evidence of 
cracking or detachment at the cathode/electrolyte and 
anode/electrolyte interfaces after testing. These results 
highlight that both half-cells and single cells of 
LSFNCMT cathode material and LSF cathode material 
exhibit good stability. 

3  Conclusions 

In this study, B-site high-entropy perovskite oxide 
La0.7Sr0.3(FeNiCo)0.8Mo0.1Ti0.1O3–δ is designed and 
used as the cathode material for SOFC. LSF and 
LSFNCMT exhibit excellent chemical compatibility 

with electrolyte GDC. At 800 ℃, Rp of the symmetric 

cell with LSFNMCT cathode (0.11 Ω·cm2) is lower 
than that with LSF cathode (0.31 Ω·cm2), indicating 
the superior ORR activity of LSFNCMT material. 
Furthermore, LSFNCMT exhibits superior chromium 
resistance compared to LSF, which can be attributed to 
the outstanding stability derived from the high-entropy 
design. The performance of single cell reveals that the 
B-position high-entropy design enhances catalytic 
activity of LSF material, resulting in a higher MPD of 

the single cell (1105.26 mW·cm–2 at 800 ℃) with Rp 

of 0.24 Ω·cm2. In general, the high B-site entropy of 
LSF cathode improves the catalytic activity and 

chromium resistance, making it a promising candidate 
for SOFC applications. 

Supporting materials 

Supporting materials related to this article can be 
found at https://doi.org/10.15541/jim20240410. 
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B 位高熵策略提高 La0.7Sr0.3FeO3–δ基阴极性能 

刘弘明 1, 张金柯 2, 陈正鹏 1, 李明飞 1, 钱秀洋 1, 孙传骐 1,  

熊 凯 3, 饶睦敏 1, 陈创庭 1, 高 源 2, 凌意瀚 2 
(1. 广东能源集团科学技术研究院有限公司, 广州 510000; 2. 中国矿业大学 材料与物理学院, 徐州 221116; 3. 广

东省能源集团有限公司, 广州 510000) 

摘 要: 作为经典的固体氧化物燃料电池(SOFC)阴极材料, 铁基钙钛矿材料具有成本低、热膨胀系数低和稳定性高的优

点。本研究采用柠檬酸-硝酸盐燃烧法制备了 B 位高熵钙钛矿氧化物 La0.7Sr0.3(FeNiCo)0.8Mo0.1Ti0.1O3–δ(LSFNCMT)。由

于高熵材料的氧表面交换速率更快, LSFNCMT 阴极显示出优异的氧还原反应(ORR)活性, 800 ℃的极化电阻(Rp)为

0.11 Ω·cm2, 远低于 LSF 阴极的 0.31 Ω·cm2。更重要的是, 由于掺入高酸度的 Ni、Co 和 Mo 离子以及平均金属氧键

能(ABE)更高的 Ti 离子, 高熵材料表现出更出色的稳定性。以 LSFNCMT 为阴极的对称电池在含铬气氛中进行 22 h

的稳定性测试, Rp 仅从 1.07 Ω·cm2 增加到 2.98 Ω·cm2, 而 LSF 对称电池的 Rp 从 2.62 Ω·cm2 增加到 7.90 Ω·cm2。

LSFNCMT 阴极单电池在 800 ℃下的最大功率密度 (MPD)为 1105.26 mW·cm–2, 显著高于 LSF 阴极单电池

(830.74 mW·cm–2), 800 ℃下 Rp 为 0.24 Ω·cm2, 也低于相同条件下 LSF 阴极单电池(0.36 Ω·cm2), 证实高熵阴极具有

卓越的耐毒化性。结果表明, B 位高熵是提高阴极材料催化活性和耐铬性的有效途径。 

关  键  词: 固体氧化物燃料电池; 阴极材料; B 位高熵; 抗铬中毒 

中图分类号: O61   文献标志码: A   文章编号: 1000-324X(2025)12-1433-10 
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Fig. S1  SEM image (a) and corresponding EDS element mappings (b) of LSFNCMT 
 
 

 

Fig. S2  EIS spectra of symmetric cell with LSF electrode 
in air at different temperatures 

Fig. S3  EIS spectra of symmetric cell with LSF electrode 

under different p(O2) at 700 ℃ 

 

 
 

Fig. S4  EIS spectra (a) and variation of Rp (b) of symmetric cell with LSF electrode  

within 22 h in Cr vapor at –200 mA·cm–2 and 700 ℃ 
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Fig. S5  I–V and power density curves of single cell with LSF 

cathode at 650–800 ℃ with wet H2 (3% (in volume) H2O) 

Fig. S6  EIS spectra of single cell with LSF cathode at 

650–800 ℃ with wet H2 (3% (in volume) H2O) 

 
 

 
 

Fig. S7  Cross-sectional SEM images of symmetric cells with LSF (a) and LSFNCMT (b) electrodes 
 

 
 

Fig. S8  Cross-sectional SEM image of single cell with LSF cathode 
 

 
 

 

 
 


