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Abstract: To address the challenge of insufficient oxygen vacancies in proton-conducting solid oxide fuel cells 
(H-SOFC), transition metal elements were doped into the B site of lanthanum ferrite perovskite (ABO3) to enhance its 
catalytic activity further. The Mo-doped La0.6Sr0.4Fe0.9−xNi0.1MoxO3-δ (LSFNMx, x=0.05, 0.1) powder was synthesized 
via the sol−gel method, and its crystal structure, conductivity, defect chemistry, and electrochemical performance as an 
H-SOFC cathode were investigated. The prepared material exhibited a hexagonal structure with the R-3c space group 
and demonstrates good chemical stability under simulated working conditions. Mo doping increased the surface 
concentration of oxygen vacancies, leading to the accelerated oxygen transportation. Consequently, the polarization 
resistance (Rpol) and activation energy (Ea) are reduced. Specifically, LSFNM0.05 showed the lowest polarization 
resistance (approximately 0.26 Ω·cm2) at 700 °C. LSFNM0.05 achieved a maximum power density of 484 mW/cm2 at 
this temperature, outperforming those of LSFN (353 mW/cm2) and LSFNM0.1 (365 mW/cm2). 
Key words: proton-conducting solid oxide fuel cells; proton transmission; air electrode; doping engineering; 
electrochemical properties; oxygen vacancy 
                                                                                                             

 
 
1 Introduction 
 

The global consumption of fossil fuels has 
increased concerns about energy depletion and 
ecological environmental issues [1,2]. Hydrogen 
energy, as a renewable energy source, offers 
advantages such as high efficiency, cleanliness, 
safety, and environmental friendliness, making it 
widely adopted in the new energy industry [3]. It 
represents a strategic direction in human energy 
development. Solid oxide fuel cells (SOFCs) stand 
out among fuel cell technologies as zero-carbon 
emission, clean, and efficient energy conversion 
devices [4,5]. They boast significant advantages, 
including high power density, compatibility with a 

wide range of fuel gases (H2, CH4, NH3, etc.), and 
low cost [6−9]. However, traditional SOFCs face 
challenges of low efficiency and high costs when 
operating at high temperatures. Consequently, 
SOFC research is shifting towards low-temperature 
operating conditions. Proton-conducting solid oxide 
fuel cells (H-SOFCs) exhibit excellent conductivity 
at lower temperatures due to the smaller radius of 
H+ (0.25 Å) compared to that of O2− (0.74 Å) and 
lower activation energy [10,11]. Proton ceramic 
fuel cells (PCFCs), a type of H-SOFC, demonstrate 
efficient operation at relatively low temperatures 
(400−700 °C) [12], outperforming traditional SOFC 
analogues. This characteristic enhances the stability 
of battery components when using composite oxygen 
electrodes and indicates promising prospects for 
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PCFC applications [13,14]. 

Current research primarily focuses on 
developing high-efficiency, low-cost, and stable 
cathode materials [15]. Recent literature [16−19] 
has reported significant advancements in this area. 
For instance, La0.5Sr0.5Co0.95Nb0.05O3−δ, a solid oxide 
symmetric electrode material with a thin-film 
perovskite structure, has been successfully 
synthesized through sputtering. With a thickness of 
approximately 200 nm, this symmetric electrode 
achieved a maximum power density of 390 mW/cm2 
at 700 °C [16]. While cobalt-based perovskite 
oxides have been widely used as PCFC cathodes, 
they often suffer from poor thermo-mechanical 
compatibility with electrolytes and limited 
structural stability. In contrast, triple conductive 
perovskite-based nanocomposites have shown 
promise as PCFC cathodes, exhibiting high 
catalytic activity and stability. These materials have 
demonstrated an impressive power density of 
829 mW/cm2 at 650 °C [17]. An IT-SOFC utilizing 
an LSFN cathode, BaZr0.1Ce0.7Y0.2O3−δ electrolyte, 
and Ni-BaZr0.1Ce0.7Y0.2O3−δ anode substrate, 
prepared via a simple spin coating process, 
achieved the maximum power densities of 405,  
238, and 140 mW/cm2 at 700, 650, and 600 °C, 
respectively [18]. However, the power density of 
the battery at low temperatures is still relatively low. 
Therefore, it is necessary to find new transition 
metal elements for doping. LU et al [19] developed 
a Mo-doped cathode material, Pr0.6Sr0.4Fe0.7Ni0.2- 
Mo0.1O3−δ, using an improved synthesis method. 
Their experimental results revealed that the 
introduction of Mo significantly enhanced the 
oxygen reduction reaction (ORR) activity of the 
cathode. At 800 °C, Pr0.6Sr0.4Fe0.7Ni0.2Mo0.1O3−δ had 
a maximum power density of 500 mW/cm2, outper- 
forming that of PSFN (400 mW/cm2). Moreover, 
the Mo-doped material exhibited a reduced coefficient 
of thermal expansion, improving its compatibility 
with the electrolyte. 

Although LSF-based perovskite material has 
high electrical conductivity and electrochemical 
activity, it lacks certain ORR activity when used as 
a fuel cell cathode. Meanwhile, the adsorption and 
dissociation of oxygen cannot meet the high 
requirements. Therefore, to improve their stability 
of the structure and the catalytic activity, 
La0.6Sr0.4Fe0.9Ni0.1O3−δ (LSFN), La0.6Sr0.4Fe0.85Ni0.1- 
Mo0.05O3−δ (LSFNM0.05), and La0.6Sr0.4Fe0.8Ni0.1- 

Mo0.1O3−δ (LSFNM0.1) powders were prepared using 
the sol−gel method in this work. Subsequently,  
the impact of Mo doping on cathode materials’ 
structure, conductivity, distribution of relaxation 
time (DRT), and electrochemical properties was 
studied. 
 
2 Experimental 
 
2.1 Material synthesis 

La0.6Sr0.4Fe0.9−xNi0.1MoxO3−δ (LSFNMx) cathode 
material was synthesized by the sol−gel method. 
Stoichiometric La(NO3)3∙6H2O, Sr(NO3)2, Fe(NO3)3∙ 
9H2O, Ni(NO3)2∙6H2O and (NH4)6Mo7O24∙9H2O 
were dissolved into DI water containing an amount 
of citric acid (CA) and ethylenediaminetetraacetic 
acid (EDTA). The solution was heated at 80 °C under 
stirring until the colloidal solution was obtained. 
The precursor was dried at 200 °C for 12 h and then 
pretreated in air at 600 °C for 2 h. Finally, the 
obtained powder was calcined in air at 1100 °C for 
5 h to get pure perovskite oxides. BaZr0.1Ce0.7Y0.1- 
Yb0.1O3−δ (BZCYYb) electrolyte powder was prepared 
by the traditional solid-state reaction method, which 
can be found in our previous work [20]. 
 
2.2 Cell fabrication 
2.2.1 Single cell 

Single cells with NiO−BZCYYb|BZCYYb  
(1% NiO)|LSFNMx (x=0, 0.05, 0.1) for electrochemical 
performance research were fabricated by spraying 
method. After grinding 13 g of BZCYYb, 7 g of 
NiO, and 20 g of cornstarch for 5 h, the mixture 
was dried at 80 °C to obtain the anode powder. 
0.4−0.5 g of the anode dry powder was pressed into 
15 mm diameter slices under 8 MPa and then 
sintered in a muffle furnace at 1000 °C for 2 h to 
obtain the required anode disks. 0.99 g of pure 
phase BZCYYb powder, 0.01 g of NiO, and 20 mL 
of ethylene glycol were mixed, and then ball-milled 
for 5 h. The obtained slurry was sprayed onto the 
anode disks and calcined at 1450 °C for 5 h. A half 
cell with the structure of NiO−BZCYYb|BZCYYb 
was obtained. The cathode powders were ball- 
milled with the mixture of isopropanol, ethylene 
glycol, and glycerin (volume ratio of 1꞉10꞉2꞉1) for 
1 h. Then, the cathode slurry was sprayed on the 
obtained half-cell with an effective area of 0.26 cm2 
and sintered for 2 h at 1000 °C. Finally, Ag paste 
was coated on both sides of the cell as collectors. 
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2.2.2 Symmetric cell 
Dense BZCYYb electrolyte disks were 

prepared by pressing BZCYYb powder into slices 
with a diameter of 15 mm and sintered at 1450 °C 
for 5 h. The BZCYYb disks were polished to a 
thickness of 300 μm using SiC sandpaper before cell 
preparation. The cathode slurry was symmetrically 
sprayed on both sides of the BZCYYb disk with an 
active area of 0.26 cm2. The symmetric cell was fired 
at 1050 °C for 2 h in air to obtain a porous electrode. 
 
2.3 Characterization 

The phase structure of synthetic materials was 
studied by X-ray diffraction (XRD). The sample 
was treated in a wet Ar−21%O2 atmosphere at 
800 °C for 20 h to investigate the chemical stability 
in the working atmosphere. The collected data  
were subjected to Rietveld refinement using GSAS 
software to determine the lattice parameters 
precisely. The micromorphologies of powders and 
cells were studied using a field-emission SEM 
(FESEM). The valence states of elements on the 
particle surface of LSFNMx and LSFN were tested 
by X-ray photoelectron spectroscopy (XPS). At 
284.8 eV, all peak positions were corrected by C 1s 
peak. When the thermogravimetric test was carried 
out, the sample with a mass of about 50 mg was 
placed in the Al2O3 crucible in an argon atmosphere. 
To test the conductivity, the electrode powder was 
ground with a certain amount of polyvinyl alcohol 
solution, uniaxial dry pressed into a rectangular  
bar with a size of 2 mm × 5 mm × 20 mm, and then 
annealed in air for 5 h at 1400 °C. The conductivities 
of electrode rods in wet and dry air were measured 
at 300−800 °C with an interval of 50 °C using a DC 
four-probe method on the Keithley 2460 equipment. 
 
2.4 Electrochemical test 

The current density−voltage (J−V) relationship 
and EIS impedance spectrum of the battery at 
550−700 °C were recorded by a PARSTAT 2273 
precision electrochemical workstation. The DRT 
analysis was performed on the initial impedance 
spectra data. For the DRT calculation, the DRT 
code was available from a free MATLAB GUI 
(DRT tools), and the basis Gaussian function was 
used. The cathode was exposed to air, and the  
anode was supplied with H2 (3% H2O; H2 flow rate: 
30 mL/min) as the fuel during the stability test of 
the single cells. 

 
3 Results and discussion 
 
3.1 Phase constitution of materials 

Figure 1(a) shows the XRD results of the three 
materials synthesized via the sol−gel method.   
The LSFNMx (x=0, 0.05, 0.1) exhibits a hexagonal 
perovskite structure, which remains unaltered  
upon Mo introduction. Rietveld refinement analysis 
of LSFNM0.05 (Fig. 1(b), Rp=2.61%, Rwp=3.43%, 
χ2=6.889) confirms a highly symmetrical R-3c 
space group with lattice parameters a=b=5.5341 Å 
and c=13.4697 Å. The inset of Fig. 1(a) reveals a 
shift of the main diffraction peak towards lower 
angles. This shift, interpreted through Bragg’s law 
(nλ=2d⋅sin θ) [21], indicates lattice expansion 
resulting from the partial substitution of Fe4+ ions 
(0.585 Å) with the larger Mo6+ ions (0.59 Å). For 
H-SOFC, the generated protons are transported 
through the electrolyte to the cathode, where they 
combine with electrons and O2 molecules to form 
H2O. Given this mechanism, we evaluated the 
chemical compatibility between the electrode 
materials and the electrolyte, as well as the phase 
stability in humid air. To assess chemical 
compatibility, electrode and electrolyte powders 
(1:1 in mass ratio) were sintered in Ar−21%O2 (3% 
H2O) at 800 °C for 20 h. As shown in Fig. 1(c), the 
absence of impurity phases demonstrates excellent 
chemical compatibility between LSFNMx (x=0, 
0.05, 0.1) cathodes and BZCYYb electrolyte. 
Furthermore, Fig. 1(d) illustrates that the electrode 
materials maintain a stable perovskite structure in 
humid environments, a crucial attribute for their 
application in H-SOFC. 

The surface morphologies of the as-prepared 
LSFNM0.05 were investigated by SEM. The as- 
prepared LSFNM0.05 showed a relatively smooth 
surface (Fig. 2(a)). The EDS elemental mapping 
results in Fig. 2(b) confirmed the homogeneous 
distribution of La, Sr, Fe, Ni, and Mo components 
in LSFNM0.05, suggesting the successful synthesis 
of LSFNM0.05. 
 
3.2 Elemental valence states of materials 

The X-ray photoelectron spectroscopy (XPS) 
experiments were conducted to investigate the 
composition and chemical valence states of LSFN 
and Mo-doped samples. Figure 3(a) presents the 
comparative analysis of the Fe 2p3/2 spectra for 
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Fig. 1 (a) XRD patterns of LSFNMx (x=0, 0.05, 0.1); (b) Refined XRD profile of LSFNM0.05 powder; (c) Chemical 
compatibility of LSFNMx (x=0, 0.05, 0.1) with BZCYYb; (d) LSFNMx (x=0, 0.05, 0.1) in Ar−21%O2 (3% H2O) 
atmosphere 
 

 
Fig. 2 SEM image (a) and EDS elemental mappings (b) of LSFNM0.05 
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Fig. 3 XPS spectra of Fe 2p3/2 (a) and O 1s (b) 
 
LSFNMx (x=0, 0.05, 0.1). The proportions of Fe  
at different oxidation states were determined by 
analyzing the peak areas. In the Fe 2p3/2 spectrum, 
peaks at approximately 709, 711, and 713 eV 
correspond to Fe2+, Fe3+, and Fe4+, respectively [22]. 
The proportions of Fe4+ for LSFN, LSFNM0.05,  
and LSFNM0.1 were 21.2%, 9.1%, and 19.5%, 
respectively. Since Fe content significantly exceeds 
that of Ni and Mo, many high-spin Fe4+/Fe3+ 
reduction electron pairs are present [23]. Upon  
Mo doping, a portion of Fe4+ is replaced by Mo6+. 
Considering the charge valence state compensation 
mechanism, this substitution leads to a decrease in 
the proportion of Fe4+, accompanied by an increase 
in the proportions of Fe2+ and Fe3+ [24]. According 
to Pauling’s rule [25], the introduction of Mo6+   
as a positive ion reduces the connectivity of the 
common surface, resulting in fewer Fe—O bonds 
and, consequently, an increase in oxygen vacancies. 

The generation of oxygen vacancies during the 
Mo doping process, which occurs to balance the 
decrease in the Fe valence state, can be analyzed 
through O 1s XPS spectra (Fig. 3(b)). The peaks 
with binding energies of 528−533 eV can be 
associated with the oxygen bonded to lattice oxygen 
(Olat), O−/O2−, surface-adsorbed oxygen (Oads), and 

structural water (OH), respectively [26]. The O−/O2− 
species indirectly reflect the concentration of 
oxygen vacancies (Ovac) [27]. These concentrations 
are quantified by calculating the ratio of each peak 
area to the total peak area [27,28]. As shown in 
Table 1, the oxygen vacancy concentration of LSFN, 
LSFNM0.05, and LSFNM0.1 is 20.12%, 24.00%, and 
23.03%, respectively. Compared to that of LSFN, 
the oxygen vacancy concentration increases by  
3.88% for LSFNM0.05 and 2.91% for LSFNM0.1. 
The results indicate that increasing Mo doping does 
not yield better outcomes, precisely because when 
Mo is doped too much, it replaces more Fe4+ and 
leads to more lattice oxygen loss, which can be 
obtained by [29−31] 
 

4+ 3+
O O2Fe +O 2Fe +V× →                     (1) 

 
where OO×  represents lattice oxygen; OV  stands 
for oxygen vacancy. 

The thermogravimetric analysis (TGA) was 
employed to investigate the oxygen release 
behavior of the materials during the heating process. 
Figure 4 presents the thermogravimetric curves  
for the three materials heated from 30 to 900 °C in 
air. All three materials exhibit continuous mass loss 
with increasing temperature, primarily attributed to 
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Table 1 Fitting results of O 1s XPS peaks of LSFNMx (x=0, 0.05, 0.1) samples 

Sample 
Relative peak area 

Proporiton of Ovac/% 
Olat O−/O2− Oads OH 

LSFN 61101.77 29873.05 33855.05 23639.40 20.12 

LSFNM0.05 87369.17 46790.67 29221.22 32012.27 24.00 

LSFNM0.1 84938.84 49717.77 48806.30 32408.11 23.03 
 

 
Fig. 4 TGA curves of LSFNMx (x=0, 0.05, 0.1) at    
30−900 °C in air 
 
the loss of lattice oxygen. In the lower temperature 
range of 100−300 °C, the observed mass loss is 
predominantly due to the desorption of physically 
adsorbed surface water. As the temperature rises, 
further mass loss occurs, which can be attributed to 
the release of lattice oxygen [32]. The total mass 
loss values for LSFN, LSFNM0.05, and LSFNM0.1 
are 1.11%, 2.1%, and 1.5%, respectively. Notably, 
LSFNM0.05 demonstrates the highest oxygen loss 
value, indicating that lattice oxygen is more readily 
released during the heating process, generating a 
more significant number of oxygen vacancies. This 
observation is consistent with the XPS results 
previously discussed. 
 
3.3 Electrical conductivity 

As shown in Figs. 5(a) and (b), the conductivity 
curves for 5% and 10% Mo-doped samples exhibit 
similar trends under two atmospheres. At lower 
temperatures, the conductivity increases with rising 
temperature, primarily due to the thermal activation 
of small polaron conduction mechanisms [30].  
The conductivity reaches its peak value at   
650 °C, which is consistent with the conductive 
characteristics of p-type semiconductors. p-type 
carriers are mainly provided by the Fe4+ charge 
compensating associated electron−hole pairs. The 
carrier concentration decreases with the thermal 

reduction of B-site cations and the intensification of 
lattice oxygen release at high temperatures. The 
relationship between lattice oxygen OO× , oxygen 
vacancy OV , and electron−hole pairs ( h  ) is 
shown in Eq. (2). At elevated temperatures, the 
exacerbated loss of lattice oxygen results in 
increased oxygen vacancies and a corresponding 
decrease in electron−hole pairs. This process 
ultimately leads to a reduction in conductivity. 
 

×
O 2 O

1O +2h O +V
2

→                       (2) 
 

Upon Mo doping, LSFN exhibits the highest 
conductivity characteristics across both atmospheric 
conditions, while LSFNM0.1 demonstrates the 
lowest conductivity. This phenomenon can be 
attributed to the introduction of high-valence Mo 
states, which trigger a partial conversion of Fe4+  
to Fe3+ to maintain charge balance within the 
perovskite structure. This conversion results in a 
reduction of charge carriers, ultimately affecting the 
material’s overall conductivity. However, the 
presence of Mo6+ and Mo5+ redox electron pairs can 
effectively overlap with Fe3+ and Fe2+ pairs, thereby 
ensuring the stability of the material’s structure. 
Previous research [33] showed that Mo-doped 
LSFN, when used as an electrode material, 
demonstrated excellent stability in long-term  
testing (100 h), suggesting that Mo-doping can 
significantly enhance the structural stability of the 
battery. The conductivity of the material is slightly 
higher in an atmosphere containing H2O. The 
increase in conductivity in moist air is due to proton 
conduction. Therefore, LSF-based materials meet 
the requirements of positive electrode operation of 
fuel cells [34]. 

Figures 5(c) and (d) show the Arrhenius 
diagrams corresponding to the conductivity of   
the three materials in different atmospheres and  
the magnitude of the activation energy. The 
activation energy can be calculated by the following 
equation: 



Ting TING, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2711−2725 2717 

 

 
Fig. 5 Conductivity curves (a, b) and corresponding Arrhenius plots (c, d) of LSFNMx (x=0, 0.05, 0.1) in different 
atmospheres: (a, c) Air; (b, d) Wet air 
 

aexp EAσ
T RT

− =  
 

                        (3) 
 
where σ is the electrical conductivity in S/cm; A is 
the pre-exponential factor; Ea is the activation 
energy in eV; T is the thermodynamic temperature 
in K; R is the molar gas constant (8.314 J/(mol·K)). 

The Ea value corresponds to the activation 
energy in a substance. The activation energies Ea of 
LSFNMx (x=0, 0.05, 0.1) in air were 0.103, 0.096, 
and 0.177 eV, respectively. The activation energies 
under wet air conditions were 0.121, 0.096, and 
0.169 eV, respectively. This shows that the 
electronic transition of LSFN material is more 
likely to occur under air conditions. When doped 
with Mo, its activation energy does not change 
under any atmosphere conditions. The minimal 
activation energy exhibited by LSFNM0.05 signifies 
an enhanced capacity for electronic transitions. This 
characteristic is particularly desirable for cathode 
materials in H-SOFCs, as it can facilitate more 
efficient electrochemical processes. 

3.4 Cell performance and stability 
To study the ORR of the LSFN, LSFNM0.05, 

and LSFNM0.1 electrodes, the surface-specific 
resistance (ASR) of the symmetric battery under air 
condition was tested. The results of these tests are 
presented in Fig. 6. Due to the symmetry of the 
half-cell structure, the polarization resistance value 
in the ASR is divided by 2 to obtain the polarization 
resistance Rpol of a single electrode. At 700 °C, the 
LSFNM0.05 has a minimum Rpol of 0.16 Ω·cm2 in 
the three symmetric batteries, indicating that ORR 
can be effectively improved with doping 5% Mo as 
the cathode. 

Figures 7(a−c) show the J−V−P (P is the 
power density) curves of IT-SOFC with LSFN and 
LSFNMx (x=0.05, 0.1) as cathodes, respectively. At 
700, 650, 600, and 550 °C, the maximum power 
density of the battery with LSFNM0.05 as the 
cathode is 484, 300, 172, and 106 mW/cm2, 
respectively. The maximum power density of the 
battery with LSFNM0.1 as the cathode is 365, 270, 
170, 98 mW/cm2, and the maximum power density 
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Fig. 6 EIS results of symmetric cells: (a) LSFN; (b) LSFNM0.05; (c) LSFNM0.1; (d) Symmetric cells at 700 °C under air 
conditions 
 

 
Fig. 7 J−V−P curves for single cell using LSFN (a), LSFNM0.05 (b) and LSFNM0.1 (c) cathodes, and output stability of 
single cell with LSFNM0.05 as cathode at 550 mA/cm2 and 700 °C (d) 
 
of the battery with LSFN as the cathode is 353, 253, 
141, and 75 mW/cm2 at the same temperature, 
respectively. Compared with undoped LSFN, the 
power density is improved to a certain extent. This 
indicates that Mo doping is conducive to improving 
the catalytic activity of LSFN cathode materials. 
Figure 7(d) illustrates the output stability of a single 

cell employing LSFNM0.05 as the cathode at  
700 °C. The cell, with an effective area of  
0.26 cm2, was operated at a constant current density 
of 550 mA/cm2. During the test, the cell output 
voltage exhibited a decay rate of 0.6%/h. 

As shown in Figs. 8(a) and (b), the cross- 
sectional microstructure of the anode and cathode 
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are observed by scanning electron microscope.  
The thickness of the electrolyte and cathode is 
20−30 μm, the thickness of the anode is about 
500 μm, and the electrodes are in good contact with 
the electrolyte, which proves that they have good 

chemical compatibility with the electrolyte and 
ensure the long-term work of the battery. 

Figure 9 shows the EIS spectra of H-SOFC 
with LSFN, LSFNM0.05, and LSFNM0.1 as cathodes 
at open circuit voltage, respectively. The impedance 

 

 
Fig. 8 SEM images of cross-section of anode (a) and cathode (b) after stability test 
 

 

Fig. 9 EIS spectra of single cells at different temperatures: (a, b) LSFN; (c, d) LSFNM0.05; (e, f) LSFNM0.1 
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spectrum mainly consists of ohm resistance (RΩ) 
and polarization resistance Rpol. The horizontal 
coordinate of the starting point of the spectrum in 
Fig. 9 represents the ohmic resistance of the battery, 
which is mainly affected by the electrolyte. The 
difference between the horizontal coordinate of  
the endpoint and the starting point can be 
approximately understood as the polarization 
resistance of the fuel cell. It can be seen from Fig. 9 
that the Rpol of these three cathode materials 
decreases with the increase in temperature, which 
indicates that LSF-based materials can maintain 
good stability and electrochemical activity under 
high temperature. As shown in Fig. 9, the 
polarization resistance Rpol for LSFN, LSFNM0.05, 
and LSFNM0.1 at 700 °C is 0.30, 0.26, and 
0.27 Ω·cm2, respectively. In contrast, the Rpol value 
of the cathode material LSFNM0.05 at 700 °C is 
lower than that of most LSFN cathode materials 
[35]. The polarization resistance of the electrode is 
mainly composed of the polarization resistance of 
the cathode, indicating that the Mo- doped cathode 

exhibits good ORR activity. At 700 °C, the Rpol is 
only 0.26 Ω·cm2. The spray coating method can 
simultaneously ensure low ohmic resistance and 
high electrolyte material density, thus enhancing the 
chemical performance of the battery. 
 
3.5 DRT analysis results 

To effectively distinguish these electro- 
chemical steps, the EIS spectra are analyzed using 
the DRT method [36,37]. The EIS data were 
analyzed based on the DRT results in Fig. 10. Each 
peak in the diagram represents a specific reaction 
step in the fuel cell reaction process. The peak areas 
reflect the contribution of each step to the overall 
polarization resistance, allowing identification of 
the rate-limiting step in the reaction. We label the 
peaks that occur with temperature as P1−P5 in the 
frequency order from high to low. Combined with 
the current DRT analysis of proton conduction solid 
oxide fuel cells and the results of literature, the 
corresponding DRT peaks in this work are listed in 
Table 2 [38,39]. 

 

 

Fig. 10 DRT diagrams of H-SOFC with LSFN (a), LSFNM0.05 (b), LSFNM0.1 (c) as cathodes at 700 °C (τ is relaxation 
time) 
 
Table 2 Reaction steps corresponding to different peaks in fitting process [38,39]  

Peak Reaction process 

P1 Proton diffusion; A lattice of protons bound to an anode [38] 

P2 Hydrogen adsorption and dissociation; Proton forming [38] 

P3 Oxygen reduction process [38] 

P4 Oxygen adsorption and dissociation; Oxygen diffusion [38] 

P5 Diffusion of anodes in porous gases [38] 

Padd1 Oxygen binds to the lattice [39] 
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The intensity of the peak increases as the 
temperature decreases, indicating a slower reaction 
rate at lower temperatures. Peak P5 begins to 
disappear for all single cells at 650 °C, indicating 
that the reaction step corresponding to P5 is not a 
rate-limiting step at low temperatures (Fig. 10). 
Additionally, as the temperature decreases, a new 
peak (Padd1) appears between P2 and P3, which 
means that some non-rate-limiting processes 
become rate-limited. Due to the cell’s anode- 
supported structure, the area of peak P1 is relatively 
large, which can be attributed to the greater thickness 
of the anode. 

Generally, the peaks associated with cathode 
reactions (Padd1, P3, and P4) predominate within 
all test temperature ranges, which implies that the 
cathode is the most significant source of Rpol. 
Figures 10(b) and (c) show that the ordinate height 
of LSFNMx at the same temperature, by contrast, is 
significantly lower than that of LSFN, which also 
corresponds to the Rpol with the smaller single cell 
in the front. Mo-doped LSFN enhances the oxygen 
ion migration capacity of the cathode, and the 
LSFNMx cathode shows better performance. 
Therefore, enhancing oxygen ion migration is    
an effective way to reduce significant oxygen 
polarization in H-SOFC. 

The sum of the area of Peaks P1−P5 represents 
the polarization resistance of the entire single cell. 
As the temperature decreases, the polarization 
resistance increases correspondingly. The polarization 
resistance of LSFNM0.05 is minimal at 700 °C, 
which ensures good battery performance. The data 
also reveal that, after Mo doping, the peaks 
associated with the cathode reaction (Padd1, P3, 
and P4) dominate the temperature range. As shown 
in Fig. 11, Peaks P3 and P4, observed at 
600−700 °C, represent the primary limiting factors. 
At 700 °C, the polarization resistance of LSFNM0.05 
is minimized, with oxygen adsorption and 
desorption as the key components of the process. 
However, this process positively correlates with the 
oxygen vacancy concentration discussed above. The 
XPS results show that the oxygen vacancy 
concentration of LSFNM0.05 is the highest. So, the 
results are consistent. Mo doping is beneficial to the 
optimization related to oxygen cathode behavior, 
which provides a new direction for research on the 
mechanism of H-SOFC. 

 

 
Fig. 11 Proportions of individual polarization resistance 
processes of three different cathodes at different 
temperatures: (a) LSFN; (b) LSFNM0.05; (c) LSFNM0.1 

 
It can be seen from Table 3 that the power 

density and polarization resistance of LSFNM0.05 
cathode materials are 484 mW/cm2 and 0.26 Ω·cm2, 
respectively. Compared with that of the undoped 
LSFN, the power density increases by 37%, and the 
polarization resistance decreases by 13%. This 
shows that Mo doping improves the electrocatalytic 
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Table 3 Power density and polarization resistance of perovskite material used as cathode of fuel electrode 

Cathode material 
Power density/ 

(mW·cm−2) 
Polarization resistance/ 

(Ω·cm2) 
Temperature/ 

°C 
Source 

La0.8Sr0.2Fe0.7Ni0.3-GDC 500  700 [40]  

(La0.6Sr0.4)0.9Fe0.8Ni0.2O3-δ 630 0.078 700 [41] 

La0.7Sr0.3FeO3−δ-SDC 542 0.074 650 [42] 

La0.25Sr2.75FeNiO3–δBaZr0.1Ce0.7Y0.2O3–δ 426 0.26 650 [43] 

La0.6Sr0.3Ce0.1Fe0.9Ni0.1O3−δ 725 0.13 700 [44] 

La0.5Sr0.5FeO3−δ  0.79 700 [45] 

SrFe0.9Nb0.1O3−δ  0.29 700 [46] 

Sr0.95Ce0.05CoO3−δ-GDC 546 0.152 650 [47] 

La0.6Sr0.4Fe0.9Ni0.1O3−δ 405 0.14 700 [18] 

La0.6Sr0.4Fe0.85Ni0.1Mo0.05 484 0.26 700 This work 

 
activity and stability of the electrode material [35]. 
It is beneficial to the progress of ORR and 
consistent with the results of the XPS analysis 
mentioned above. Mo doping is an effective way to 
improve the properties of perovskite structural 
materials, and the catalytic activity and stability of 
positive electrode materials. Compared with that  
of some LSFN composites (i.e. La0.8Sr0.2Fe0.7Ni0.3- 
GDC) [40] or LSFN cathode materials with 
A-position defects ((La0.6Sr0.4)0.9Fe0.8Ni0.2O3−δ) [41], 
the performance of LSFNM0.05 in this work is 
slightly worse. This is related to the electrolyte 
conducting different ions. In summary, Mo  
doping improves the electrochemical properties of 
LSFN cathode materials to a certain extent. The 
introduction of Mo can also increase the oxygen 
vacancy concentration and ORR capacity of 
LSFNM0.05, which is conducive to the ORR in the 
cathode. 
 
4 Conclusions 
 

(1) The perovskite materials with different 
proportions of Mo-doped LSFNMx (x=0.05, 0.1) 
have a pure phase structure. When simulating the 
fuel cell cathode, it maintains stability and has good 
chemical compatibility under different operating 
conditions. 

(2) From the chemical state of O in the XPS 
results, the doping of Mo increases the oxygen 
vacancy concentration and accelerates proton 
transportation. Compared with LSFN (20.12%)  
and LSFNM0.1 (23.03%), LSFNM0.05 reaches    

the maximum oxygen vacancy concentration 
(24.00%). 

(3) Although Mo doping reduces the 
conductivity of the material to a certain extent, 
LSFNMx can still meet the requirements of fuel cell 
cathode materials due to the conductivity of the 
high activity of Ni. 

(4) The electrochemical test results of the 
single cell show that the LSFNM0.05 as the cathode 
has the lowest polarization resistance of 0.26 Ω·cm2 
and the highest power density of 484 mW/cm2 at 
700 °C. 
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B 位 Mo 掺杂对 La0.6Sr0.4Fe0.9Ni0.1O3−δ质子传导型 
固体氧化物燃料电池正极材料电化学性能的影响 

 
婷 婷，谢 帝，陈 力，王丽君 

 
北京科技大学 钢铁技术协同创新中心，北京 100083 

 
摘  要：为解决质子传导型固体氧化物燃料电池(H-SOFC)中氧空位不足的问题，在铁酸镧钙钛矿(ABO3)的 B 位

引入过渡金属元素，进一步增强其催化活性。采用溶胶−凝胶法制备了 Mo 掺杂的 La0.6Sr0.4Fe0.9−xNi0.1MoxO3−δ 

(LSFNMx, x=0.05, 0.1) H-SOFC 粉体，并研究其晶体结构、电导率、缺陷化学性质和电化学性能。制备的材料为    

具有 R-3c 空间群的六方结构，在模拟工作条件下具有良好的化学稳定性。Mo 掺杂后，材料的表面氧空位浓度增

加，促进了氧的传输，从而降低极化电阻(Rpol)和活化能(Ea)。其中，LSFNM0.05 在 700 ℃时的极化电阻最低，约为

0.26 Ω·cm2。在相同温度下，LSFNM0.05 的最大功率密度为 484 mW/cm2，优于 LSFN (353 mW/cm2)和 LSFNM0.1 

(365 mW/cm2)的最大功率密度。 

关键词：质子传导型固体氧化物燃料电池；质子传输；空气电极；掺杂工程；电化学性能；氧空位 
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