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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• PBFMN cathode exhibits excellent ORR 
and proton transfer rates. 

• NiO nanoparticles enhance oxygen 
adsorption and dissociation. 

• Power density of 1.23 W cm−2 is 
measured at 700 ◦C. 

• The triple-conductive mechanism of 
PBFMN is investigated. 

• The dual effect in both perovskite phase 
and NiO nanoparticles promotes 
cathode.  
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A B S T R A C T   

The cathode catalytic activity and stability in a temperature range of 550–700 ◦C is crucial to the development of 
proton-conductive solid oxide fuel cells (PCFCs). A facile dual-modification strategy is developed for the design 
of Ni-doped PrBaFe1.9Mo0.1O6-δ (PBFMN), composed of a major perovskite and a minor NiO phases, as a cobalt- 
free cathode. The composite cathode PBFMN exhibits high catalytic activity and stability. Computational 
simulation indicates that the perovskite phase increases the oxygen vacancies and enhances the proton transfer, 
while nickel oxide nanoparticles improve oxygen adsorption and dissociation. The fuel cell with as-prepared 
PBFMN reached a peak power density 1.23 W cm−2 at 700 ◦C. The improved performance of the cell is 
mainly due to the fast ORR kinetics. This work provides a new insight into the design of cobalt-free cathode for a 
PCFC.  
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1. Introduction 

With the growing energy demands, much attention has been devoted 
to find clean and efficient energy transformation devices [1,2]. Solid 
oxide fuel cells (SOFCs) are one of the most promising candidates. 
Conventional SOFCs with the oxygen ion-conducting electrolyte operate 
at high temperatures (700–800 ◦C), limiting their broad utilization [3, 
4]. Proton-conductive solid oxide fuel cell (PCFCs) have emerged as an 
energy conversion device in the pursuit of efficient and clean energy 
conversion [5]. Their ability to operate at reduced temperatures, typi-
cally within a range of 550–700 ◦C, offers a compelling solution to the 
challenges of conventional SOFCs [6,7]. Moreover, H2O is produced on 
the cathode, avoiding the dilution of the fuels and improving fuel uti-
lization efficiency [8]. However, the sluggish oxygen reduction reaction 
(ORR) kinetics and proton transfer rate on the cathode impedes their 
practical applications [9,10]. 

Many triple conducting oxides (H+/e−/O2−) have been reported as 
the cathode materials for PCFCs, such as Ba0.5Sr0.4Co0.6Fe0.4O3-δ (BSCF) 
[11,12], PrCo0.7Ni0.3O3-δ [13], and PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) 
[14]. These cobalt-containing cathodes have been demonstrated to be 
efficient to improve ORR activity and the proton conductivity in PCFCs. 
For example, BSCF as a cathode shows the maximum power density 
(Pmax) of 829 mW cm−2 at 650 ◦C. Bi and his co-workers [15] doped 
BSCF with Mo to improve the protonation ability. The peak power 
density of a cell increases from 904 to 1217 mW cm−2 after doping Mo. 
Although cobalt-containing cathode exhibits relatively high catalytic 
activity and performance, their poor chemical stability and mismatch in 
thermal expansion remain as challenges [16,17]. PrBaFe2O5+δ is often 
used as an anode and cathode in traditional SOFCs due to its low thermal 
expansion coefficient [3,7,18]. Zhou et al. [19] developed 
(PrBa)0.95(Fe0.9Mo0.1)2O5+δ cathode for a SOFC. The interfacial polari-
zation of (PrBa)0.95(Fe0.9Mo0.1)2O5+δ is lower than PrBaFe2O5+δ in 
SOFC. Joo et al. [20] used PrBaFe2O5+δ as the symmetrical electrode in a 
PCFC. The Pmax of a cell with PBFM reached 301 mW cm−2 at 700 ◦C. 

Recently, surface modification techniques have been intensively 
adopted to improve catalytic activity and stability in PCFCs [21]. For 
example, Zhang et al. [22] infiltrated Pr0.9Fe0.7Co0.3O3 into PBSCF 
cathode to improve ORR activity and durability. Jing et al. [23] suc-
cessfully designed Ba0.95La0.05Fe0.8Zn0.2O3-δ-infiltrated BaCe0.7Z-
r0.1Y0.1Yb0.1 O3-δ cathode, which increased the proton-accessible 
cathode area at the cathode/electrolyte interface. However, the weak 
contact between different phases results in lower catalytic activity and 
poor stability [24,25]. The selective exsolution technique is also an 
effective way to enhance the electrocatalytic activity, especially in the 
anode for SOFCs [26,27]. For example, our group developed Sn nano-
particles modified Ce0.70Sn0.10Sm0.2O2−δ, which improved the coking 
resistance of the anode of a SOFC [28]. Moreover, we developed a Co–Fe 
doped La0.5Ba0.5MnO3-δ anode with a unique cubic-hexagonal phase and 
core-shell nanoparticles, which shows excellent performance and resis-
tance to carbon buildup in SOFCs [29]. However, the application is 
predominantly utilized in anodes or cathode materials containing co-
balt, with limited research effort paid on cobalt-free cathodes. 

In this work, PrBaFe1.7Mo0.1Ni0.2O6-δ (PBFMN) is designed as a 
cobalt-free cathode in a PCFC with fast ORR kinetics and proton transfer. 
PBFMN consists of a major Ni-doped PBFM perovskite phase and formed 
NiO nanoparticles. The effects of Ni in both perovskite and the second 
phases NiO are investigated. We investigate the ORR activity and sta-
bility of PBFMN modified with nickel oxide nanoparticles in PCFCs 
through a combination of experiment and theoretical analysis. 
Compared to PBFM, the PBFMN exhibits higher oxygen vacancy con-
centration and faster proton transfer. The PBFMN cathodes delivers a 
peak power density 1.23 W cm−2 in a PCFC with the BaZr0.1Ce0.7Y0.2O3-δ 
(BZCY) electrolyte at 700 ◦C, and a good stability without obvious 
degradation in 200 h. 

2. Materials and methods 

2.1. Preparation of cathode powders 

PrBaFe1.9Mo0.1O6-δ (PBFM) and PrBaFe1.7Mo0.1Ni0.2O6-δ (PBFMN) 
were synthesized with a sol-gel technique. 20 mol.% Ni is partially 
substitute for Fe site of PMFM to form PBFMN. Stoichiometric amounts 
of Pr(NO3)3⋅6H2O, Ba(NO3)2, Fe(NO3)3⋅9H2O, (NH4)6Mo7O24 and Ni 
(NO3)2⋅6H2O were dissolved in deionized water. Ethyl-
enediaminetetraacetic (EDTA, 99.5 %) and citric acid was then added to 
the solution. Afterwards, the pH value of the solution was adjusted to 7.5 
with addition of ammonia solution. The obtained solution was stirred 
until it changed to a gel and then heated at 300 ◦C. The precursor was 
calcined at 950 ◦C for 3 h. 

2.2. Fabrication of the fuel cell and test 

The electrolyte BaZr0.1Ce0.7Y0.2O3-δ (BZCY) powder was synthesized 
with a sol-gel technique [30]. The anode consisted of 70 wt% electro-
lyte, 30 wt% NiO and 10 wt% starch. The mixture was pressed into 15 
mm diameter pellet and calcined at 1100 ◦C for 2 h to form anode 
support. An anode functional layer subsequently was spin-coated onto 
the anode to reduce the thermal expansion mismatch between the 
electrolyte and the anode. The anode functional layer slurry was pre-
pared with mixing electrolyte and NiO in terpineol with ethyl cellulose. 
BZCY electrolyte layer was also prepared with spin-coating technique. 
The electrolyte slurry is composed of electrolyte, terpineol and ethyl 
cellulose. After coating, the pellet was co-calcinated at 1400 ◦C for 3 h 
[31,32]. The prepared cathode material was mixed with V006 binder to 
get a cathode slurry. The cathode slurry was casted on the electrolyte 
side with a screen-printing method. Finally, the sample was sintered at 
950 ◦C for 3 h to obtain the single cell. 

The I–V and I–P curves of the cells were recorded using an electro-
chemical workstation VERSASTAT 3 under H2 as fuels and oxygen as 
oxidant. The polarization of the cathode was measured with a symmetric 
cell. The electrolyte disk was prepared with pressing the BZCY at 500 
MPa and sintering at 1350 ◦C for 5 h. The symmetric cell was obtained 
with casting cathode slurry onto both sides of the electrolyte disk. 

2.3. Characterization 

The x-ray diffraction (XRD) pattern was measured with a PANalytical 
X’PertPro diffractometer in the 2θ range of 20◦–80◦. The micromor-
phology of the materials was observed with a scanning electron micro-
scope (SEM, S-4800, Hitachi). TEM and EDX mappings were recorded 
with JEOL JEM-2200FS. The X-ray photoelectron spectroscopy (XPS) 
analysis was performed with an Escalab 250Xi system with an Al-Kα 
radiation. 

2.4. First principal calculations 

All density functional theory (DFT) simulations were performed with 
the Hubbard-U framework (DFT + U) using the Vienna ab initio simu-
lation package. The values of Ueff = 6.7, 3.8 and 5.2 were employed for 
Ni, Mn and Fe. Monkhorst–Pack K-point grid was made to 3 × 3 × 3 and 
3 × 3 × 1 during bulk and surface relaxation respectively. The plane-
wave cut-off energy was applied at 500 eV. The convergence criteria for 
energy and force were 10−5 eV and 0.02 eV/Å, respectively. The oxygen 
vacancy formation energy (Evo) of the PBFM and PBFMN are obtained 
using the following equation, 

Evo = Edefect +
1
2
EO2 − Eperfect (1) 

Edefect represents the energy of the bulk with a single oxygen vacancy, 
while EO2 denotes the energy of an oxygen molecule. Eperfect signifies the 
energy of the stoichiometric bulk [11,15]. 
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The hydration energy (Eh) was computed using the following equa-
tion, 

Eh = E2OH − EH2O − Edefect (2)  

Where E2OH represents the bulk energy with two protons, EH2O is the 
energy of a water molecule, and Edefect is the energy of bulk with a single 
oxygen vacancy [24,33]. 

The oxygen adsorption energy (Ead) was defined as 

Ead = Etot − Eslab − EO2 (3) 

Etot represents the energy of the adsorption surface, Eslab is the 
cathode surface energy, and EO2 is O2 molecule energy. 

3. Results 

3.1. Electrochemical performance 

The SEM images of the prepared fuel cell, as depicted in Fig. 1a, il-
lustrates a highly dense electrolyte layer with a thickness of approxi-
mately 25 μm. Fig. 1b and c shows the I–V and I–P curves of the single 
cells with PBFM and PBFMN fed with wet H2 from 550 to 700 ◦C. The 
measured open circuit voltages (OCV) of the cells are in the range of 
1.00–1.05 V. These values indicate that the electrolyte is dense without 
any gas leakage, in consistency with the SEM images. The cell with 
PBFM cathode exhibits a Pmax 886 mW cm−2 at 700 ◦C. When PBFMN 
was used as the cathode, the cell shows a Pmax 1.23 W cm−2 at 700 ◦C. 
With decreasing the temperature, the Pmax of the cell with PBFMN as 
cathode drops to 897, 795, 626 mW cm−2 at 650, 600, 550 ◦C, respec-
tively. The performance is one of the best of the reported values for 
cobalt-free cathodes in PCFCs (Fig. 1d) [7,34–38]. The corresponding 
EIS curves of single cells measured at 700, 650 and 600 ◦C are presented 
in Fig. 1e. The ohmic resistances of both cathodes are similar. 
Remarkably, the polarization resistance of PBFMN is significantly lower 
than that of PBFM. To gain insights into the polarization processes, DRT 
analysis is subsequently carried out and presented in Fig. 1f and g. Five 
peaks are labeled P1–P5 from low to high frequency. Previous studies 
reported a correspondence between DRT peaks and electrode reactions 
[35,39,40]. P1 represents adsorption and dissociation of oxygen at the 
cathode. P2 presents is associated with proton transfer at the cathode. P3 
represents the oxygen incorporation from surface to bulk at the cathode. 
P4 and P5 are assigned to proton diffusion and hydrogen adsorption at 
the anode. It is obvious that the P1 and P2 peaks decrease the most. This 
means that the introduction of Ni is mainly beneficial to the adsorption 
and dissociation of oxygen and the migration of protons. In PBFM, the 
cathode processes are rate-limiting steps, which accounts for most of the 
polarization. After Nimost doping, the cathode polarization is reduced, 
and the anode processes are the rate-limiting steps. Additionally, the 
stability test is carried out for 200 h at 700 ◦C under a current density of 
1 A/cm2 (Fig. 1e). The degradation rate is estimated as 0.04 V/kh. 

Fig. 2a illustrates the EIS curves of symmetrical cells with PBFM and 
PBFMN cathodes, tested in oxygen at 700 ◦C and 650 ◦C. The polari-
zation resistance (RP) is reflected by intersection point with the end of 
the X axis. RP of PBFMN cathode at 700 ◦C and 650 ◦C is approximately 
0.05 and 0.14 Ω cm2, respectively. PBFM exhibits RP values of 0.17 and 
0.45 Ω cm2 at 700 ◦C and 650 ◦C respectively. Fig. 2b present Arrhenius 
plots of RP for the symmetric cells. For both cathodes, RP decreases with 
increasing temperature. The slopes for PBFMN are smaller than those for 
PBFM. The slopes correspond to activation energies (Ea), where PBFMN 
exhibits an Ea of 1.33 eV, which are lower than PBFM’s Ea of 1.35 eV. 
The Ea of PBFM also decreases after the Ni doping. The low activation 
energy of PBFMN indicates low ORR barrier. 

To investigate the cathode ORR activity, the distribution of relaxa-
tion time (DRT) of the symmetric cell is used to analyze impedance re-
sponses. The DRT curves are further subdivided into the low-frequency 
intersection P1, the intermediate-intersection P2 and the high-frequency 

P3. DRT of PBFMN under different partial pressure of O2 was analyzed 
(Fig. 2c). At the same temperature, as the oxygen partial pressure in-
creases, the low-frequency part remains essentially unchanged. The 
intermediate-frequency part is the most dependent on the concentration 
of oxygen. The polarization resistance (RP) of each process is calculated 
from peak integration areas from DRT plot of P1, P2 and P3 respectively 
(Fig. 2d). The dependent relationship of RP on PO2 is fitted with RP = k 
(PO2)−n. The P1 shows a weaker PO2 dependence, indicating that P1 is 
related to the oxygen ion transport across the electrolyte/electrode 
interface. n = 0.301 for P2 suggests that the rate-determining step of the 
P2 is the reduction of oxygen atoms to O− [41,42]. The n value for P3 is 
0.144, indicating that P3 correspond to the charge transfer process. 
Fig. 2e further compares DRT plots of PBFM and PBFMN. After Ni 
doping, the resistance of PBFMN cathode in all the frequency in-
tersections decreases remarkably. Compared to those of PBFM, the area 
of P3 in PBFMN significantly decreased, indicating that PBFMN have 
higher charge transfer process. The P2 areas of PBFMN are smaller than 
those of PBFM, suggesting faster oxygen reduction process on PBFMN. 

3.2. Characterization 

In Fig. 3a and b, the X-ray diffraction (XRD) patterns before and after 
nickel (Ni) doping to PBFM are presented. The XRD peaks remain at 
similar locations before and after Ni doping. After nickel doping, the 
peak intensity is increased, indicating that Ni doping improves crystal-
linity of PBFM. An additional small peak at 42◦ is observed, which 
corresponds to NiO phase. Moreover, Fig. 3b reveals a noticeable shift of 
the peaks towards lower angles in the XRD pattern of the PBFMN than 
that of the undoped PBFM, indicating the successful incorporation of 
nickel into the perovskite (PBFM) lattice. The crystal lattice distortion is 
ascribed to lower ionic radius of doped Ni atoms than Fe. Rietveld 
refinement of XRD data for PBFMN is performed with the results shown 
in Fig. 3c. A cubic perovskite structure (space group Pm-3m) is calcu-
lated for PBFMN with parameters to be a = b = c = 3.925 Å. A secondary 
phase is identified as NiO. The lattice parameter of NiO is a = b = c =
4.177 Å. The result shows that the NiO relative amount is 2.7 wt%. 
Fig. 3d shows the lattice fringes are 0.241 and 0.283 nm, which are 
corresponded to the (111) plant of the NiO phases and the (110) plant of 
perovskite phase, respectively. Transmission electron microscopy (TEM) 
mapping is employed to investigate the elemental distribution within 
the doped sample. The mapping results revealed uniform distribution of 
Pr, Ba, Fe, and Mo in the bulk phase (Fig. 3e). Notably, the mapping of Ni 
and O displayed the presence of the NiO nanoscale particle on the sur-
face. It is consistent with the analyses of XRD results. The NiO nano-
particles exhibit an average diameter of approximately 100 nm. 

The O 1 s spectra of PBFM and PBFMN samples are plotted in Fig. 4a. 
The high-resolution O 1s spectrum consists of adsorbed (Oad), lattice 
(Olat) oxygen, O2

2−/O− and adsorbed H2O [35]. The Olat/Oad peak area 
ratio of PBFM and PBFMN samples are 0.56 and 0.73 respectively, which 
represents that more oxygen vacancies are existed in PBFMN. Fig. 4b 
shows the Fe 2p spectra of PBFM and PBFMN. The results reveal the 
mixed-valence state of Fe3+ (located at 723.2 and 710.1 eV) and Fe4+

(located at 725.1 and 711.7 eV). The content of Fe3+ increases from 
43.46 % to 52.13 % after doping Ni, indicating a decrease of the valence 
state of Fe after doping Ni. Using Kroger–Vink notation, the defect re-
action is presented by: 

2Fe×
Fe + O×

O ↔ 2Fe′
Fe + V••

O +
1
2
O2 (4)  

Where Fe×
Fe and Fe′

Fe denote Fe4+ and Fe3+ respectively. O×
O and V••

O 
represents lattice oxygen and oxygen vacancy respectively. The value of 
iron decreases, indicating the loss of some electrons. These lost electrons 
typically transfer to lattice oxygen, leading to a reduction in the oxygen 
atoms and consequently forming oxygen vacancies. 

In addition, thermogravimetric analysis (TGA) is used to determine 
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Fig. 1. (a) Cross-sectional SEM image of single cell. (b) I–V and I–P curves of single cells with PBFM cathode. (c) I–V and I–P curves of single cells with PBFMN 
cathode. (d) Comparison of Pmax of PBFMN (red) with other representative PCFC cobalt-free cathodes at 700 ◦C. (e) EIS of the single cell with PBFM and PBFMN at 
700, 650, 600 ◦C. (f) DRT curves of PBFM and PBFMN cathodes in single cell at 600 ◦C. (g) The peak area of each peak. (h) Durability test result of the cell with 
PBFMN cathode under a constant current density of 1 A cm−2 at 700 ◦C. 
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Fig. 2. (a) EIS of symmetric cells with PBFM and PBFMN in O2 at 700 and 650 ◦C. (b) Rp of cathodes in O2 at various temperatures. (c) DRT curves of PBFMN under 
different oxygen partial pressures. (d) Profile of dependence of PO2 on resistance of P1, P2 and P3 for PBFMN. (e) DRT curves of PBFM and PBFMN cathodes in O2 
at 700 ◦C. 
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the lattice oxygen loss of cathode. A slight mass loss below 300 ◦C is 
attributed to the desorption of surface adsorbed species. The weight 
losses begin at 300 ◦C corresponding to the loss of lattice oxygen. The 
weight loss of PBFM and PBFMN samples at 700 ◦C are about 1.48 % and 
1.80 % respectively (Fig. 4c). 

3.3. Density functional theory simulation 

To further understand the ORR and proton transfer mechanism, DFT 
simulations are carried out. Based on the model of Pr4Ba4Fe7Mo1O24 

(PBFM) and Pr4Ba4Fe6Mo1Ni1O24 (PBFMN), the oxygen vacancy for-
mation energy (Evo), hydration energy (Eh), and proton migration en-
ergy barriers are calculated in the different oxygen sites (Fig. 5a and b). 
The lowest Evo of PBFMN is −0.38 eV, which is much lower than PBFM 
(0.52 eV). The Eh of PBFMN is −0.878 eV, while the Eh of PBFM is 
−0.497. The proton transfer includes two steps (hopping and rotation). 
The simulation results show that the barriers of proton hopping and 
rotation for PBFMN are both lower than those for PBFM. The hopping 
energy barrier for PBFMN is 0.045 eV, and for PBFM is 0.268. The 
rotation energy barrier of PBFM is 0.169 eV, whereas that of PBFMN is 

Fig. 3. (a) XRD patterns of the PBFM and PBFMN samples. (b) XRD patterns of the PBFM and PBFMN samples from 30 to 35◦. (c) Rietveld refinement profiles of 
PBFMN. (d)TEM image of the perovskite and NiO phases in PBFMN. (e) TEM micrographs and the corresponding EDS elemental mappings of PBFMN sample. 
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0.08 eV. The improvement of proton transfer in PBFMN extend the 
active reaction area to the whole cathode, thus enhancing the cell 
performance. 

Furthermore, the O p-band center is often taken as a descriptor of 
ORR activity [43]. We calculated the O p-band centers of the two 
cathodes (Fig. 5c). The O p-band center of PBFMN (−1.22 eV) is higher 
than that of PBFM (−1.58 eV). We further explored the impact of NiO on 

the ORR catalytic activity. The adsorption energy of oxygen on the NiO 
surface is −4.85 eV. The value is lower than that for PBFM and PBFMN 
(Fig. 5d). After the oxygen adsorption on the NiO, PBFM and PBFMN 
surfaces, O–O bond length are compared. The bond length of O–O on the 
NiO surface is 1.53 Å and that for PBFMN and PBFM are 1.25 and 1.24 Å, 
respectively. The NiO nanoparticles improve O2 adsorption and 
dissociation. 

Fig. 4. XPS spectra of (a) O1s and (b) Fe 2p for the PBFM and PBFMN samples. (c) TGA curve of PBFM and PBFMN samples.  

Fig. 5. (a) Oxygen vacancy formation energy and hydration energy of PBFM and PBFMN. (b) Proton migration energy barrier of PBFM and PBFMN. (c) PDOS of O 2p 
orbitals (spin up and spin down). (d) Oxygen adsorption energy and adsorption O–O bond length of PBFM, PBFMN and NiO. 
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4. Discussion 

4.1. ORR activity and proton transfer 

ORR activity is closely associated with high triple conductivity (e−, 
H+, and O2−) and surface exchange in the cathode. High oxygen vacancy 
concentration facilitates the oxygen transfer and surface exchange, 
improving ORR activity. The DFT results show that the introduction of 
nickel lowers Evo. Reduced Evo leads to an increase in the oxygen va-
cancy content of the cathode. After Ni doping PBFM, the TGA result 
exhibits that weight loss increases, which means more oxygen vacancies. 
This is also confirmed by XPS analysis. As a descriptor for ORR activity, 
O p-band center of PBFMN is higher than that of PBFM. This result also 
demonstrates that PBFMN has higher ORR activity than the non-doped 
one. The oxygen adsorption energy is calculated to investigate the role 
of NiO on ORR. The energy required for oxygen to adsorb onto the 
surface of nickel oxide is lower than that on the PBFM and PBFMN. The 
lower energy means that oxygen tends to adsorb on NiO surface rather 
than to the perovskite surface. The adsorption energy on the NiO and 
PBFM surface is negative, which means it is spontaneous thermody-
namically. In addition, the O–O bond length is 1.53, 1.25 and 1.24 Å 
when O2 adsorbed on NiO, PBFM and PBFMN respectively. The larger 
bond length is beneficial for breaking the O–O bond [44,45]. Therefore, 
NiO enhances the oxygen adsorption and dissociation, thus improves 

ORR kinetics. 
In addition, proton transfer and hydration ability are also essential 

for cathode reaction. The proton formation mechanism is described as 

V..
O + H2O + O×

O → 2OH.
O (5) 

The oxygen vacancy is taken as a prerequisite for proton formation 
[46,47]. High concentration of oxygen vacancy contributes to proton 
transfer. The DFT calculation shows that the proton transfer energy 
barrier of PBFMN is lower than PBFM. Moreover, proton formation re-
quires the presence of water molecules. Eh for PBFM is much higher than 
that for PBFMN, which means that hydration reactions of PBFMN are 
easier than PBFM. The electrode process is analyzed with DRT curves of 
single cell. The strong peak in P2 corresponds to the proton transfer at 
the cathode. Compared to PBFM, the PBFMN exhibits lower intensity in 
P2, which means that PBFMN with NiO nanoparticles has high proton 
conductivity. The peak intensity in the P1 of PBFMN is decreased, which 
is related to oxygen adsorption and dissociation [48]. These results 
indicate that the oxygen adsorption and dissociation is enhanced. Based 
on the DRT of symmetrical cells, PBFMN significantly decrease the po-
larization in the entire frequency range by enhancing oxygen reduction 
and charge transfer of ORR. 

Combined with the DFT simulations and DRT analysis above, the 
enhanced reaction mechanism on the surface of PBFMN is proposed 
(Fig. 6). Oxygen is initially adsorbed on surface. The oxygen molecules 

Fig. 6. Reaction mechanism and advantages of PBFMN.  

P. Yao et al.                                                                                                                                                                                                                                      



Journal of Power Sources 606 (2024) 234591

9

then dissociate and spillover on the perovskite surface through direct 
combination with the oxygen vacancies. Meanwhile, protons transfer to 
triple three-phase boundary through PBFMN perovskite phase and then 
react with adsorbed O to form water. The NiO phase improve oxygen 
adsorption and surface exchange. The substitution of Ni for Fe in PBFM 
increases oxygen vacancies, thus enhancing ORR kinetics and proton 
transfer. PBFMN possesses a high triple-conducting (e−/O2−/H+) abil-
ity, which extends reaction sites to the entire cathode surface. 

4.2. Performance and stability analysis 

PBFMN with triple conduction capability enhances ORR kinetics, 
improving PCFC performance. The performance of a single cell with 
PBFMN presents a Pmax of 1.23 W cm−2 and a low RP of 0.05 Ω cm2. 
Durability is another important index for evaluating cathode. At a dis-
charging current at 1A cm−2, no evident performance degradation is 
observed. These means that PBFMN cathode has a good durability in 
PCFC. 

5. Conclusions 

In summary, we prepared a dual modified PBFMN cathode in a PCFC. 
The results of XRD and TEM confirm that PBFMN composes of a major 
perovskite and a minor NiO phases. Ni-doped PBFM increases oxygen 
vacancy concentration according to the results of TGA and XPS. Based 
on symmetric cells and DFT simulations, Ni-doped PBFM with NiO 
nanoparticles improves oxygen adsorption and surface exchange. The 
ORR kinetics and proton transfer are enhanced when Ni is doped into 
PBFM. Due to synergistic effects of perovskite and NiO nanoparticles, 
the single cell with PBFMN exhibits a high peak power density of 1.23 W 
cm−2 and a lower RP of 0.05 Ω cm2 at 700 ◦C. The stable performance of 
a single cell with PBFMN cathode is maintained over 200 h without 
obvious degradation. It is one of the best performances among the 
cobalt-free cathode reported so far. This work is of great importance to 
rational design of high activity, stable PCFC cathodes. 
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