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Abstract 

BaCe0.2Fe0.8-xPrxO3-δ (x=0-0.3) is studied as a cobalt-free cathode material for 

proton-conducting solid oxide fuel cells. The cathode is composed of a cubic 

BaFeO3-δ phase and an orthorhombic BaCeO3-δ phase, and Pr is doped in both phases. 

The partial substitution of Pr for Fe decreases the content of the BaFeO3-δ phase, 

leading to a lower electrical conductivity. BaCe0.2Fe0.6Pr0.2O3-δ has the most adsorbed 

oxygen and Fe3+ on the surface, resulting in the fastest oxygen surface exchange 

kinetics and the highest activity. The partial pressure of H2O shows a negligible effect 

on the polarization resistance of the cathode. In contrast, the polarization resistance 

increases remarkably with the decrease of oxygen partial pressure, indicating that the 

rate of the cathode process is controlled by the surface exchange of oxygen. At 700 oC, 
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BaCe0.2Fe0.6Pr0.2O3-δ shows the lowest polarization resistance of 0.057 Ω cm2, and a 

single cell with that cathode exhibits the highest maximum power density of 562 mW 

cm-2. The results demonstrate that Pr doped BaCe0.2Fe0.8O3-δ is a promising 

cobalt-free cathode material for proton-conducting solid oxide fuel cells. 

 

Keywords: Cathode; Proton-conducting solid oxide fuel cell; Praseodymium doping; 

Barium ferrite; Oxygen surface exchange 
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1. Introduction 

Under the global energy shortage and environmental pollution, solid oxide fuel 

cells (SOFCs), as efficient and clean power generation devices with wide fuel 

flexibility, have received extensive attention in recent years [1]. However, the high 

operating temperature (800-1000 oC) is one of the main limiting factors that hinder 

the commercial development of SOFCs [2]. A promising solution to alleviate this 

problem is to use proton-conducting SOFCs (PCFCs), which are more capable of 

low-temperature operation than conventional oxygen ion-conducting SOFCs because 

of the lower activation energy of proton conduction [1,3]. At a lower temperature, the 

cathode polarization dominates the cell loss of PCFCs [4]. Therefore, developing 

highly active cathode materials for PCFCs has become a research focus. In recent 

years, many triple-conducting cathodes that transport protons, oxygen ions and 

electrons simultaneously, such as BaCo0.7(Ce0.8Y0.2)0.3O3-δ [1], La0.35Pr0.15Sr0.5FeO3-δ 

[4], BaCo0.4Fe0.4Zr0.1Y0.1O3-δ [5], PrBa0.5Sr0.5Co1.5Fe0.5O5+δ [6] and 

Sr2Sc0.1Nb0.1Co1.5Fe0.3O6-δ [7], have been developed as cathodes of PCFCs. 

Nevertheless, most of the current high-performance cathode materials contain cobalt, 

which brings about problems such as high-cost, cobalt evaporation and thermal 

expansion mismatch with proton-conducting electrolyte materials [4,8,9]. Accordingly, 

cobalt-free cathode materials with high activity for PCFCs are needed [10]. 

Among the existing cobalt-free PCFC cathodes, mixed ionic-electronic 

conducting BaFeO3-δ-based materials have been widely studied considering the low 

price, good chemical stability and the high activity of Fe speices, and that Ba2+ with a 
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large ionic radius and a low divalent state favours the formation of oxygen vacancies 

and oxygen transport [11,12]. Some of them were proved to be good cathodes for 

oxygen ion-conducting SOFCs, such as BaFe0.95Nb0.05O3-δ [13] and BaFe0.95Sn0.05O3-δ 

[11]. However, they show insufficient performance when directly used in PCFCs. For 

instance, when La0.05Ba0.95FeO3-δ is used as the cathode, the maximum power density 

(Pmax) of a single cell with a 15 μm-thick oxygen ion-conducting yttria-stabilized 

zirconia (YSZ) electrolyte layer reaches 1125 mW cm-2 at 700 oC [14], while Pmax of 

only 325 mW cm-2 is obtained by a single PCFC using a BaZr0.1Ce0.7Y0.2O3-δ (BZCY) 

electrolyte layer with the same thickness [15], which is mainly due to the limited 

proton conductivity of the cathode [3,16,17,18]. In addition, the thermal expansion 

coefficients (TECs) of BaFeO3-δ-based materials are generally close to 20×10-6 K-1 

[9,19,20], which are much higher than those of PCFC electrolytes such as BZCY 

(10.2×10-6 K-1) [10]. BaFeO3-δ-based materials are usually mixed with electrolyte 

materials through solid-mixing or infiltration to alleviate the thermal expansion 

mismatch [19,21,22]. However, these processes are complex and time-consuming, 

and problems like limited interface for reaction caused by inhomogeneous mechanical 

mixing and structure degradation of the infiltrated electrodes are innegligible [1,23]. 

In 2009, Tao et. al [24] developed a low-cost BaCe0.5Fe0.5O3-δ cathode material 

for PCFCs, which is composed of a cubic BaCe0.15Fe0.85O3-δ perovskite phase and an 

orthorhombic BaCe0.85Fe0.15O3-δ phase. The one-step synthesized composite material 

shows a good thermal stability [25]. Meanwhile, the proton conductivity provided by 

the orthorhombic phase extends the reaction region, and the polarization resistance 
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(Rp) of the a single cell with that cathode is 0.4 Ω cm2 at 650 oC [24]. Zhang et al. [26] 

used BaCe0.4Sm0.2Fe0.4O3-δ (BCSF) as the cathode material, and its Rp is about 0.8 Ω 

cm2 at 650 oC. They also demonstrated that the rate-determining steps (RDS) of the 

cathode process are the diffusion and reduction of oxygen species. The doping of Bi 

in BaCe0.5Fe0.5O3-δ results in the weakening of metal-oxygen bonds, which is 

beneficial to the migration of lattice oxygen and the cathode activity [27]. The Rp of 

the a cell with BaCe0.5Fe0.3Bi0.2O3-δ cathode are 0.13 and 1.07 Ω cm2 at 650 and 550 

oC, respectively. 

In recent years, Pr has been used as a dopant in electrode materials of SOFCs. 

Huang et al. [28] incorporated Pr in Ce0.8Sm0.2O2-δ as an anode support, which 

improves the oxygen activity since the strength of Pr-O bond is weaker than that of 

Ce-O bond. Bi and co-workers [4,29] improved the proton conductivity and hydration 

ability of La0.5Sr0.5FeO3-δ as a cathode material of PCFCs by partly replacing La with 

Pr. The partial substitution of Pr for Fe can stabilize the cubic perovskite structure of 

BaFeO3-δ and improve its oxygen ionic conductivity [30]. Heras-Juaristi et al. [31] 

found that the electronic conductivity of BaZr0.7Ce0.2Y0.1O3-δ is improved with the 

doping of Pr following the small polaronic hopping mechanism. A similar 

improvement of the electrical conductivity with Pr-doping is also observed in 

La2NiO4+δ [32]. In this work, Pr is partially substituted for Fe in BaCe0.2Fe0.8O3-δ as a 

cathode material for PCFCs. The effects of the Pr-doping on the surface property and 

oxygen surface exchange kinetics are studied. The oxygen reduction reaction process 

and the cathode activity are investigated. 
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2. Experimental 

2.1. Material synthesis 

Cathode powders of BaCe0.2Fe0.8O3-δ (BCF), BaCe0.2Fe0.7Pr0.1O3-δ (BCFP0.1), 

BaCe0.2Fe0.6Pr0.2O3-δ (BCFP0.2) and BaCe0.2Fe0.5Pr0.3O3-δ (BCFP0.3) were synthesized 

through a EDTA-citrate sol-gel method [33]. All the raw materials were from 

Shanghai Aladdin Bio-Chem Technology Co., Ltd., unless otherwise specified. 

Stoichiometric Ba(NO3)2 (99.5%), Fe(NO3)3 9H2O (Tianjin Solomon Biotechnology 

Co., Ltd., 99.9%), Ce(NO3)3 6H2O (Tianjin Solomon Biotechnology Co., Ltd., 99.5%) 

and Pr(NO3)3 6H2O (99%) were dissolved in deionized water at 60 oC. Then citric 

acid (99.5%) and EDTA (99.5%) were added in the aqueous solution at a molar ratio 

of 1:1:1.5 for total metal ions: EDTA: citric acid. The pH value of the solution was 

adjusted to around 6 by adding NH3 H2O (Tianjin Chemart Chemical Technology Co., 

Ltd., 25%). The solution was stirred at 90 oC until a yellow gel was formed, which 

was subsequently heated to 350 oC for 2 h, and then calcined at 1000 oC for 5 h.  

BaZr0.1Ce0.7Y0.2O3-δ (BZCY) electrolyte was prepared through a solid-state 

reaction method [34]. Stoichiometric amounts of BaCO3 (99.8%), ZrO2 (99.99%), 

CeO2 (99.99%) and Y2O3 (99.99%) powders were ball-milled in ethanol for 5 h. After 

drying, the mixture was calcined in air at 1100 °C for 10 h, and then ball-milled again 

and calcined at 1150 oC for another 10 h to form the perovskite phase. 

2.2. Characterization 
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The crystal structures of the cathode and electrolyte powders were characterized 

at room temperature using an X-ray diffractometer (XRD, D8 Focus, Bruker Cor., 

Germany) with Cu-Kα radiation, 40 kV and 200 mA, at a scanning rate of 8o min-1. 

The morphology of the cathode powder was investigated with a high resolution 

transmission electron microscope (HRTEM, JEM-2100F, JEOL, Japan). 

Thermogravimetric analysis (TGA) of the cathode powders was carried out in air with 

an STA 449F3 analyzer (Netzsch, Germany) at a heating rate of 5 oC min-1. The TECs 

of the cathodes were measured with a thermomechanical analyzer (TMA Q400, TA) 

from 25 to 700 oC at a heating rate of 10 oC min-1 in air. The surface of the cathode 

powders was studied with an X-ray photoelectron spectrometer (XPS, ESCALAB 

250Xi, Thermo Fisher Scientific, America) with Al-Kα radiation. 

2.3. Electrochemical measurement 

The electrical conductivities of the cathodes were measured with a 4-probe direct 

current method from 400 to 700 oC in air using an electrochemical workstation 

(VersaSTAT 3, Ametek). The cathode powders were dry-pressed at 300 MPa to form 

rectangular bars, and then calcined at 1300 oC for 5 h. The relative densities of the 

bars measured with the Archimedes method were higher than 99%. The electrical 

conductivity relaxation (ECR) behaviors of the cathodes were studied during the 

variation of the atmosphere from 21% O2-79% Ar to 10% O2-90% Ar.  

Symmetric cells were fabricated for the study of the cathode reaction process. 

The electrolyte powder was pressed into pellets at 300 MPa, and then sintered in air at 

1350 oC for 5 h. The thickness of the electrolyte pellets was 0.4 mm. The cathode 
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powders were made into slurries with a binder (V006, Heraeus Ltd.), which were 

screen-printed on both sides of the electrolyte pellets, followed by calcination at 950 

oC in air for 3 h. Silver paste was used as current collector. The effective area of the 

electrodes was 0.35 cm2. The electrochemical impedance spectra (EIS) of the 

symmetric cells were tested using the electrochemical workstation under various 

partial pressures of H2O (PH2O) and O2 (PO2) with an amplitude of 10 mV in the 

frequency range of 1 MHz-0.01 Hz.  

2.4. Cell fabrication and test 

Single cells were supported by NiO-BZCY composite anode. NiO, BZCY and 

graphite were ball-milled at a weight ratio of 6:4:1. 1 wt.% NiO was added in the 

BZCY electrolyte powder as a sintering aid. The anode substrate and the BZCY 

electrolyte powders were co-pressed at 300 MPa, and then calcined at 1350 oC for 5 h. 

The thickness of the anode support and electrolyte layers are about 500 and 40 μm, 

respectively. The cathode slurry was screen-printed on the electrolyte layer following 

the fabrication procedure of the symmetric cells. Current-voltage (I-V) and 

current-power (I-P) curves of the single cells were recorded with wet H2 (~3% H2O, 

40 mL min-1, STP) and air (80 mL min-1, STP) as the fuel and oxidant, respectively. 

 

3. Results and discussion 

BCF shows mixed cubic BaFeO3-δ (JCPDS 89-8401) and orthorhombic BaCeO3-δ 

(JCPDS 70-1429) phases without other impurities (Fig. 1a), similar to other 

BCF-based materials reported previously [23-27]. The addition of Pr results in a shift 
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of the characteristic peaks of the orthorhombic phase to higher angles (Fig. 1b), 

implying that Pr with a smaller ionic radius (99 pm for Pr3+ and 85 pm for Pr4+) than 

Ce (101 pm for Ce3+ and 87 pm for Ce4+) has partially doped into the BaCeO3-δ phase 

which leads to the shrinkage of the crystal cells. On the contrary, the peaks of the 

cubic phase move to lower angles when the amount of Pr increases from 0 to 0.2, 

indicating that Pr also partially goes into the BaFeO3-δ cells and substitutes for the 

smaller Fe (55 pm for Fe3+). However, a cell shrinkage is observed when the content 

of Pr further increases to 0.3, probably due to other aspects such as the concentration 

of oxygen vancancies, which will be discussed below. Furthermore, with the doping 

of Pr, the intensities of the orthorhombic peaks increase, while those of the cubic 

phase decrease. Pr is more inclined to enter into the BaCeO3-δ cell due to the similar 

ionic radii of Ce and Pr, resulting in more doped BaCeO3-δ phase and less doped 

BaFeO3-δ phase. To examine the chemical compatibility between the cathode and 

electrolyte materials, BCFP0.2 and BZCY powders were ball-milled and the mixture 

was calcined in air at 950 oC for 3 h. As shown in Fig. 1c, the peaks of BCFP0.2 and 

BZCY are observed in the XRD pattern of the mixture without any impury peak, 

indicating a good chemical compatibility between those two components.  
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Fig. 1. XRD patterns of (a) the cathode powders; (b) partial magnification of (a); 

(c) the mixture of cathode and electrolyte powders. 

 

Particles with the size of about 100 nm are observed in the aggregates of the 

cathode powder (Fig. 2a). The (200) and (110) planes of the cubic phase with fringe 

spacings of 0.204 and 0.283 nm are observed in the HRTEM image of the cathode 

powder (Fig. 2b), as well as the (200) plane of the orthorhombic phase with a spacing 

of 0.311 nm. The two phases are connected with each other intimately. 
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Fig. 2. (a) TEM and (b) HRTEM images of BCFP0.2 powder. 

 

The O 1s core-level spectra of the cathode powders are shown in Fig. 3a. The 

peaks at about 531 and 529 eV are assigned to the adsorbed oxygen (Oads) and the 

lattice oxygen (Olat), respectively [8,35]. The amount of Oads increases with the 

doping of Pr, and BCFP0.2 has the highest Oads concentration of about 88.9% (Table 1). 

However, the further addition of Pr results in a higher content of Olat, which may be 

the reason for the shrinkage of the BaFeO3-δ cells (Fig. 1b). The peaks at about 710 

and 724 eV in Fig. 3b are corresponding to Fe-2p3/2 and Fe-2p1/2 excitations [19,35], 

respectively. Fe3+ and Fe4+ coexist in the cathodes. The content of Fe3+ increases from 

46.1% to 62.4% when the amount of Pr rises from 0 to 0.2, and decreases to 53.8% 

with the further increase of Pr to 0.3.  
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Fig. 3. XPS spectra of cathode powders: (a) O 1s; (b) Fe 2p. 

 

Table 1. Amounts of surface oxygen and iron species analyzed with XPS 

Materials Olat (%) Oads (%) Fe3+ (%) Fe4+ (%) 

BCF 17.7 82.3 46.1 53.9 

BCFP0.1 16.1 83.9 50.4 49.6 

BCFP0.2 11.1 88.9 62.4 37.6 

BCFP0.3 24.0 76.0 53.8 46.2 

 

Fig. S1a shows the TGA curves of the cathode powders in air. The weight loss 
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below 300 °C originated from the loss of surface adsorbed moisture was deducted for 

comparison, and the sharp weight loss from 300 to 800 °C is due to the release of 

lattice oxygen [1,36,37]. The weight losses of BCF, BCFP0.1, BCFP0.2 and BCFP0.3 

powders between 300-800 oC are 1.36%, 1.18%, 1.05% and 0.82%, respectively. 

Generally, the oxygen loss of doped BaFeO3-δ with the rise of temperature is higher 

than that of the BaCeO3-δ-based materials [38]. Pr doping reduces the content of 

BaFeO3-δ phase in the composite cathodes (Fig. 1a), resulting in the decrease of 

weight loss. To study the hydration behaviors of the cathodes, BCF and BCFP0.2 

powders were pretreated in the wet air (~3% H2O) at 200 oC for 12 h, and their TGA 

curves in the air are shown in Fig. S1b. The weight losses of BCF and BCFP0.2 from 

room temperature to about 300 oC, which are mainly due to the loss of water, are 

almost the same, indicating that the effect of Pr doping on the hydration of the 

cathode is negligible. Fig. S2 shows the thermal expansion curves of BCF and 

BCFP0.2. The TEC of BCF is 16.7×10-6 K-1 between 25 and 700 oC, which decreases 

to 15.6×10-6 K-1 with the addition of Pr. 

The electrical conductivities of the cathode materials in air are shown in Fig. 4. 

The conductivity of BCF increases when the temperature is raised from 400 to 600 oC, 

and then decreases when the temperature rises further. This semiconductor-metal 

transition behavior has been also reported in other BaFeO3-δ-based materials [8,10,33]. 

The electrical conductivity decreases with the doping of Pr, which is in the range of 

0.5-1.0 S cm-1 in 600-700 oC for the samples containing Pr, comparable to those of 

other BaCeO3-δ or BaFeO3-δ-based cathode materials [1,3,38,39].  
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Fig. 4. The electrical conductivities of the cathodes in 400-700 oC. 

 

The ECR behaviors of the cathode samples during the variation of the 

atmosphere from 21% O2-79% Ar to 10% O2-90% Ar are presented in Fig 5a. The 

decrease of the PO2 results in a lower electrical conductivity. The re-equilibrium 

periods of BCF, BCFP0.1, BCFP0.2 and BCFP0.3 at 600 oC are about 1800, 1200, 1100 

and 3000 s, respectively. The relaxation time decreases with the rise of the 

temperature. The oxygen surface exchange coefficient (k) of the samples are shown in 

Fig. 5b. k of BCF is 1.2×10-4 s cm-1 at 600 oC, and increases to 4.0×10-4 s cm-1 at 700 

oC. The surface exchange of oxygen is accelerated with the doping of Pr. BCFP0.2 

shows the highest k of 9.0×10-4 s cm-1 at 700 oC. The highest concentration of 

adsorbed oxygen species on the surface of BCFP0.2 is one reason for the high oxygen 

activity (Table 1). Meanwhile, the lowest average valence of Fe in BCFP0.2 indicates 

the highest electron energy, which is beneficial to the electrochemical reduction of 

oxygen. BCFP0.3 shows the lowest oxygen activity due to its low Oads and Fe3+ 

contents.  
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Fig. 5. (a) Normalized ECR curves and (b) oxygen surface exchange coefficients of 

the cathodes at various temperatures. 

 

EIS curves of the symmetric cells with various cathodes in wet air are shown in 

Fig. 6a. The ohmic resistances were deducted for better comparison. The curves are 

fitted with an equivalent circuit (RHCPEH)(RLCPEL), in which RH and RL are the 

polarization resistances of the cells in the high frequency (HF, about 105-100 Hz) and 
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low frequency (LF, about 100-0.01 Hz) ranges, respectively, and CPEH and CPEL are 

the constant phase elements in those frequency ranges. Rp of BCF, BCFP0.1, BCFP0.2 

and BCFP0.3 electrodes are 0.73, 0.54, 0.46 and 1.15 Ω cm2 at 550 oC, respectively, 

which decrease with the increase of temperature. RH of the cathodes shows an order of 

BCFP0.2 < BCFP0.1 < BCF < BCFP0.3, following the same trend as Rp of the samples, 

and the activation energy (Ea) of the HF processes are 0.82-0.85 eV for all of the 

cathodes (Fig. 6b). RL of the samples are remarkably lower than RH at the same 

temperature, while the LF processes shows higher Ea than the HF processes (Fig. 6c). 

The Ea of the LF processes decreases from 1.39 to 1.14 eV with the increase of Pr 

from 0 to 0.2, and then rises to 1.42 eV for BCFP0.3. 

 

 

Fig. 6. (a) Impedance spectra of the symmetric cells at various temperatures; (b) RH of 
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the symmetric cells; (c) RL of the symmetric cells. 

 

To further investigate the cathode process, EIS curves of the symmetric cells 

were measured at 550 oC under various partial pressures of H2O (PH2O) and O2 (PO2). 

With the rise of PH2O from 0.03 to 0.30 atm, both RH and RL change negligibly (Fig. 

S3), indicating that the hydration and dehydration processes are not the 

rate-determining steps (RDS) [40]. On the contrary, Rp becomes much larger when 

PO2 decreases from 1.00 to 0.01 atm (Fig. 7a). The dependence of Rp on PO2 can be 

expressed as log𝑅p ∝  𝑃O2

−𝑛. The values of nH and nL are in the ranges of 0.10-0.16 

(Fig. 7b) and 0.29-0.43 (Fig. 7c), respectively. The former corresponds to the transfer 

of the second electron during the reduction of oxygen atom (O- + e- → O2-) as RDS, 

while the latter suggests that RDS is the transfer of the first electron (O + e- → O-) 

[40]. Though the doping of Pr decreases the electrical conductivity of BCF (Fig. 4), 

BCFP0.2 shows the highest oxygen surface exchange rate (Fig. 5b), resulting in the 

lowest polarization resistance (Fig. 6a).  
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Fig. 7. (a) Impedance spectra of the symmetric cells under various PO2 at 550 oC; (b) 

RH of symmetric cells under various PO2; (c) RL of symmetric cells under various PO2. 

 

The cross-sectional image of the single cell with BCFP0.2 cathode is shown in 

Fig. 8a. The thicknesses of the cathode and electrolyte layers are about 20 and 40 μm, 

respectively. The cathode and anode layers are both porous, adhering closely to the 

dense electrolyte layer. The open circuit voltages (OCVs) of the single cells with 

various cathodes at 550 oC are in the range of 1.00-1.05 V (Fig. 8b). The Pmax of the 

cells with BCF, BCFP0.1, BCFP0.2 and BCFP0.3 cathodes are 113, 128, 172 and 102 

mW cm-2, respectively. The cell with the most active BCFP0.2 cathode shows the 

highest Pmax. The performance of the single cell rises with the increase of the 

temperature. The Pmax of the cell with BCFP0.2 cathode reaches 316, 447 and 562 mW 
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cm-2 at 600, 650 and 700 oC, respectively (Fig. 8c). The EIS results of the single cells 

are shown in Fig. S4. Compared with other BaCexFe1-xO3-δ-based cathodes, the 

BCFP0.2 cathode in this work shows outstanding activity in 550-700 oC (Table S1). 

The short-term stability of the single cell with BCFP0.2 cathode under a discharge 

current density of 100 mA cm-2 is shown in Fig. 8d. The output voltage of the cell 

drops slowly from 0.78 to 0.72 V during the 18-hour operation. The results 

demonstrate that BCFP0.2 is a promising cobalt-free PCFC cathode. 

 

 

Fig. 8. (a) Cross-sectional image of the cell with BCFP0.2 cathode; (b) I-V and I-P 

curves of single cells with various cathodes at 550 oC; (c) I-V and I-P curves of the 

cell with BCFP0.2 cathode at various temperatures; (d) Chronopotentiometry result of 

the cell with BCFP0.2 cathode at 550 oC under a constant current of 100 mA cm-2. 
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4. Conclusion 

In this work, Pr doped BaCe0.2Fe0.8O3-δ is studied as a cathode material for 

PCFCs. BaCe0.2Fe0.8O3-δ shows mixed cubic BaFeO3-δ and orthorhombic BaCeO3-δ 

phases, and the partial substitution of Pr for Fe increases the content of the 

orthorhombic phase. The electrical conductivities of the cathodes are in the range of 

0.5-1.0 S cm-1 in 600-700 oC, which decrease with the doping of Pr. The amounts of 

Oads and Fe3+ on the surface of the cathode vary with the addition of Pr, and BCFP0.2 

has the largest contents of Oads and Fe3+, resulting in the highest oxygen surface 

exchange rate. The Rp of the cathode changes negligibly with the variation of PH2O, 

but increases remarkably with the drop of PO2, indicating that the surface exchange of 

oxygen is the rate-determining step. BCFP0.2 shows the lowest Rp of 0.057 Ω cm2 at 

700 oC, and a single cell with that cathode exhibits the highest Pmax of 562 mW cm-2. 

The cell also shows good durability. These results show that Pr doped BaCe0.2Fe0.8O3-δ 

is a promising cobalt-free PCFC cathode material. 
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