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Abstract 

Solid oxide cells (SOCs) are considered the most efficient system for reversible conversion between 

chemical and electrical energy, thus having potential to be an attractive technology for a sustainable 

energy future. To achieve high round-trip efficiency, highly efficient and durable air electrode materials 

are needed to minimize energy loss associated with oxygen reduction reaction (ORR) and oxygen 

evolution reaction (OER). Here we report a bi-functional air electrode material, PrBa0.9Co1.96Nb0.04O5+δ, 

demonstrating outstanding electrochemical performance (e.g., achieving peak power densities of over 1.5 

and 1 W cm-2 , respectively, for Gd0.1Ce0.9O1.95 and BaZr0.1Ce0.7Y0.1Yb0.1O3-δ based fuel cells at 600 °C) 

while maintaining excellent stability (e.g., having a degradation rate of 40 mV per 1,000 h for H2O 

electrolysis cells). The excellent property of the new electrode is attributed to the improved stability from 

Nb doping and the enhanced electrocatalytic activity from tuning Ba deficiency, as confirmed by 

experimental results and computational analysis. 
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1. Introduction  

The increasing demand for clean energy and the rapid growth in solar- and wind- based electricity 

generation require highly efficient and reliable energy conversion and storage devices for long-

term and large-scale applications. Solid oxide cells (SOCs), which can operate in both the fuel cell 

mode and the electrolysis cell mode, offer unique solutions for this energy challenge [1, 2]. When 

the electricity demand is high, an SOC can operate in the fuel cell mode to directly generate 

electricity from a wide variety of chemical fuels, from hydrogen to renewable fuels [3-5]. When 

excess electricity is available, the same SOC can operate in the electrolysis cell mode to produce 

fuels through electrolysis of water (to generate hydrogen) or carbon dioxide (to synthesize carbon-

containing fuels) [6-8]. Thus, reversible operation of SOCs allows direct conversion between 

chemical energy and electrical energy with high roundtrip efficiency at low cost, offering a 

promising solution to a clean and sustainable energy future. Despite the unique advantages 

offered by SOCs, large-scale commercialization of SOCs remains challenging due to the lack of 

highly active and robust air electrode materials at intermediate temperatures (~ 600 °C). An ideal 

air electrode material for SOCs should have outstanding electrocatalytic activities for the oxygen 

reduction reaction (ORR) and the oxygen evolution reaction (OER), good electrochemical 

stability in both dry and humidified air, and good chemical and physical compatibility with the 

electrolyte material and other cell components [9-13]. As a mixed ionic and electronic conductor, 

La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) has been widely used as an air electrode material, but the relatively 

low catalytic activity and poor stability due to Sr segregation prevent its use in long term 

applications [14]. Double perovskites, such as PrBaCo2O5+δ (PBCO), exhibits excellent oxygen 

ion conductivity, however, the long-term stability is still vulnerable to cation segregation under 

operating conditions [15-17]. In recent years, several breakthroughs on air electrodes have been 

made for different applications, including highly active cathodes for solid oxide fuel cells 

(SOFCs) [18-20], multiphase nanocomposites for protonic ceramic fuel cells (PCFCs) [21], and 

triple conducting materials for protonic ceramic electrolysis cells (PCECs) or reversible protonic 
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ceramic electrochemical cells (RePCECs) [6-8]. However, very few studies report a bi-functional 

air electrode material applicable to different types of SOCs and the guiding principles for rational 

design of better air electrode materials are still missing. Additionally, the overall performance and 

stability of the existing SOCs still need further enhancement for practical applications. Here we 

report our findings in fabrication, characterization, and application of a new bi-functional air 

electrode material, PrBa0.9Co1.96Nb0.04O5+δ (PB9CN), which displays excellent electrocatalytic 

activity, durability, and applicability to reversible SOCs. Through a step-by-step optimization 

procedure, we have demonstrated that the stability can be significantly enhanced via altering Nb 

doping while electrocatalytic activity being boosted via tuning Ba deficiency. Sm0.2Ce0.8O1.9 

(SDC) and BaZr0.1Ce0.7Y0.1Yb0.1O3-δ (BZCYYb) based symmetrical cells were used to 

demonstrate the excellent stability in both dry and humidified air for over 1000 hours. The 

outstanding electrochemical properties were further confirmed using Gd0.1Ce0.9O1.95 (GDC), 

BZCYYb, and YSZ (8% Y2O3-ZrO2) based single cells under typical operating conditions. For 

example, a GDC-based fuel cell achieved a peak power density of over 1.5 W cm-2 at 600 °C. For 

a BZCYYb-based cell, a peak power density of 1.0 W cm-2 was achieved in the fuel cell mode, 

and a current density of 1.7 A cm-2 was demonstrated at 1.3 V in the H2O electrolysis cell mode at 

600 °C. Moreover, the electrolysis cell showed excellent stability for over 1000 hours. These 

results clearly demonstrate the potential of the bi-functional air electrode material for highly 

efficient energy conversion and storage devices.  

 

2. Experimental Section 

2.1. Air electrode powder synthesis 

PrBa0.9Co1.96Nb0.04O5+δ (PB9CN), PrBaCo1.96Nb0.04O5+δ (PB10CN) and PrBaCo2O5+δ (PBCO) powder 

were synthesized by the sol-gel method. A stoichiometric amount of metal nitrates were dissolved in DI 

water with ethylenediaminetetraacetic acid (EDTA) and citric acid (CA). The molar ratio between the 

metal ions, EDTA, and CA was 1:1:1.5. Ammonium hydroxide was used to adjust the pH to about 9. 
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After evaporating the water, the gel was calcined at 250 °C for 10 hours. The primary powder was then 

grounded and calcined at 600 °C for 5 hours. Finally, the powder was fired at 1100 °C for 2 hours to form 

the desired phase, as confirmed by X-ray diffraction (XRD).  

2.2. Fabrication of symmetrical cells and single cells 

To fabricate symmetrical cells, SDC or BZCYYb powder was mixed with ≈1 wt.% Polyvinyl Butyral 

(PVB) then dry pressed and sintered at 1450 °C for 5 hours. PB9CN, PB10CN, and PBCO ink (air 

electrode powder mixed with V-006) were brush painted on both sides of the electrolyte followed by 

firing at 950 °C for 2 hours. To fabricate single cells, Ni-GDC|GDC and Ni-BZCYYb|BZCYYb bi-layers 

were prepared by co-tape casting and sintering at 1450 °C for 5 hours. For the YSZ based single cells, Ni-

YSZ/YSZ bi-layers were prepared by co-tape casting and sintering at 1450 °C for 5 hours. Then a GDC 

buffer layer was drop coated on the surface of the YSZ electrolyte, followed by firing at 1250 °C for 2 

hours. The air electrode ink was brush painted on the half cells or GDC buffer layer and fired at 950 °C 

for 2 hours. The effective area of the symmetrical cells and single cells was about 0.28 cm2. YSZ-based 1-

inch cells with an effective area of 1.13 cm2 were also fabricated with the same method.  

2.3. Electrochemical measurements  

For symmetrical cells with two identical cathode materials, a piece of silver mesh covering the active 

electrode area was used as the current collector. Electrochemical impedance spectra (EIS) were acquired 

using a Solartron 1255 HF frequency response analyzer interfaced with an EG&G PAR potentiostat 

model 273A with an AC amplitude of 10 mV in the frequency range from 100 kHz to 0.01 Hz. The 

stability test was performed at 600 and 550 °C under the OCV condition in dry air or wet air (3 vol% 

H2O). The SDC-based symmetrical cells were tested in stagnant air. The BZCYYb based symmetrical 

cells were tested in humidified air at a flow rate of 50 sccm. For the electrochemical testing of the 

BZCYYb based electrolysis cells, wet hydrogen (3 vol% H2O) was supplied to the fuel electrode at a flow 

rate of 20 sccm and humidified air was supplied to the air electrode at a flow rate of 200 sccm.  The cell 

performance was monitored with an Arbin multi-channel electrochemical testing system.   

2.4. Other characterizations 
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The phase structure of air electrode powders were characterized by X-ray diffraction (Panalytical XPert 

PRO Alpha-1 XRD). The microstructure and morphology of the cells were examined by a scanning 

electron microscope (SEM, LEO 1530). The Nb content of the PB9CN powder and the elemental 

distribution at the surface of PBCO and PB10CN were characterized by a scanning transmission electron 

microscope (STEM, Hitachi HD-2700). The surface kinetic coefficient (k) and chemical diffusion 

coefficient (D) were characterized using the electrical conductivity relaxation (ECR) measurement. 

Oxygen non-stoichiometry was determined by a combination of iodometric titration at room temperature 

and thermogravimetric analysis (TGA) at elevated temperatures.  

2.5. Computational method 

The Vienna ab initio simulation package (VASP) was used for theoretical calculations. The interactions 

between the valence electrons and ion core was described by projector augmented wave (PAW) 

formalism of density functional theory [22]. The exchange correlation functional was depicted by the 

spin-polarized generalized gradient approximation proposed by Perdew, Burke, and Ernzerhof (PBE) [23]. 

The Gaussian smearing method was used [24], and the width of smearing was chosen to be 0.05 eV. The 

plane wave base used a kinetic energy cutoff of 400 eV. The Monkhorst-Pack k-point grid was used for 

sampling the Brillouin region with a k-point mesh of 7×7×7 for the bulk calculation and 5×5×1 for the 

surface model [25]. The bulk models are shown in Figure S1a and S1b, with a size of 8.00 Å×7.76 

Å×7.63 Å, containing 4 Pr, 4 Ba, 8 Co, and 24 O atoms. After one Co atom is replaced by Nb, the 

supercell size was 7.94 Å×7.83 Å×7.74 Å, with the volume slightly increased. The surface slab model is 

shown in Figure S1e and S1f, with seven atomic layers, and a lateral size of 8.00 Å×7.63 Å. For the 

geometry optimizations of the bulk, the volume of the supercell and all the internal coordinates were 

allowed to be relaxed, until the force on each atom was less than 0.01 eV/Å. For the surface model, the 

bottom two atomic layers were fixed, and the other atoms were allowed to relax. The self-consistent 

convergence criterion for the calculation of the ground state energy was less than 10-5 eV. 

 

3. Results and discussion 
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3.1. Structure of PB9CN 

Three different air electrode materials, PrBa0.9Co1.96Nb0.04O5+δ (PB9CN), PrBaCo1.96Nb0.04O5+δ 

(PB10CN), and PrBaCo2O5+δ (PBCO), were synthesized and compared in this study. Figure 1a 

shows a schematic view of the crystal structure of PBCO with Nb doping and Ba deficiency. 

Compared to the crystal structure of PBCO, Nb is doped into the Co site to create PB10CN. 

Additionally, 10% Ba deficiency is created to obtain PB9CN.  PB9CN shows a double perovskite 

structure as confirmed by the X-ray diffraction (XRD) in Figure 1b, the high-angle annular dark-

field (HAADF) image in Figure 1c, and the selected area diffraction (SAED) pattern in Figure 1d. 

The distance between PrO and BaO planes is about 0.766 nm, which is consistent with the XRD 

refinement result (Figure S2). The layered [Co(Nb)O2]-[PrO]-[Co(Nb)O2]-[BaO] structure and the 

Ba deficiency are vital to the rapid transport of oxygen species [26-28]. The content of Nb as the 

B-site ion is 2%, as determined using Energy-dispersive X-ray spectroscopy (EDS) as shown in 

Figure S3. Further increase in the concentration of Nb doping or Ba deficiency resulted in the 

formation of secondary phases (Figure S4). 
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Figure 1.  Crystal Structure of PB9CN. (a) Schematics of the PBCO crystal structure with Nb doping and Ba deficiency. (b) 
XRD patterns of PB9CN, PB10CN, and PBCO. (c) High resolution STEM image of PB9CN lattice (inset: fast Fourier transform 
pattern along the [1 -1 0] zone axis of PB9CN). (d) SAED pattern of PB9CN along the [0 1 0] zone axis. 

 

3.2. Enhanced Stability by Nb Doping 

Double perovskite PBCO shows fast oxygen transport properties, which makes it a good 

candidate for the air electrode in SOFCs [29]. However, due to cation segregation, the stability of 

PBCO is questionable and hardly reported [15, 16, 30]. To suppress the cation segregation, Nb 

was doped into the PBCO crystal structure to create PB10CN, the XRD pattern of both PBCO and 

PB10CN were shown in Figure 1b [31].  

The electrochemical stability of PB10CN and PBCO were first investigated on SDC-based 

symmetrical cells. Figure 2a compares the change of interfacial polarization resistance (Rp) of 

both electrodes at 600 °C in ambient air under open circuit voltage (OCV) conditions. While the 

initial Rp of the two cells with different electrodes (PB10CN and PBCO) were similar (Figure S5), 

the Rp of the cell with the PBCO electrode increased much faster, with an increase of 20% after 

200 hours. In contrast, the Rp of the cell with PB10CN increased only ~4%. The ohmic resistance 

(Rohm) of the PBCO | SDC | PBCO symmetrical cell remained relatively constant during the 200 h 

testing (Figure S6), implying that the electrical contact between the electrodes and the electrolyte 

was stable. Thus, the increase in Rp of the cell with the PBCO electrode is attributed to Ba 

segregation as opposed to delamination of the electrode from the electrolyte. After the stability 

test, precipitated particles were seen on the surface of the PBCO electrode. In contrast, the surface 

of the PB10CN electrode remained clean (Figure S7). In order to get a better view of the 

precipitated particles, dense PB10CN and PBCO pellets were prepared. After polishing the 

surface (Figure S8), the pellets were annealed at 600 °C for 20 hours. After annealing, the surface 

of PB10CN did not show any obvious change, while the surface of the PBCO pellet showed 

precipitated particles, as compared in Figure 2b and 2c. These results support the observations of 

the porous electrodes.  The precipitated particles at the surface of the PBCO pellet were 
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characterized using a scanning transmission electron microscope (STEM). Figure 2d and 2e show 

the STEM image and elemental distribution generated using an EDS line scan of the precipitated 

particle on the surface of the PBCO pellet, which illustrates that Ba segregation took place on 

PBCO during the annealing process [16, 30]. The bulk part of PBCO maintains the double 

perovskite structure. In contrast, with Nb doping, such segregation was successfully suppressed as 

the elemental distribution was uniform from the bulk to the surface in the PB10CN pellet (Figure 

S9), which contributed to the enhanced electrochemical stability. Similar behaviour was also 

observed for annealed PBCO and PB10CN powder samples. Even though no obvious secondary 

phase was identified by XRD (Figure S10), STEM analysis confirmed Ba segregation on PBCO 

powder sample (Figure S11 and S12). The enhanced stability by Nb-doping has been further 

confirmed by the stable operation of the PB10CN air electrode on a GDC-based single cell as 

shown in Figure S14. 

To gain a molecular-level understanding of the enhancement of stability by Nb doping, we 

resorted to density functional theory (DFT) based calculations to estimate the cohesive energy and 

the formation energy of PBCO without (Figure S1a) and with Nb doping (Figure S1b). The 

cohesive energy is defined as �� = �� − ∑ �	�		 , where �� is the total energy of the system, �	 is 

the energy of an isolated atom i, and �	 is the number of atom i in the system. The formation 

energy is defined as �
 = �� − ∑ ����� , where �� is the total energy of the system, ��  is the 

energy of atom j in its corresponding bulk, and �� is the number of atom j in the system. As shown 

in Figure 2f, the cohesive energy and formation energy of the Nb doped model are 8.85 eV and 

6.97 eV higher than those of the undoped system, indicating a more stable structure by Nb doping. 

Figure S1c and S1d show that the Nb doping can transfer more electrons from the metal ions to 

oxygen ions, which improves structural stability. The surface segregation energy of Ba was also 

calculated, which is defined as the energy difference between the Ba segregated model and the 

un-segregated model (Figure S1e and S1f for Nb doped system). Compared to the undoped 
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system, Nb doping increased the Ba segregation energy by 0.30 eV. This result is consistent with 

the enhanced cohesive and formation energies by Nb doping, as well as the electronic structure 

analysis. 

 

Figure 2.   Enhanced Stability by Nb Doping. (a) Rp of PB10CN and PBCO as a function of time at 600 °C. (b) SEM 
image of surface of the annealed PB10CN pellet. (c) SEM image of surface of the annealed PBCO pellet. (d) STEM 
image of the cross-sectional view near the surface of the annealed PBCO pellet (inset: high resolution STEM image of 
the bulk PBCO after annealing). (e) EDS elemental distribution near the surface of the annealed PBCO pellet. (f) 
Cohesive energy (Ec), formation energy (Ef), Ba segregation energy (Es) comparison between PBCO and Nb-doped 
PBCO. 
 

3.3. Improved Electrocatalytic Activity by Tuning Ba Deficiency 

Creating cation deficiency is an effective method to improve the electrochemical performance of 

air electrode materials [28, 32, 33]. By introducing Ba deficiencies (VBa
ʹʹ), more electron holes (h·) 

and/or oxygen vacancies (VO
··) are generated to maintain charge neutrality [34, 35]. A higher 

concentration of electron holes can enhance the overall electrical conductivity for p-type 

conductors. A higher concentration of oxygen vacancies can improve the oxygen ion transport 

properties. Both cases may have beneficial effects on the overall ORR and OER catalytic 

activities [33, 36, 37].  
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To study the effects of Ba deficiencies, the electrical conductivity of PB9CN and PB10CN were 

investigated. As shown in Figure 3a, PB9CN and PB10CN have sufficient and comparable 

electrical conductivities at intermediate temperatures (~800 S cm-1 at 600 °C). The similar 

electrical conductivity indicated that VBa
ʹʹ did not have a noticeable influence on the concentration 

of h·. Thus, the addition of VBa
ʹʹ generates VO

··. To validate this, the oxygen non-stoichiometry of 

PB9CN and PB10CN were compared by iodometric titration and TGA. As shown in Figure 3b, 

PB9CN has a higher concentration of oxygen vacancies than PB10CN at temperatures below 800 

°C. To illustrate the effect of higher concentration of oxygen vacancies in PB9CN, two oxygen 

transport properties, i.e., surface kinetic coefficient (k) and chemical diffusion coefficient (D) 

were further measured using the electrical conductivity relaxation (ECR) method [38, 39]. At 

intermediate temperatures (550 - 700 °C), PB9CN exhibited better oxygen transport properties 

than PB10CN as shown in Figure 3c (average of two measurements). For example, at 650 °C, the 

k of PB9CN and PB10CN were 4.30 × 10-4 (cm s-1) and 1.54 × 10-4 (cm s-1), respectively, the D of 

PB9CN and PB10CN were 3.03 × 10-6 (cm2 s-1) and 1.72 × 10-6 (cm2 s-1), respectively. Finally, the 

improved catalytic properties were demonstrated on SDC based symmetrical cells. Figure 3d 

compares the Rp of PB9CN and PB10CN symmetrical cells at 550 - 700 °C (average of five 

cells). Besides, Ba segregation of PB9CN can be further suppressed by non-stoichiometry or Ba 

deficiency (Figure S13) [40]. PB9CN shows improved electrochemical performance compared to 

PB10CN. These results prove that creating Ba deficiency dramatically improved the 

electrochemical performance. The optimized material, PB9CN, is thus a potential air electrode 

candidate for intermediate temperature SOCs.  
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Figure 3. Improved Catalytic Activity by Tuning Ba Deficiency. (a) Electrical conductivity of PB9CN and PB10CN. 
(b) Oxygen non-stoichiometry of PB9CN and PB10CN. (c) Surface kinetic coefficient (k) and chemical diffusion 
coefficient (D) of PB9CN and PB10CN (average of two measurements). (d) Interfacial polarization resistance (Rp) of 
PB9CN and PB10CN based on SDC electrolyte supported symmetrical cells (average of five measurements). 
 

3.4. Electrochemical Performance of PB9CN  

The electrochemical performance of the PB9CN air electrode was examined on multiple types of SOCs 

(SOFCs, PCFCs, PCECs, and RePCECs). The chemical compatibility between PB9CN with an oxygen 

ion conducting electrolyte (GDC) and a proton conducting electrolyte (BZCYYb) were first confirmed 

(Figure S15). Figure S16 compares the Rp of PB9CN and other state-of-the-art air electrode materials 

based on SDC-supported symmetrical cells, highlighting the outstanding electrochemical activity of 

PB9CN. For example, at 650 °C, Rp of PB9CN is only 0.068 Ω cm2, lower than that of STFC-15 (~0.089 

Ω cm2) [18], BSCF-GDC core shell fibers (~0.105 Ω cm2) [41], and PBCC (~0.14 Ω cm2) [19]. The 

activation energy of PB9CN is 79.98 kJ mol-1, which is close to the activation energy of BCFZY (79.2 kJ 

mol-1) [20]. The low activation energy of PB9CN guarantees good ORR activity at even lower 

temperatures. PB9CN was then applied to GDC based single cells with a configuration of Ni-
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GDC|GDC|PB9CN as shown in Figure 4a. Figure 4b shows the I-V-P curves of the single cell at 600, 550, 

and 500 °C. The PB9CN air electrode outperforms most of the other state-of-the-art air electrode 

materials or catalysts, as shown in the comparison of the peak power density of GDC or SDC based single 

cells in Figure 4c [42-46]. The stability of PB9CN was examined on both symmetrical cells and single 

cells. As shown in Figure 4d, the Rp of PB9CN does not show obvious degradation at 600 and 550 °C for 

over 1,000 hours. A stable operation of the GDC-based single cell for over 200 hours at 500 °C is also 

demonstrated in Figure 4e. PB9CN was also applied to YSZ-based cells of different sizes (Figure S17). 

The relatively low performance is attributed to the larger ohmic resistance of the YSZ electrolyte Rohm 

and the larger electrode polarization resistance Rp. These results suggest that PB9CN is less active on 

YSZ-based cells than on the GDC- and BZCYYb-based cells. If a proper GDC buffer layer could be 

introduced, the PB9CN in the YSZ-based cells could be as active as in the GDC-based cells.  

 

Figure 4. Application of PB9CN on oxygen ion conducting electrolytes. (a) Cross-sectional view of a single cell with a 
configuration of Ni-GDC | GDC | PB9CN. (b) I-V-P curves of a single cell with a configuration of Ni-GDC | GDC | 
PB9CN. (c) Comparison of the peak power density of GDC or SDC-based single cells with PB9CN and other state-of-
the-art air electrode materials. (d) Durability of PB9CN in dry air and OCV conditions on an SDC-based symmetrical 
cell. (e) Durability of PB9CN on a GDC-based single cell at 500 °C. 
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PB9CN was also applied to a proton conducting electrolyte, i.e. BZCYYb. As shown in Figure 

S18, the Rp of PB9CN is comparable or lower than the best air electrode materials for PCFCs and  

PCECs to date when tested in humidified air (with 3 vol% H2O) [21, 47-49]. Increasing the 

concentration of water didn’t change the Rp of PB9CN significantly (Figure S19) [6, 8]. Figure 5a 

shows the cross-sectional view of a BZCYYb-based single cell with PB9CN-BZCYYb air 

electrode (mass ratio of PB9CN: BZCYYb=7:3). Figure 5b summarizes the electrochemical 

impedance spectroscopy (EIS) plots of the single cell under the OCV conditions. At temperatures 

below 600 °C, the Rp contributed more than the Rohm to the total resistance. Figure 5c shows the I-

V-P curves of the single cell under fuel cell mode at 650, 600, 550, and 500 °C. As compared in 

Figure 5d, the single cell performance is better than most of the reported PCFCs with other air 

electrode materials [4, 21, 27, 47, 50]. When operated under the electrolysis cell mode, 

humidified air (~3 vol% H2O) is supplied to the air electrode and humidified H2 (~3 vol% H2O) is 

supplied to the fuel electrode. The I-V curve is shown in Figure 5e. When the applied voltage was 

1.3V, the electrolysis current densities were 2.75, 1.73, and 1.07 A cm-2 at 650, 600, and 550 °C, 

respectively, which outperforms other state-of-the-art PCECs (Table S1) [6-8, 51-55]. The 

stability of PB9CN against water was further examined in humidified air at 600 °C for over 500 

hours (Figure S20). Figure 5f shows the reversible operation of a single cell in both fuel cell mode 

and electrolysis cell mode for about 50 hours. The slight degradation in the fuel cell mode is 

likely due to the water generated at the interface between the air electrode and the electrolyte. 

Figure 5g demonstrates the stable operation of the electrolysis cell at 600 °C for over 1000 hours 

with a degradation rate of 40 mV/1000 h. There were no obvious changes in microstructure and 

morphology of the electrolyte and air electrode of the single cells after operation for over 1,000 

hours (Figure S21). These outstanding electrochemical performance and stability confirm the 

applicability of PB9CN as an air electrode material for proton conducting electrolytes as well.    
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Figure 5. Application of PB9CN on proton conducting electrolytes. (a) Cross-sectional view of a single cell with a configuration 
of Ni-BZCYYb | BZCYYb | PB9CN-BZCYYb. (b) EIS plots of a BZCYYb-based single cell under OCV conditions. (c) I-V-P 
curves of a fuel cell with a configuration of Ni-BZCYYb | BZCYYb | PB9CN-BZCYYb. (d) Comparison of peak power density 
of BZCYYb-based single cells with PB9CN and other state-of-the-art air electrode materials. (e) I-V curve of an electrolysis cell 
with a configuration of Ni-BZCYYb | BZCYYb | PB9CN-BZCYYb. (f) Reversible operation of a BZCYYb-based single cell 
switching between fuel cell mode and electrolysis cell mode at 600 °C. (g) Durability of a BZCYYb-based electrolysis cell at 
600 °C for over 1000 hours. 

 

4. Conclusions 

In conclusion, we have demonstrated a novel material PB9CN as a bi-functional air electrode for 

reversible solid oxide cells. The improved stability was achieved by Nb doping and the 

electrocatalytic activity was enhanced by Ba deficiency. The outstanding electrochemical 

performance and stability were demonstrated using reversible solid oxide cells based on both 

oxygen ion conducting electrolytes (e.g., GDC and YSZ) and proton conducting electrolytes (e.g., 

BZCYYb). The results presented herein show the potential of PB9CN as a bi-functional air 

electrode material for highly efficient energy conversion and storage devices.  
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