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H I G H L I G H T S  

• Highly hydrated triple-conducting electrode with triple perovskite structure. 
• High oxygen defective NBCFM with the rapid reaction rates for oxygen electrodes. 
• Outstanding performance of NBCFM for steam and air electrodes of RPCCs. 
• Mechanistic study of the superior performance of NBCFM oxygen electrode.  
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A B S T R A C T   

The sluggish kinetics of oxygen electrode reactions represent one of the most significant barriers to realizing 
effective reversible protonic ceramic cells (RPCCs) at intermediate temperatures. Maximization of oxygen ion 
and proton conduction characteristics through hydration of electron-conducting solid oxides is a key technology 
that can solve this issue. We report on the exceptional performance at the oxygen electrode in RPCCs achieved 
using a highly defective material with excessive oxygen nonstoichiometry, Nd1.5Ba1.5CoFeMnO9− δ (NBCFM). Use 
of this material enables a superior reaction rate and conductivity during oxygen electrode reactions, maximizing 
the concentration of protons (with a high degree of hydration) as a guest ion as well as intrinsic oxygen va
cancies. The peak power densities of this NBCFM cell are quite high, and a 1.4 V electrolyzing potential is 
achieved by NBCFM at − 2.34 A‧cm− 2 at 600 ◦C. Furthermore, these NBCFM cells are stable under prolonged 
(960 h) continuous operation at 600 ◦C.   

1. Introduction 

As fossil fuels are replaced with inherently intermittent renewable 
energy sources, there is an increased need for effective storage and de
livery methods that can provide electricity from these renewable sources 
on demand [1,2]. In this context, reversible electrochemical cell tech
nology is receiving a great deal of attention due to its great potential to 
fulfill this role. The promise of electrochemical cells stems from their 

offer of high conversion efficiency, low environmental impact, and 
flexibility between power-to-gas (P2G) and gas-to-power (G2P) systems 
[3–8]. In particular, reversible solid oxide cells based on 
proton-conducting electrolytes at intermediate temperatures (IT <
700 ◦C) are a novel, cost-effective possibility for reversible interchange 
of chemical to electrical energy with high efficiency [9]. Theoretically, 
reversible protonic ceramic cells (RPCCs) have the ability to produce 
pure H2 directly at reduced temperatures. This ability comes from the 
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higher ionic conductivity of proton-conducting electrolytes and low 
activation energy in comparison to oxygen ion-conducting electrolytes 
at these reduced temperatures [10]. 

O’Hayre et al. [11] demonstrated the exceptional performance and 
durability of protonic ceramic fuel cells (PCFCs) by testing a total of 11 
different fuels at 500–600 ◦C. They also proposed a triple conducting 
(H+/O2-/e’) PCFC-compatible BaCo0.4Zr0.1Fe0.4Y0.1O3-δ (BCZFY) 
perovskite cathode with a BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb) electro
lyte, with which they achieved a power density as high as 0.455 W‧cm− 2 

at 500 ◦C [12]. For hydrogen production under protonic ceramic elec
trolysis cell (PCEC) mode, Kim et al. [13] achieved − 1.19 W‧cm− 2 at 1.4 
V and 600 ◦C by employing a BCZYYb electrolyte with the 
NdBa0.5Sr0.5Co1.5Fe0.5O5+δ (NBSCF) cathode material. The Haile group 
[14] also reported a remarkable current density of − 3.23 A‧cm− 2 at 1.4 
V and 600 ◦C in microstructurally optimized cells (via pulsed laser 
deposition), based on a high-activity PrBa0.5Sr0.5Co2− xFexO5+δ (PBSCF) 
electrode. However, despite these recent advancements in materials and 
ceramic processing, a large discrepancy still exists between the 

theoretical and attained performances of RPCCs, particularly PCEC 
performance. One of the main sources of this performance discrepancy is 
that the kinetics of oxygen electrode reactions, the oxygen evolution 
reaction (OER) and oxygen reduction reaction (ORR), are intrinsically 
sluggish at reduced temperatures [15,16]. 

Hence, intensive research is needed in an effort to identify novel 
bifunctional materials that are suitable for RPCC operation. Among the 
various oxides offering high mixed ionic and electronic conductivities 
(MIEC), perovskites are the subject of renewed interest due to their 
potential as bifunctional oxygen electrode materials [17]. These include 
BCZFY [12], NBSCF [13], and BaGd0.8La0.2Co2O6-δ (BGLC) [18]. Maxi
mization of oxygen ion and proton conduction characteristics through 
hydration of electron-conducting perovskite oxides is a key strategy that 
can solve the sluggish kinetics of oxygen electrode reactions for RPCCs at 
IT, which require oxygen ion- and proton-coupled electron transfer (i.e. 
triple conduction of H+/O2-/e’) [11,13]. Previous studies reported that 
some base cation-containing oxides (e.g. BaCeO3 and SrZrO3) can 
introduce protons through a pure acid-base reaction [9], but in most 

Fig. 1. Structural characteristics of the perovskite materials. (a) Representative of the single, double and triple perovskite structures with lattice constants. (b) XRD 
patterns of BSCF, BCZFY, NBSCF, BGLC, and NBCFM with their Rietveld refinement results. a.u., arbitrary units. (c) HR-TEM image with SAED pattern of NBCFM. (d) 
Measured oxygen nonstoichiometry (plotted as δt) of perovskite materials as a function of temperature. 
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cases the degree of hydration is very small or limited to the oxygen 
vacancy concentration in anion sublattices [15]. Very recently, we 
introduced a novel triple perovskite, Nd1.5Ba1.5CoFeMnO9-δ (NBCFM), 
for use as a highly active and durable bifunctional oxygen electro
catalyst in unitized reversible fuel cells and in metal-air batteries at 
room temperature [19]. The triple perovskite NBCFM structure was 
created by stacking three single perovskite blocks (cubic axes tripled 
along the c-axis) (Fig. 1a and Fig. S1a‒c). This material was realized by 
engineering of the material’s composition and electronic configuration 
in the perovskites. However, the core elements of ion engineering for 
high-temperature electrochemical ceramic cells were not identified in 
this paper. In particular, there has been little research on materials that 
can maximize oxygen ion and proton conduction through hydration of 
electron-conducting solid oxides at high temperatures. 

Herein, as a highly defective material with excessive oxygen non
stoichiometry, NBCFM is exploited for the first time as a bifunctional air 
(steam) electrode material for RPCCs at elevated temperatures 
(500–700 ◦C). NBCFM achieved a very high degree of hydration, 
maximizing the concentration of protons as a guest ion as well as 
intrinsic oxygen vacancies. NBCFM shows an outstanding area specific 
resistance (ASR) value of 0.98 Ω‧cm2 at 600 ◦C (IT). The peak power 
densities (PPDs) of the NBCFM cells are very high, 0.16–1.37 W‧cm− 2 at 
500–700 ◦C in PCFCs, which are approximately 2–3 times greater than 
the PPD of Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) and BGLC cells. In PCEC 
mode, the current densities of cells with the NBCFM steam electrode at 
different applied voltages are much higher than those of cells with other 
electrodes at each operating temperature tested. A number of important 
parameters that affect OER and ORR performance have been identified 
and can now be considered in the design of future high-performance 
NBCFM-based RPCCs [19–23]. 

2. Experimental section 

2.1. Synthesis of cell components 

For the air (steam) electrode materials, BSCF, BCZFY, NBSCF, BGLC, 
and NBCFM powders were synthesized using a solid-state method from 
Nd2O3 (99.9% purity, Alfa Aesar), BaCO3 (99% purity, Alfa Aesar), 
SrCO3 (99.9% purity, Sigma-Aldrich), Co3O4 (99.7% purity, Alfa Aesar), 
Fe2O3 (99.85% purity, Alfa Aesar), ZrO2 (99.5% purity, Alfa Aesar), 
Y2O3 (99.9% purity, Alfa Aesar), Gd2O3 (99.9% purity, Alfa Aesar), 
La2O3 (99.99% purity, Yakuri pure chemicals, Japan) and MnO2 (99.9% 
purity, Alfa Aesar). Stoichiometric amounts of the starting materials 
were ball-milled in ethanol using zirconia balls for 24 h. All the perov
skite materials were calcined at 970–1250 ◦C for 3–10 h. NDC powders 
for the composite air (steam) electrodes were prepared using the 
glycine-nitrate combustion method from Ce(NO3)3⋅6H2O (99.99% pu
rity, Alfa Aesar) and Nd(NO3)3⋅6H2O (99.99% purity, Alfa Aesar). These 
nitrate hexahydrates, in the required molar ratio, were dissolved in 
deionized water with glycine (99.5% purity, Alfa Aesar), heated on a hot 
plate until they changed to yellow ash and caught in flames, and then 
fired at 700 ◦C for 2 h. For the anode and electrolyte materials, NiO and 
BCZYYb powders were procured from Kceracell (Korea). 

2.2. Characterization of cell components 

To investigate the phase identification and crystal structure of the 
cell components, the as-prepared powders were analyzed using a pow
der X-ray diffractometer (XRD, X’Pert, PAN analytical) with the Rietveld 
refinement method (FullProf software). High-temperature XRD analysis 
was also carried out to ascertain the structural robustness of the NBCFM 

under RPCC operating conditions from room temperature to 800 ◦C at 
5 ◦C‧min− 1. The microstructures of the cell components were investi
gated by field emission-scanning electron microscopy (FESEM, Hitachi, 
SU8010, 15 KV) and high-resolution transmission electron microscopy 
(HRTEM, JEOL, JEM-2100F, 200 KV). The chemical compositions of the 
component phases were analyzed using an EDX system equipped to the 
HRTEM equipment. Average linear thermal expansion coefficients 
(TECs) were measured by using a dilatometer (LINSEIS, L75) in the 
temperature range from room temperature to 1,000 ◦C with a heating/ 
cooling rate of 5 ◦C‧min− 1 in air. 

2.3. Determination of oxygen nonstoichiometry 

The electronic structure and chemical identification of all the 
perovskite materials were determined by X-ray photoelectron spec
trometer (XPS, K-Alpha+, Thermo Scientific) analysis using an Al Kα x- 
ray source, micro-focused monochromator. The oxygen (O2−

2 /Oe
) and 

cobalt (Co4+/Co3+) species in the perovskite materials were analyzed to 
find the relative concentrations of surface oxygen defects in the perov
skite materials. The oxygen nonstoichiometry (δt) of the perovskite 
materials was determined by a high precision thermogravimetric anal
ysis (TGA) set-up equipped with a Cahn D200 microbalance, all values 
were measured as a function of temperature at a constant flow rate of 
200 sccm in air. For measurements in wet conditions, the specimen was 
first annealed under dry gas for 24 h, passed through a coiled cold trap 
zone to remove any water vapor present in the gas. The water vapor 
pressure was measured by dew-point meter (DM70, Vaisala Oyj, 
Finland). The square-bar type (6 × 6 × 4 mm3) specimen was prepared 
by uniaxial pressing followed by heat treatment at 900 ◦C for 2 h in air. 
According to the TGA results and initial oxygen nonstoichiometry (δo), 
which was evaluated using the iodometric titration method, the rela
tionship between the oxygen nonstoichiometric variation (δt) and 
measured weight change (Δw) was calculated by; 

δt = δo +
Δw(Ms − Moδo)

Mows
(1)  

where ws is the initial specimen weight, Mo is the oxygen atomic weight, 
and Ms is the molecular formula weight (molar weight) of the specimen. 
For the δo of the perovskite materials at room temperature, 20 mg of 
powder was dissolved in 3.5 N HCl with potassium iodide (KI, Alfa 
Aesar) and starch was used as an indicator. Then, the solution was 
titrated with 0.025 N sodium thiosulfate (Na2S2O3, Daejung) until the 
solution color began to change. 

2.4. Measurements of electrical conductivity 

A DC 4-probe method was used to measure the electrical conduc
tivity of the perovskite-based specimens in air (200 sccm). The samples 
were prepared by pressing the powders followed by sintering at 
1200–1300 ◦C for 4–10 h to fabricate dense bars (>95% of the theo
retical density). The electrical conductivity was measured using a 
potentiostat/galvanostat (VSP, Bio-Logic). Moreover, chemical diffusion 
coefficients of the perovskite materials were determined by electrical 
conductivity relaxation (ECR) experiments on thin rectangular slabs as a 
function of oxygen partial pressure (− 2.0 ≤ log(PO2 /atm) ≤ − 0.68) and 
water partial pressure (− 1.522 ≤ log(PH2O/atm) ≤ − 0.523) using O2 and 
N2 gas mixtures at 500–750 ◦C. When the PO2 and PH2O was abruptly 
changed to a new value, the specimens were allowed to completely 
equilibrate in the new thermodynamic conditions. 
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2.5. Fabrications of NiO-BCZYYb supported RPCCs 

The NiO–BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb) supported reversible 
protonic ceramic cells were fabricated using the tape-casting method. 
NiO-BCZYYb (65:35 wt% ratio) powders were dispersed in ethanol with 
polymethyl methacrylate (PMMA, 10 wt%, Alfa Aesar), toluene (Sigma- 
Aldrich), fish oil (Sigma-Aldrich), polyethylene glycol (PEG8000, Fisher 
Scientific) and polyvinyl butyral (PVB, Sigma-Aldrich), before ball 
milling for 48 h. After de-gassing, the slurries were cast automatically 
(STC-14A, Hansung Systems) onto a Mylar sheet to fabricate a green 
tape with a thickness of 450 μm. After drying, the green tapes were cut 
into round pieces (diameter of 25 mm) and then pre-sintered at 900 ◦C 
for 2 h. Slurries of the functional layer were prepared by mixing NiO, 
BCZYYb, PVB, Solsperse (SG24000, Lubrizol), and Di-n-butyl phthalate 
(DBP, Sigma Aldrich) for 48 h, these were then coated onto the pre- 
sintered NiO-BCZYYb substrate and heat-treated at 400 ◦C for 2 h. 
Similarly, the BCZYYb electrolyte slurries were prepared by mixing 
BCZYYb powder with PVB, Solsperse and DBP, before ball milling for 48 
h. The electrolyte slurries were deposited onto the pre-sintered NiO- 
BCZYYb functional layer side several times using the drop-coating 
technique and then sintered at 1450 ◦C for 4 h. Air electrode slurries 
were prepared by mixing a perovskite material with ESL 441 vehicle 
(ESL ElectroScience) using a mortar and pestle. The air electrode ink was 
screen-printed on the BCZYYb electrolyte side of the anode-supported 
cells and then sintered at 1100 ◦C for 2 h. Silver mesh and gold wires 
were used as the current collector and leads, respectively. 

2.6. Electrochemical measurements of NiO-BCZYYb supported cells 

The operation characteristics of the anode-supported cells were 
controlled by a fuel cell test station (NARA Cell Tech Co.) equipped with 
an electrical load (PLZ-164WA, KiKusui Electronics Co.), mass flow 
controllers, and an alumina reactor. A ceramic adhesive (Ceramabond 
668, Aremco) was used to seal the single cells. Current–voltage (I–V) 
polarization curves were measured in galvanostatic mode at 
500–700 ◦C. In PCFC operation mode, humidified H2 (3% H2O) was 
applied to the anode side as a fuel thorough a water bubbler with a flow 
rate of 200 sccm, while ambient air was supplied as an oxidant to the 
cathode. Under the steam PCEC mode, steam diluted with ambient air 
(steam:air = 20:80) was introduced to the steam (air) electrode after 
going through a bubbler with a constant flow rate of 200 sccm. In the 
hydrogen electrode, 10% hydrogen in N2 was fed into the hydrogen 
electrode. The electrical conductivity was determined by electro
chemical impedance spectroscopy (EIS) using a potentiostat or galva
nostat instrument in the frequency range from 1 MHz to 0.1 Hz. The 
long-term operation of the Ni-BCZYYb anode-supported cells was tested 
using a constant current mode of 0.2 A‧cm− 2 (fuel cell mode) and − 0.2 A‧ 
cm− 2 (electrolysis mode) at 600 ◦C. 

2.7. DFT calculations 

We performed first-principles calculations based on density func
tional theory (DFT) using the Vienna ab initio simulation package 
(VASP) [24]. All DFT calculations were performed with Pseudopoten
tials of projector augmented-wave (PAW) [25], Per
dew–Burke–Ernzerhof (PBE) functional [26], and the generalized 
gradient approximations (GGA)+U [27]. Effective Hubbard-U parame
ters of 3.5, 3.5, 5.5, and 3.9 eV were used for the 3d electrons of Co, Fe, 
Ni, and Mn, respectively, this arrangement was determined from pre
vious papers [28]. Various configurations among the metal ions and 
oxygen/vacancy orderings in BCZFY, BSCF, NBCFM, and NBSCF were 
generated using CASM software [29]. For the first principles calcula
tions, we prepared various simplified structural models, such as 
BaCo0.375Zr0.125Fe0.375Y0.125O2.5 for BCZFY, Ba0.5Sr0.5Co0.75Fe0.25O3 for 
BSCF, Nd1.5Ba1.5CoFeMnO8.33 for NBCFM, and NdBa0.5Sr0.5Co1.33

Fe0.67O6 for NBSCF. We determined the most stable structures among 

the samples through comparison of the electrostatic energies and DFT 
energies. A plane-wave basis set was used with an energy cutoff of 500 
eV, appropriate k-point meshes were selected to ensure that the total 
free energy of the system converged within 0.1 meV. 

3. Results and discussion 

3.1. Characterizations of perovskite structured electrode materials 

Fig. 1b shows the x-ray diffraction (XRD) patterns of the perovskite- 
based materials as well as their Rietveld refinement results. All peaks 
were identified as perovskite-based structures without any secondary 
phases. The crystal structures (space group) of BSCF, BCZFY, NBSCF, 
BGLC, and NBCFM were indexed as cubic (Pm3m), cubic (Pm3m), 
orthorhombic (Pmmm), orthorhombic (Pmmm), and tetragonal (P4/ 
mmm), respectively (Table 1). The c-axis lattice constants of the perov
skites, calculated by the Rietveld refinements, showed remarkable dif
ferences, with a progressive increase from 3.986 (4.126) Å to 7.699 
(7.807) Å, and then to 11.675 Å for single (BSCF, BCZFY), double 
(NBSCF, BGLC), and tripe perovskites (NBCFM), respectively (Fig. S1d). 
The results of Rietveld refinement are shown in Table 1 and the low 
reliability factors (Rwp = 6.42%, Rp = 3.95%, χ2 = 7.50) for NBCFM 
indicate a good fit between the experimental and calculated XRD pat
terns. To ascertain structural robustness of the NBCFM under RPCC 
operating conditions, high-temperature XRD analysis was also carried 
out from room temperature to 800 ◦C at 5 ◦C‧min− 1 (Fig. S1e). Results 
demonstrated that the NBCFM was thermodynamically stable as a triple 
perovskite crystal structure without any secondary phases at elevated 
temperatures. 

The triple perovskite structure of NBCFM was also further confirmed 
by the selected area electron diffraction (SAED) pattern observed from 
the [001] zone axis of the high-resolution transmission electron micro
scopy (HR-TEM) image (Fig. 1c). The repeated layers along the c-axis 
were determined to be at 11.14 Å (Fig. 1c, inset) using a simulation of 
the relative intensity of each atomic column, this is similar to the results 
obtained from the Rietveld refinement results. On the other hand, the 
average c-axis lattice parameter was 3.50 and 7.65 Å for BSCF (single) 
and NBSCF (double), respectively, indicating that NBCFM has a three 
layers of single perovskite structures (Figs. S2a–b). The HR-TEM and 
field emission-scanning electron microscopy (FE-SEM) images of 
NBCFM exhibit sub-micron sized (100–600 nm) agglomerated and 
round particle morphology (Fig. S2c). Elemental mapping images of the 
NBCFM powder present that the constituent elements are uniformly 
distributed throughout the particles (Fig. S2d). 

The extended c-axis that comes from the double- and tri-layer 
structure of single perovskite originates from the doping of lanthanide 
(A-site) and transition metals (B-site) in the ABO3 perovskite system, 
with the formation of extra oxygen vacancies to maintain charge 
neutrality conditions. As shown in Fig. 1d, the oxygen nonstoichiometry, 
δt values, of BSCF, BCZFY, NBSCF, BGLC and NBCFM at 600 ◦C were 
determined to be 0.341, 0.496, 0.547, 0.433 and 0.562 [cf. SrCo0.8 
Fe0.2O3-δ (SCF): 0.398] [30,31], respectively, as calculated by the 
iodometric titration method and high precision thermogravimetric 
analysis (TGA). A considerable change in the average oxidation state of 
B-site cations was also found for the triple perovskite, as seen in Fig. S1f. 
This shows that the triple perovskite NBCFM material contains plentiful 
oxygen vacancies under the operating conditions of RPCCs, this plays an 
important role in oxygen electrode activities for RPCCs. 

3.2. Reversible protonic ceramic cell design 

To investigate the oxygen electrode performances of the perovskite 
materials, NiO-BCZYYb electrode-supported cells were fabricated with 
the BCZYYb electrolyte. Fig. 2a shows the XRD patterns of NiO-BCZYYb, 
all peaks correspond to NiO and BCZYYb phases without other phases or 
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Table 1 
Crystal structure parameters (with TECs) of the perovskite materials based on Rietveld refinements and TGA measurements.  

Materials BSCF(Single) BCZFY(Single) NBSCF(Double) BGLC(Double) NBCFM(Triple) 

Space group(phase structure) Pm3m(cubic)  Pm3m(cubic)  Pmmm (orthorhombic) Pmmm (orthorhombic) P4/mmm (tetragonal) 

Lattice parameter (a, Å) 3.986 4.126 3.843 3.786 3.887 
Lattice parameter (b, Å) 3.986 4.126 3.852 3.897 3.887 
Lattice parameter (c, Å) 3.986 4.126 7.699 7.807 11.675 
Reliability factors (Rp, %) 1.52 2.67 1.81 2.49 3.95 
Reliability factors (Rwp, %) 1.97 3.60 2.35 4.04 6.42 
Reliability factors (χ2) 1.57 2.93 1.79 3.84 7.50 
Oxygen deficiency (δt, 600 ◦C) 0.341 0.496 0.547 0.433 0.562 
TEC ( × 106 K− 1) 17.8 18.1 24.9 21.0 13.1  

Fig. 2. Physiochemical characteristics of the cell components. (a) XRD patterns of BCZYYb (electrolyte), NiO-BCZYYb (fuel electrode), NBCFM-NDC, NDC, and 
NBCFM-BCZYYb powders (composite air electrode). (b) Cross-sectional microstructure of the NiO-BCZYYb supported cell (BCZYYb electrolyte) with the NBCFM air 
(steam) electrode examined by using FE-SEM. (c) TEC values of perovskite materials. (d) Comparison of the electrode area specific resistances (ASRs) of NBCFM 
symmetric cell in this work as a function of temperature with those of other perovskite materials. 
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impurities. The BCZYYb electrolyte powders formed a single phase with 
the perovskite structure. The XRD patterns of the Nd0.1Ce0.9O2-δ (NDC) 
powders after calcination confirm that the samples were crystallized 
into a fluorite structure with no unknown extra peaks. NDC was selected 
as the composite (NBCFM-NDC) air electrode material to expedite the 
reaction of triple (H+/O2-/e’) conducting at the interface between the 
proton-conducting electrolyte and MIEC materials for PCFCs [16]. We 
also tested pure NBCFM and composite NBCFM-BCZYYb as air electrode 
materials for RPCCs. 

The cross-sectional microstructure of the NiO-BCZYYb cell with the 
BCZYYb electrolyte and composite perovskite air electrode was exam
ined using FE-SEM and the results are shown in Figs. 2b and S3. It can be 
clearly observed that the NiO-BCZYYb is composed of a supporting layer 
and functional layer with macro- and micro-pores due to the addition of 
the pore former. The electrolyte layer was entirely dense without any 
pinholes, while the composite perovskite cathode layer with a suffi
ciently porous structure is continuously attached to the electrolyte layer. 
The thermal compatibility between components is an important 
parameter when fabricating RPCCs in terms of reducing fabrication costs 
and improving durability [32,33]. As shown in Fig. 2c, the thermal 
expansion coefficient value of NBCFM is 13.1 × 10− 6 K− 1, this is anal
ogous to that of the BCZYYb electrolyte (9.5 × 10− 6 K− 1) [20]. In 
contrast, the double perovskite NBSCF and BGLC show extraordinary 
high TECs. This indicates that the NBCFM is more beneficial in terms of 
long-term thermal stability and compatibility when it comes to cell 
fabrication. 

3.3. Electrochemical evaluations of reversible protonic ceramic cells 

The ASRs of the perovskite-structure materials were investigated in a 
symmetrical cell configuration using electrochemical impedance spec
troscopy (EIS). Fig. 2d shows the ASRs, the key variable for dis
tinguishing cathode activity [34], of the perovskite-based cells under 
open-circuit voltage (OCV) conditions. It should be noted that the 
NBCFM showed the lowest ASR (and also a lower activation energy of 
0.97 eV) in the temperature range studied (i.e. 0.98 Ω‧cm2 at 600 ◦C), 
this result is much smaller than those of the highly active BSCF (2.26 Ω‧ 
cm2) and BGLC (1.82 Ω‧cm2) at 600 ◦C. In order to verify the excellent 
properties of the NBCFM electrode in RPCCs, perovskite cells were 
tested under PCFC and PCEC modes at 500–700 ◦C (Fig. 3a). The posi
tive current density denotes PCFC operation, while the negative one 
refers to PCEC operation. The OCVs of the cells were at approximately 
1.0 V, this indicates that the BCZYYb electrolyte is fully dense. The PPDs 
of the NBCFM cell (with the pure NBCFM cathode) were very high, 
reaching 0.16–1.37 W‧cm− 2 at 500–700 ◦C. In particular, the perfor
mance of the NBCFM cell in PCFC mode gives approximately 2–3 times 
the PPD of the PCFC with BGLC and BSCF cathode materials at 600 ◦C 
(Fig. S4). The PPDs are compared with previously reported results at 
600 ◦C in Fig. 3b and Table 2 [12–14,35–43] and show an enormous 
improvement. 

In PCEC mode, I–V curves of the cells using various steam electrode 
materials under a 20% steam/80% air atmosphere are also shown for 
comparison purposes. At each operating temperature, the current den
sities for PCEC with the NBCFM electrode at different applied voltages 
are much higher than those for the cells with other electrodes, this in
dicates that NBCFM is highly active during OER in PCEC. In particular, 
at 600 ◦C, the performance in PCEC with the NBCFM steam electrode 
saw a dramatic increase to − 2.34 A‧cm− 2 at 1.4 V and 600 ◦C (Fig. 3a), 
this is a remarkable value to achieve when we compare to the results of 
the cells with other steam electrodes: BSCF (− 0.37 A‧cm− 2), NBSCF 
(− 0.50 A‧cm− 2) and BGLC (− 0.37 A‧cm− 2) (Figs. 3b and S4). In addition, 
the pure NBCFM air electrode cell showed better performances than the 
composite NBCFM-NDC and NBCFM-BCZYYb electrode cells under both 
PCFC and PCEC modes. More importantly, an extensive comparison of 
oxygen electrode activities of perovskite air (steam) electrodes reveals 
NBCFM to be one of the best-performing perovskite-based bifunctional 

oxygen electrodes ever reported (Table 2) [12–14,35–43]. In addition, a 
further reduction in BCZYYb thickness (from ~20 μm in this work) is 
expected to boost cell performance by lowering its ohmic ASR (0.127 Ω‧ 
cm2 at 600 ◦C, Fig. S5) based on An et al. [17] who previously reported 
1.3 W‧cm− 2 at 600 ◦C with a very thin (<5 μm) BaCe0.55Zr0.3Y0.15O3-δ 
electrolyte (ASR of 0.09 Ω‧cm2). Moreover, surface modification of the 
NBCFM triple perovskite air/steam electrode using infiltration tech
niques [16] and pulsed laser deposition [14] is an effective method to 
enhance the catalytic activity of RPCCs via extension of TPBs with 
increasing surface area. 

The relevant Faraday efficiency (η) at each applied voltage and 
500–600 ◦C was calculated using Faraday’s law (Supplementary infor
mation) and was estimated at 99.4% under − 0.5 A∙cm− 2 at 500 ◦C, 
suggesting that a BCZYYb cell using the NBCFM steam electrode can 
generate the theoretically predicted amount of H2 (Figs. 3d and S6). 
However, the Faradaic efficiency is decreased as the applied current and 
temperature increase because of the electronic leakage in the BCZYYb 
electrolyte (p-type electronic conduction in oxidizing atmospheres) 
under PCEC mode. To confirm the reliability of the NBCFM electrode, a 
cycling test through PCFC and PCEC modes was designed where con
stant positive and negative current densities (±0.2 A∙cm− 2 for 24 h) 
were applied to the cell alternatively for 960 h, as seen in Fig. 3e. The 
cell voltage was maintained at approximately 0.9 V (in PCFC mode) and 
at 1.06 V (in PCEC mode) without any severe degradation in perfor
mance being seen over the entire process, this indicates that the NBCFM 
air (steam) electrode shows excellent bi-functional ORR and OER 
properties during PCFC and PCEC operation with outstanding stability. 

3.4. Mechanistic study 

The high concentrations of mobile oxygen defects in NBCFM 
(Fig. 1d) may contribute to better electrochemical performance as they 
lead to faster oxygen kinetics in OER and ORR. Fig. S5 shows an EIS plots 
of the perovskite air (steam) electrodes without an applied potential (at 
OCV) and with an applied potential of − 0.20 (OER) and 0.20 A‧cm− 2 

(ORR). The NBCFM cell shows the lowest Rpol in the temperature range 
studied under 0.2 A‧cm− 2 for ORR, 0.32 Ω‧cm2 at 600 ◦C, this result is 
lower than those for BSCF (0.75 Ω‧cm2), NBSCF (0.73 Ω‧cm2) and BGLC 
(0.47 Ω‧cm2) under the same conditions (Fig. 3f). Furthermore, the 
impedance arc of the NBCFM cell is significantly smaller than those of 
other perovskite-based cells under OER conditions of − 0.2 A‧cm− 2 (0.35 
Ω‧cm2) at 600 ◦C. 

Further analysis was performed to investigate the electronic states of 
the perovskite-based electrodes. Fig. 4a shows the O 1s and Co 2p x-ray 
photoelectron spectroscopy (XPS) spectra (Fig. S7) of the perovskite 
materials. The four peaks at 532.9, 531.6, 530.6, and 528.2 eV can be 
assigned to the molecular water absorbed on the surface (H2O), surface 
absorbed oxygen (O2/OH− ), highly oxidative oxygen species (O2−

2 /O− ) 
and lattice oxygen species (O2− ), respectively [44]. The relative content 
(molar fraction) of these four oxygen species was estimated from the 
integrated area ratios of the sub-peaks. The increase in active atoms 
adjacent to oxygen vacancies facilitates OH− adsorption kinetics and 
electron transport [44]. Based on the data (Fig. S7a), the relative content 
of the O2−

2 /O− species in the NBCFM surface (49.8%), which is corre
lated with the surface oxygen vacancies in catalysts, is higher than that 
of other perovskite materials. This means that there exists an abundance 
of surface oxygen vacancies in NBCFM, this is in agreement with the 
results of the nonstoichiometric oxygen measurements (TGA). Addi
tionally, the transition metal ions (Co, Fe, Mn) doped into the B-site are 
beneficial to the adsorption/refilling of OH− and desorption of O2 under 
the enhanced charge transfer kinetics between the O 2p-band of the 
adsorbate and d-band of the B-site metal that are a result of this favor
able modification to the electronic configuration of the triple perovskite 
structure [19–23]. 

As previously demonstrated, Co states are more relevant in 
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Fig. 3. Electrochemical performances and durability of the cells. (a) I–V characteristics of NBCFM cells in PCFC (under a supply of humidified H2 and ambient air) 
and PCEC modes (under 20% steam/80% air in steam electrode and 10% H2/90% N2 in fuel electrode) at 500–700 ◦C. (b) I–V characteristics of perovskite-based cells 
in the PCFC and PCEC modes at 600 ◦C. (c) Performance comparison of PCFCs (maximum power density) and PCECs (current density at 1.4 V) with the previously 
reported bifunctional perovskite-based air (steam) electrode materials (BaY2NiO5: BYN). (d) Faradaic efficiency of NBCFM cell as a function of current density and 
temperatures. (e) Long-term durability of NBCFM cell for 960 h under the constant current density of 0.2 (for 24 h) and − 0.2 A∙cm− 2 (for 24 h) for PCFC and PCEC 
modes, respectively. (f) ASRs of perovskite air electrode cells under 0.2 A∙cm− 2 for ORR and − 0.2 A∙cm− 2 for OER in RPCCs. 
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influencing the electrochemical activities in oxygen electrode reactions 
[19,23]. The oxidation state of the Co was estimated via fitting the 
corresponding XPS spectra. The well deconvoluted profile in Fig. 4a of 
the Co 2p3/2 and Co 2p1/2 spectra at 779.5 and 794.6 eV, respectively, 
prove the coexistence of Co4+/Co3+. The ratio of Co4+/Co3+ in the 
perovskite structure can be calculated as per the respective area in
tensity of the characteristic peaks. The integrated area ratio of BSCF, 
BCZFY, NBSCF, BGLC, and NBCFM are 0.40, 0.40, 0.54, 0.54, and 0.56, 
respectively. These indicate that the generation of the high density of 
surface oxygen defects in NBCFM is caused by co-doping of multivalent 
ions. 

We also performed first-principles calculations to confirm the 
outstanding catalytic effect of NBCFM compared to other perovskite- 
type catalysts, we found that our predictions based on first principles 
calculations are well matched with the experimentally confirmed re
sults. It was reported that the small energy gap between the O 2p-band 
center and the Fermi level (EF) results in outstanding oxygen activity 
from the perovskite-type catalysts [21]. Fig. 4b presents the energy gaps 
of the perovskites between EF and the center of the O 2p projected 
density of state (pDOS). The energy at the highest DOS intensity was 
designated as the center of O 2p pDOS. BSCF delivers the smallest energy 
gap between EF and the center of O 2p pDOS among the samples 
(Fig. S8). This kind of small energy gap (~1 eV) can result in structural 
instability, this, in turn, implies poor oxygen catalytic effect from BSCF. 
Grimaud et al. [21] demonstrated that moving the O p-band center 
closer to the EF can increase oxygen electrode activity, but having the O 
p-band center too close to EF decreases oxide stability and activity for 
oxygen electrode reactions. In the case of the other samples, it was 
predicted that the energy gap of NBCFM (~1.47 eV) is smaller than 
those of BCZFY (~2.05 eV) and NBSCF (~2.07 eV), which indicates that 
the catalytic effect of NBCFM is better than the other perovskite mate
rials that are regarded as the outstanding ORR/OER catalysts in the 
group. 

All the features described above are responsible for the faster reac
tion rate of the NBCFM during oxygen electrode reactions. The kinetic 
properties of the MIECs can be obtained from measurement of the 
transient response to a step change in the chemical potential by elec

trical conductivity relaxation (ECR) [45]. Variations in the ambient at
mosphere lead to changes in the charge carrier (oxygen vacancy) 
concentration of the MIEC, this manifests as a relaxation of the apparent 
macroscopic electrical conductivity. The ECR profiles of the perovskite 
materials were investigated during a sudden change in PO2 (‒2.0 ≤ log 
(PO2 /atm) ≤ − 0.68) at 500–750 ◦C. Monotonic increases in the electrical 
conductivity were observed while reaching a new equilibrium value at a 
fixed PH2O (Fig. S9). The normalized electrical conductivity (Г) relaxa
tion profile describes a solution to Fick’s second law [45–47]. DvO rep
resents the chemical diffusion coefficients [It should be noted that O2- 

diffuses via vacancies (v = V••
O ) in oxidizing (O) atmospheres]. Fig. 4c 

shows DvO as a function of temperature during oxidation. It was found 
that DvO increases with temperature during oxidation, and its values for 
the perovskite materials investigated in this work are on the same order 
of magnitude at similar temperatures when compared to data in previ
ous literature (Table 3) [48,49]. Outstandingly, the DvO value of NBCFM 
was much larger than that of the other perovskite cathode materials. A 
high DvO value of 2.72 × 10− 4 cm2‧s− 1 at 600 ◦C was achieved for 
NBCFM (c.f. BSCF: 7.15 × 10− 6, NBSCF: 3.98 × 10− 4, BGLC: 1.10 ×
10− 4, and BCZFY: 1.38 × 10− 4 cm2‧s− 1 at 600 ◦C) [49]. The activation 
energies for the DvO of NBCFM obtained from the slope of the Arrhenius 
plot, as shown in Fig. 4c, was 0.76 eV. 

Further investigations were undertaken through ECR measurements 
to scrutinize the impact of the hydration process (− 1.522 ≤ log 
(PH2O/atm) ≤ − 0.523). As can be seen in Fig. S10, the ECR profiles of 
NBSCF and NBCFM show non-monotonic behaviors upon hydration 
(change of PH2O) at a fixed PO2 (0.147 atm), while they show a mono
tonic increase with changes of PO2 (oxidation) at a fixed PH2O. During 
hydration, when PH2O is abruptly increased from − 1.522 to − 0.523 for 
log(PH2O/atm), the conductivity first decreased sharply to a minimum 
and then slowly increased to attain a new equilibrium value at 
600–750 ◦C. Yoo et al. [50] reported that such non-monotonic twofold 
relaxation can be attributed to the decoupled chemical diffusion of H (or 
ambipolar diffusion of H+ and h•) and O (or ambipolar diffusion of O2- 

and 2h•) components mediated by holes in the proton-conducting 
perovskite oxides, and not simple chemical diffusion of molecular 
water. The faster H-diffusion followed by slow O-diffusion leads to 

Table 2 
Performance comparison of PCFCs and PCECs at 600 ◦C with the previously reported perovskite-based steam (air) electrode materials.  

Ref. Cell composition Gas flow condition Peak power density 
(W∙cm− 2) 

Current density at 1.4 V 
(A∙cm− 2) 

Fuel electrode Air electrode 

PCFC mode 
12 NiO-BCZYYb | BCZYYb+1 wt% NiO | BaCe0.6Zr0.3Y0.1O3-BCFZY   0.647  
17 NiO–BaCe0.55Zr0.3Y0.15O3 | BaCe0.55Zr0.3Y0.15O3+4 mol% BaY2NiO5 | 

BSCF   
1.302  

35 NiO-BCZYYb | BCZYYb | NBSCF   0.680  
36 NiO–BaCe0.8Y0.2O3 | BaCe0.8Y0.2O3 | BSCF   0.282  
37 NiO-BCZYYb | BCZYYb | BaCe0.7Zr0.1Y0.2O3-LSCF   0.479  
38 NiO–BaCe0.7Zr0.1Y0.2O3 | BaCe0.5Zr0.3Y0.2O3-δ | Sm0.5Sr0.5CoO3- 

δ-Ce0.8 Sm0.2O2-δ   

0.396  

This 
work 

NiO-BCZYYb | BCZYYb | NBCFM-NDC   0.704  

PCEC mode 
14 NiO–BaCe0.4Zr0.4Y0.1Yb0.1O3 | BaCe0.4Zr0.4Y0.1Yb0.1O3 | PBSCF (PLD) 

| PBSCF 
97% H2/3% 
H2O 

97% Air/3% 
H2O  

3.235 

13 NiO-BZCYYb | BZCYYb | NBSCF-BZCYYb 90% H2/10% 
H2O 

90% Air/10% 
H2O  

1.190 

39 Ni–BaZr0.8Y0.2O3 | BaZr0.8Y0.2O3 | Sr2Fe1.5Mo0.5O6– BaZr0.8Y0.2O3 10% H2/90% 
N2 

97% Air/3% 
H2O  

0.289 

40 Ni–BaCe0.7Zr0.1Y0.1Sm0.1O3 | BaCe0.7Zr0.1Y0.1Sm0.1O3 | 
BaCe0.6Zr0.3Y0.1O3-BCZFY 

97% H2/3% 
H2O 

88% Air/12% 
H2O  

0.527 

41 NiO–BaCe0.5Zr0.3Y0.2O3 | BaCe0.5Zr0.3Y0.2O3 | 
Sm0.5Sr0.5CoO3–BaCe0.5Zr0.3Y0.2O3 

100% H2 50% Air/50% 
H2O  

0.241 

42 NiO–BaZr0.9Y0.1O3 | BaZr0.9Y0.1O3 | 
BaZr0.8Y0.2O3–La0.6Sr0.1Co0.2Fe0.8O3 

4% H2/96% Ar 97% Air/3% 
H2O  

0.069 

This 
work 

NiO-BCZYYb | BCZYYb | NBCFM 10% H2/90% 
N2 

80% Air/20% 
H2O  

2.341  
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Fig. 4. Mechanistic analysis of NBCFM for oxygen electrode activity. (a) Co 2p XPS spectra of perovskite materials. (b) Energy gap between O 2p-band center and EF 
on BSCF, BCZFY, NBSCF, and NBCFM. (c) Chemical diffusion coefficient (DvO) of perovskite materials based on ECR measurement. (d) Decoupled chemical diffu
sivities of hydrogen (DiH) and oxygen (DvH) for NBCFM during hydration reaction at a fixed PO2 . (e) ECR profiles for BSCF, NBSCF, and NBCFM during hydration 
process (PH2O) at a fixed PO2 and 600 ◦C. (f) Conductivities of NBCFM (dense bar) under various PH2O at 500–600 ◦C using a DC 4-probe method. (g) Hydration 
property of the NBCFM under dry and wet air. Weight change (Δw) by changing PH2O at 600 ◦C. 
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non-monotonic ECR profiles with a transient change in the concentra
tion of holes. The conductivity relaxation behavior of BSCF, however, 
showed a monotonic increase upon hydration, as verified by Lim et al. 
[51], that is different from that observed in NBSCF and NBCFM. These 
faster proton incorporation/release kinetics in NBCFM during hydra
tion/dehydration could be the reason for the high ORR and OER per
formances in RPCCs. 

To understand the transport properties of BSCF, NBSCF and NBCFM 
in wet atmospheres, the chemical diffusivities of hydrogen (DiH) and 
oxygen (DvH) during hydration (H) reactions were calculated by fitting 
the relaxation profiles [It should be noted that O2- and H+ diffuse via 
vacancies (v = V••

O ) and interstitials (i = H•
i or OH•

O), respectively] [50, 
51]. The values of DiH are always higher than that of DvH over the entire 
range of temperatures and PH2O levels studied, this indicates that the 
chemical diffusion of protons is always higher than that of oxygen-ions 
during hydration (Table 3). More importantly, the DiH and DvH of 
NBCFM were much higher than those of BSCF and NBSCF with changes 
in PH2O atmosphere, as shown in Fig. 4d and e. That is, the oxygen 
defect-rich structure of triple perovskite NBCFM resulted enhanced re
action kinetics of oxygen electrodes in RPCCs via incorporation of water 
vapor into the perovskite structure. 

Further evidence supporting the triple-conducting properties of 

NBCFM is based on their conductivities measured under various hu
midity conditions. As shown in Fig. 4f, the conductivities of NBCFM 
increase with an increase in PH2O from dry to wet (12–31%) air at 
500–700 ◦C. The conductivity of NBCFM under dry air is 40.2 S‧cm− 1, 
which is increased to 43.3 S‧cm− 1 at 600 ◦C when 31% H2O mixed air 
was supplied, suggesting the excellent proton conduction of NBCFM. 
The weight change (Δw) was also measured by applying thermogravi
metric analysis to confirm the hydration characteristics of the triple 
perovskite exhibiting multi-ion conduction property (Figs. 4g and S11). 
When changing from dry air (PO2 /atm = 1.70 × 10− 1) to wet air 
(PO2 /atm = 1.58 × 10− 1) at 700 ◦C, the change in oxygen partial pres
sure is not small enough for ignoring any weight change from reduction 
reaction for highly defective oxides, like triple perovskite. Therefore, the 
pure water vapor partial pressure effect by hydration on weight change 
may be calculated by removing oxygen partial pressure driven weight 
change from the result of changing both the oxygen and water vapor 
partial pressure, simultaneously (Table S1 and Fig. S12). As shown in 
Fig. 4g (Figs. S11 and S12), when the oxygen partial pressure decreases 
at a dry condition, a mass change of about 45 μg is observed (as shown in 
green), but when both oxygen and water vapor pressure change at the 
same time, a mass decrease is about 10 μg (as shown in orange). 
Therefore, the effect of pure water vapor partial pressure on weight 
change can be calculated as shown in blue from the difference between 
the two results, around +35 μg. Even considering that the initial spec
imen weighed around 0.997 g, it could be confirmed that a considerable 
amount of water vapor was incorporated into the specimen. 

4. Conclusions 

We have demonstrated that our triple perovskite NBCFM exhibits the 
highest reported activity for ORR and OER in IT-RPCCs. The high power 
density of the PCFCs was achieved using our NBCFM cathode on account 
of its superior ORR activity compared to other perovskite materials. In 
addition, a current density of − 2.34 A‧cm− 2 was achieved under a 1.4 V 
electrolyzing potential at 600 ◦C. Furthermore, the cell voltage was 
maintained at 0.9 V (0.2 A‧cm− 2) and 1.06 V (− 0.2 A‧cm− 2) without any 
severe degradation in performance over the course of the durability test. 
The superior electrocatalytic performance of NBCFM in oxygen elec
trode reactions is attributed to its high concentration of surface oxygen 
defects, favorable electronic configuration and coordination chemistry 
in the triple perovskite structure, hydration property, and rapid reaction 
rates for steam and air electrodes. 
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Table 3 
Kinetic properties (DvO, DiH, and DvH) of the perovskite materials, obtained from 
the ECR measurements.  

Materials 
(Perosvkite) 

Temperature 
(◦C) 

Coefficients (cm2∙s− 1) 

DvO DiH DvH 

BCZFY (Single) 550 7.72 ×
10− 5   

600 1.38 ×
10− 4   

650 4.64 ×
10− 4   

700 6.70 ×
10− 4   

750 6.77 ×
10− 4   

BGLC (Double) 600 1.10 ×
10− 4   

650 1.58 ×
10− 4   

700 2.89 ×
10− 4   

750 4.86 ×
10− 4   

NBSCF (Double) 500 8.61 ×
10− 6   

550 1.80 ×
10− 5   

600 3.98 ×
10− 5 

1.34 ×
10− 3 

1.38 ×
10− 4 

650 2.48 ×
10− 4 

1.55 ×
10− 3 

3.52 ×
10− 4 

700 4.41 ×
10− 4 

1.98 ×
10− 3 

3.95 ×
10− 4 

750 N/A 2.49 ×
10− 3 

4.39 ×
10− 4 

NBCFM (Triple) 500 5.92 ×
10− 5   

550 1.86 ×
10− 4   

600 2.72 ×
10− 4 

1.96 ×
10− 3 

3.15 ×
10− 4 

650 4.46 ×
10− 4 

2.38 ×
10− 3 

4.56 ×
10− 4 

700 4.60 ×
10− 4 

3.03 ×
10− 3 

4.62 ×
10− 4 

750 1.53 ×
10− 3 

3.08 ×
10− 3 

4.84 ×
10− 4  
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the work reported in this paper. 
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