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Oxygen reduction kinetics of high
performance BaCo0.4Fe0.4M0.1Y0.1O3-δ
(M =Mg,Zr) positrode for protonic ceramic
fuel cells
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Protonic ceramic fuel cells (PCFCs) should exhibit high performance at intermediate temperatures in
the range of 400–600 °C. To reduce the operating temperature, more active air electrodes (positrodes)
are needed. In the present work, BaCo0.4Fe0.4Mg0.1Y0.1O3-δ (BCFMY) is investigated as a positrode
material for application in PCFCs aswell as solid oxide fuel cells (SOFCs). For SOFCs, the polarization
resistance ascribed to the oxygen reduction reaction is proportional to pO2

−1/4 (pO2: oxygen partial
pressure), suggesting that the rate-determining process is the charge transfer on the mixed ionic-
electronic conductors. For PCFCs, this polarization resistance is proportional to pO2

−1/2, suggesting
that the rate-determining process is the oxygen dissociation. The total polarization resistance for the
PCFCs using the BCFMY positrode is 0.066Ωcm2 at 600 °C, lower than that using the
BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY) positrode. The higher oxygen nonstoichiometry of BCFMY
promotes the oxygen dissociation process on the PCFC positrode surface.

Protonic ceramic fuel cells (PCFCs) are expected to serve as power gen-
eration systems with high energy conversion efficiency operated at inter-
mediate temperatures of 600 °C. This is because the ionic conductivities of
perovskite AB1-xB′xO3-δ (A = Ba, Sr, Ca; B =Ce, Zr; B′ = Y, Yb) electrolytes
as reported by Iwahara et al.1,2, are higher than those of conventional
zirconia-based electrolytes of solid oxide fuel cells (SOFCs). Several
researchers have reported negatrode-supported PCFCs with excellent
performance3–7. However, the protonic transference number is not unity,
because protons, oxide ions, and holes can be conducted through the PCFC
electrolytes at high oxygen partial pressures (pO2) and high temperatures
above 600 °C8. When an electrolyte with an ionic transference number less
than1 is used, hydrogen is consumed in theopen circuit state, and activation
polarization resistance is observed in this state owing to current leakage9.
Consequently, thepower generation efficienciesdecrease forPCFCs10,11. The
ionic transference number of PCFC electrolytes generally increases with
decreasing temperature. In future, the operating temperature for PCFCs
should be reduced to 300–400 °C for PCFCs. Which in turn should reduce
costs, because expensive heat-resistant materials would be unnecessary for
fabricating interconnectors, hot modules, and balance of plants.

Novel positrode (air electrode) materials are required to reduce the
operating temperature, because the oxygen reduction reaction is the rate-
determining process for PCFCs12–14. The ionic transference number
decreaseswhen transitionmetals such asmanganese, iron, cobalt, andnickel
are dissolved in barium cerate15 and zirconate16. Although not suitable for
application as electrolytes, triple conductors of protons, oxide ions, and
holes indicate enhanced performance as electrodes. Recently, many
researchers have focused on triple conductors as PCFC positrodematerials,
because the active areas for oxygen reduction and steam production reac-
tions can spread to the entire surface of the positrode. For example, Ba(Ce,
Zr, Y)1-x B′′xO3-δ (B′′: transition metals) is a candidate material for the
fabrication of PCFC positrodes17. BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY) exhi-
bits high performance due to its lower polarization resistance than that of
Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF)5,18. Water uptake is observed using ther-
mogravimetric (TG) analysis for BCFZY19. Perovskite PrNi0.5Co0.5O3-δ

(PNC)20 and double perovskite PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF)
21 have

also been reported as triple conductors22. However, there is not enough
evidence of the contribution from proton conductivity of triple conductive
positrodes to the oxygen reduction and steam prodcution reactions. Using
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time-of-flight secondary ion mass spectrometry with isotopic exchange
(16O/18O and 1H/2H), Lozano et al.23 confirmed that protonic conductivity
only makes a limited contribution to the steam production process,
although oxygen surface exchange is promoted by the presence of steam on
the surface of these materials. Therefore, activity of oxygen reduction
reaction should be improved for PCFCs as well as SOFCs operated at
intermediate temperatures (300–600 °C).

In the present work, BaCo0.4Fe0.4Mg0.1Y0.1O3-δ (BCFMY) is com-
pared to BCFZY in SOFC and PCFC positrodes. It was reported that
BCFMYexhibited higher the oxygenpermeability thanBCFZYbecause of
its high oxygen nonstoichiometry (δ)24,25. High oxygen permeability is
realized by the high ionic conductivity and active oxygen surface exchange
process, which might reduce the polarization resistance of a positrode in
fuel cells. However, materials with high oxygen permeability are not
necessarily excellent as PCFCs positrodes. On the other hand, the polar-
ization resistance decreased after incorporating BaCe0.7Zr0.1Y0.1Yb0.1O3-δ

(BCZYYb) in PCFC positrodes26. Based on these results, BCFMY-
BCZYYb and BCFZY-BCZYYb composite positrodes are applied here in
negatrode (fuel electrode)-supported PCFCs in addition to SOFCs, and
the oxygen partial pressure dependency of polarization resistances is
evaluated to discuss the oxygen reduction kinetics for the PCFC
positrodes.

Results
SOFCs using BCFMY and BCFZY positrodes
The cross-sectional scanning electron microscopic images of the SOFCs
with the BCFZYandBCFMYpositrodes as shown in Fig. S1. Figure 1 shows
the current-voltage and power density characteristics for the SOFCs with
BCFZYandBCFMYpositrodes in 10, 21, 40, and100%O2-N2 at 600 °C, and
the data at 700 °C are show in Fig. S2. The theoretical electromotive force
(VEMF) was derived from the Nernst equation for SOFCs (Eq. (1)):

VEMF ¼
RgT

4F
ln

K2p 2
H2 ;a

pO2;c

p 2
H2O;a

; ð1Þ

where Rg is the gas constant (8.3145 J mol−1 K−1), T is the absolute
temperature (K), F is the Faradaic constant (9.6845 × 105 C mol−1), K is
the equilibrium constant of the reaction H2+ 1/2O2↔H2O
(8.8072 × 1011 at 600 °C), and pX,a and pX,c are the partial pressures (atm)
of X at the negatrode (anode) and positrode (cathode), respectively. The
theoretical VEMF, experimental open circuit voltage (VOCV), and max-
imum power density (Pmax) are listed in Table S1. VOCV was 10–17 mV
lower than VEMF owing to slight gas leakage, because the ionic trans-
ference number of scandia-stabilized zirconia (ScSZ) electrolyte is
almost unity27. VOCV for the cell with the BCFMY positrode was almost
the same as that with the BCFZY positrode. VOCV and Pmax increased
with increasing oxygen concentration for both cells.Pmax for the cell with
the BCFMY positrode was higher than that with the BCFZY positrode
under all conditions.

Figure 2a, b show the impedance spectra for the SOFCs with BCFZY
andBCFMYpositrodes in10, 21, 40, and100%O2-N2at 600 °C, and thedata
at 700 °C are show in Fig. S3. The total polarization resistance (Rp), which
was derived from the total radius of the impedance arc in the Nyquist plot,
increased with decreasing oxygen concentration for both cells. The impe-
dance spectra were deconvoluted by the distribution of relaxation times
(DRT) analysis as shown in Fig. 2c, d. Five DRT peaks were identified for
both SOFCs. The previous papers28 reported the physicochemical origins of
DRT peaks for SOFCs. Peak P4 at ca. 100 Hz is ascribed to the oxygen
surface exchange anddiffusionprocesses in the positrode, and itwas smaller
for the cell with the BCFMYpositrode than that with the BCFZYpositrode.
In contrast,P3 at ca. 1 kHzandP5 at ca. 1 Hz,whichare ascribed to the steam
production and gas diffusion processes, respectively, in the negatrode, were
almost the samebetween the twocells. Figure 3 shows thepO2dependenceof
the ohmic and polarization resistances, which are derived from complex

non-linear least squares (CNLS) fitting using an equivalent circuit model
with a series connection of resistance (R0) and parallel resistance-
capacitance (RkCk) elements (Eq. (2)):

ZðωÞ ¼ R0 þ
Xn
k¼1

Rk

1 þ jωRkCk
¼ R0 þ

Xn
k¼1

Rk

1 þ jωτk
ð2Þ

where Z(ω) is the total impedance, τk is the time constant, j is the imaginary
unit, ω is the angular frequency, and n is the number of DRT peaks. The
slopes ofR4 for the cells with the BCFZYandBCFMYpositrodeswere−0.25
and −0.33, respectively. These values were similar to those of conventional
mixed ionic-electronic conductive positrodes such as La0.6Sr0.4Co0.2Fe0.8O3-δ

(LSCF) andBSCF29.R3was also dependent on pO2 in the positrode despite of
negatrode reaction for the SOFCs, because the steam production process
requiredO2− ionic diffusion from the electrolyte. The slopes ofR5 for the cells
with theBCFZYandBCFMYpositrodeswere−0.30 and−0.43, respectively.
The elementary electrode reactions will be discussed in the later section.

Fig. 1 | Current-voltage and power density characteristics for the SOFCs.
a BCFZY and b BCFMY positrodes are used in 10, 21, 40, and 100%O2-N2 at 600

oC.
The open symbols are voltage (V; left axis), and the solid symbols are power density
(p; right axis). The OCV is the voltage at the intercept of left axis (i = 0 A cm−2).
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PCFCs using BCFMY and BCFZY positrodes
The cross-sectional scanning electron microscopic images of the PCFCs
with the BCFZYandBCFMYpositrodes as shown in Fig. S4. Figure 4 shows
the current-voltage and power density characteristics for the PCFCs with
BCFZY and BCFMY positrodes in 9.7, 20, 40, and 97%O2-3%H2O-N2 at
600 °C, and thedata at 700 °Care show inFig. S5.VEMFwasderived fromthe
Nernst equation for PCFCs (Eq. (3)):

VEMF ¼
RgT

2F
ln

pH2O;c

K pH2 ;a
p 1=2
O2 ;c

: ð3Þ

The theoretical VEMF, experimental VOCV, and Pmax are listed in
Table S2. VOCV and Pmax increased with increasing oxygen

concentration for both cells. Pmax for the cell with the BCFMY positrode
was higher than that with BCFZY positrode under all conditions. Pmax

was 1.01W cm−2 in 97%O2-3%H2O at 600 °C for the PCFCs with the
BCFMY positrode, which was 5.7 times higher than that for the SOFCs
(0.177W cm−2 in 100%O2). However, VOCV was 97–144 mV lower than
VEMF, because of hole conductivity at high pO2 for the PCFCs using the
BZYb electrolyte.

Figure 5a, b show the impedance spectra for the PCFCs with BCFZY
andBCFMYpositrodes in 9.7, 20, 40, and97%O2-3%H2O-N2 at 600 °C, and
the data at 700 °C are show in Fig. S6. R0, which was derived from the
intercept of the impedance arc at high frequencies, increased with
decreasing oxygen concentration for the cells with the BCFZY and BCFMY
positrodes because of hole conductivity in the Yb-doped barium zirconate
(BZYb) electrolyte.Rp also increasedwith decreasing oxygen concentration.

Fig. 2 | Impedance and DRT spectra for the SOFCs. a, c BCFZY and b, d BCFMY
positrodes are used in 10, 21, 40, and 100%O2-N2 at 600

oC. EachDRT peak is ascribed
to the following process: P1; physical impedance between the electrolyte and electrode,
P2; charge transfer in the negatrode, P3; steam production in the negatrode, P4; oxygen
surface exchange and diffusion in the positrode, P5; gas diffusion in the electrode.

Fig. 3 |Ohmic andpolarization resistances for the SOFCs. aBCFZYandbBCFMY
positrodes are used at 600 oC. The slopes of the polarization resistances ascribed to
the oxygen surface exchange and diffusion processes (R4) for the SOFCs are
approximately −1/4.
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The ionic transference number (ti) was estimated from R0, Rp, VOCV, and
VEMF

8 (Eq. (4)):

ti ¼
ð1þ Rp=R0ÞVOCV

VEMF þ ðRp=R0ÞVOCV
: ð4Þ

The values of ti were estimated to be 0.938–0.912 and 0.919–0.894 in
9.7–97%O2 for the PCFCs with BCFZY and BCFMY positrodes, respec-
tively. For the cell with BCFMY positrode, ti was slightly lower than that
for the cell with the BCFZY positrode. On the other hand, Rp for the
PCFCs was one order of magnitude smaller than that for the SOFCs at
600 °C. The impedance spectrawere deconvoluted using theDRTanalysis
as shown in Fig. 5c, d. Five DRT peaks were identified in the DRT spectra
for both PCFCs. Table S3 shows the physicochemical origins of DRT
peaks for PCFCs. The cell with the BCFMYpositrode indicated smaller P4
and P5 than those for the cell with BCFZY positrode. Figure 6 shows the
pO2 dependence of the ohmic and polarization resistances, which were
derived from the CNLS fitting using an equivalent circuit model with a

series connection of ohmic resistance (R0) and parallel polarization
resistance-capacitance (RkCk) elements as shown in Eq. (2). The slopes of
R4 for the cells with BCFZY and BCFMY positrodes were −0.59 and
−0.55, respectively. These values were different from those for the SOFCs
as shown in Fig. 3. The slopes of R3 are almost the same as that of R4,
because both P3 and P4 processes occurred at the positrode. The slopes of
R5 for the cells with BCFZY and BCFMY positrodes were −0.25 and
−0.21, respectively. The cell with the BCFMY positrode indicated the
lower R5, because its ti is lower than that for the cell with the BCFZY
positrode.

Table 1 shows the R0 and Rp in 20%O2-3%H2O-N2 at 600 °C for the
PCFCs with the BCFZY, and BCFMY positrodes. R0 for the cell with the

Fig. 4 | Current-voltage and power density characteristics for the PCFCs.
a BCFZY and b BCFMY positrodes are used in 9.7, 20, 40, and 97%O2-3%H2O-N2 at
600 oC. The open symbols are voltage (V; left axis), and the solid symbols are power
density (p; right axis). TheOCV is the voltage at the intercept of left axis (i = 0A cm−2).

Fig. 5 | Impedance and DRT spectra for the PCFCs. a, c BCFZY and b, d BCFMY
positrodes are used in 9.7, 20, 40, and 97%O2-3%H2O-N2 at 600

oC. Each DRT peak
is ascribed to the following process: P1; physical impedance between the electrolyte
and electrode, P2; charge transfer in the negatrode, P3; steam production in the
positrode, P4; oxygen surface exchange and diffusion in the positrode, P5; gas dif-
fusion in the electrode and nonstoichiometric oxygen variation at the interface
between the electrolyte and positrode.
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BCFMY positrode was smaller than that with the BCFZY positrode
despite of a lower electrical conductivity24. The cell with the BCFMY
positrode exhibited a lower ti, which increased the hole conductivity. Rp
for the cell with the BCFMY positrode was also smaller than that with the
BCFZYpositrode. Itwas reported that theoxygenpermeability of BCFMY
is higher than that of BCFZY because of a higher oxygen non-
stoichiometry (δ)24,25. The higher δ possibly promotes the oxygen surface
exchange process at the positrode.R0 andRp for the PCFCswith the BSCF
and BCFZY positrodesmeasured by Zhu et al.18 are also shown in Table 1.
Although it is difficult to compare R0 among these cells, because R0
depends on the electrolyte thickness and cell configurations, the cell with
the BCFMY positrode in the present work indicated the smallest Rp,
suggesting the BCFMY is one of the most promising candidate materials
for PCFC positrodes.

Discussion
Figure 7 shows the schematic of elementary positrode reactions for the
SOFCs and PCFCs. Six processes are considered for the oxygen reduction
reaction on the positrode30,31:

Process (1) O2(g)→ O2,ad

rð1Þ ¼ k
!
ð1ÞpO2

� k
 
ð1ÞaO2;ad

ð5Þ

aO2;ad
¼ k
!
ð1Þ= k
 
ð1Þ

� �
pO2

ð6Þ

Rð1Þ / i�1ð1Þ / p�1O2
ð7Þ

Process (2) O2,ad → 2Oad

rð2Þ ¼ k
!
ð2ÞaO2;ad

� k
 
ð2Þa

2
Oad
¼ k
!
ð2Þ k
!
ð1Þ= k
 
ð1Þ

� �
pO2
� k
 
ð2Þa

2
Oad

ð8Þ

aOad
¼ k
!
ð1Þ= k
 
ð1Þ

� �1=2
k
!
ð2Þ= k
 
ð2Þ

� �1=2
p1=2O2

ð9Þ

Rð2Þ / i�1ð2Þ / p�1=2O2
ð10Þ

Process (3) Oad+ e′→ O′ad

rð3Þ ¼ k
!
ð3ÞaOad

exp � FV
2RgT

� �
� k
 
ð3ÞaO0ad

¼ k
!
ð3Þ k
!
ð1Þ= k
 
ð1Þ

� �1=2
k
!
ð2Þ= k
 
ð2Þ

� �1=2
p1=2O2

exp � FV
2RgT

� �
� k
 
ð3Þa
0
oad

ð11Þ

a0Oad
¼ k
!
ð1Þ= k
 
ð1Þ

� �1=2
k
!
ð2Þ= k
 
ð2Þ

� �1=2
k
!
ð3Þ= k
 
ð3Þ

� �
p1=2O2

exp � F
2RgT

V ð3Þ þ
RgT

4F
ln po2

� � !

¼ k
!
ð1Þ= k
 
ð1Þ

� �1=2
k
!
ð2Þ= k
 
ð2Þ

� �1=2
k
!
ð3Þ= k
 
ð3Þ

� �
exp � V ð3Þ

8RgT

 !
p3=8O2

ð12Þ

Rð3Þ / i�1ð3Þ / p�3=8O2
ð13Þ

Process (6) O00TPB þ V��o ! O ×
O

rð6Þ ¼ k
!
ð6ÞaO00TPBaV��O � k

 
ð6ÞaO×

O
¼ k
!
ð6ÞaO00TPB � k

 
ð6Þ ð14Þ

aO00TEB ¼ k
 
ð6Þ= k
!
ð6Þ ð15Þ

Rð6Þ / i�1ð6Þ / p0O2
ð16Þ

Fig. 6 |Ohmic andpolarization resistances for the PCFCs. aBCFZYandbBCFMY
positrodes are used at 600 oC. The slopes of the polarization resistances ascribed to
the oxygen surface exchange and diffusion processes (R4) for the PCFCs are
approximately −1/2.

Table 1 | Ohmic (R0) and total polarization (Rp) resistances for
the PCFCs with the BSCF, BCFZY, and BCFMY positrodes

Positrode R0/Ω cm2 Rp/Ω cm2

BSCF 0.26 0.19 Ref. 18

BCFZY 0.41 0.13 Ref. 18

BCFZY 0.28 0.098 This work

BCFMY 0.26 0.066 This work

R0 and Rp are measured in 20%O2-3%H2O-N2 at 600 °C in this work.
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Process (5) O′TPB+e′→O′′TPB

rð5Þ ¼ k
!
ð5ÞaO0TPB exp �

FV
2RgT

� �
� k
 
ð5ÞaO00TPB

¼ k
!
ð5ÞaO0TPB exp �

FV
2RgT

� �
� k
 
ð5Þ k
 
ð6Þ= k
!
ð6Þ

� � ð17Þ

aO0TPB ¼ k
 
ð5Þ= k
!
ð5Þ

� �
k
 
ð6Þ= k
!
ð6Þ

� �
exp F

2RgT
V ð5Þ þ

RgT
4F ln po2

� �� �
¼ k
 
ð5Þ= k
!
ð5Þ

� �
k
 
ð6Þ= k
!
ð6Þ

� �
exp

V ð5Þ
8RgT

� �
p1=8O2

ð18Þ

Rð5Þ / i�1ð5Þ / p�1=8O2
ð19Þ

Process (4) O′ad → O′TPB

rð4Þ ¼ k
!
ð4Þa
0
ad � k
 
ð4Þa
0
TPB

¼ k
!
ð4Þ k
!
ð1Þ= k
 
ð1Þ

� �1=2
k
!
ð2Þ= k
 
ð2Þ

� �1=2
k
!
ð3Þ= k
 
ð3Þ

� �
exp � V ð3Þ

8RgT

� �
p3=8O2

� k
 
ð4Þ k
 
ð5Þ= k
!
ð5Þ

� �
k
 
ð6Þ= k
!
ð6Þ

� �
exp

V ð5Þ
8RgT

� �
p1=8O2

ð20Þ

Rð4Þ / i�1ð4Þ / p�1=4O2
ð21Þ

where r(n),R(n), i(n), k
!
ðnÞ and k

 
ðnÞ, andaX are the reaction rate, resistance,

current density, forward and reverse reaction constants of process (n), and
the thermodynamic activity of X, respectively. When mixed ionic-
electronic conductors are used as SOFC positrodes, the charge transfer
process (7) Oad+Vo

••+ 2e′→OO
× is proceeds on the entire surface, and

the reaction rate of process (7) is the average of the reaction rates of
processes (3), (4), (5), and (6)13,32. Therefore,R(7) is proportional to pO2

−1/4,
which agrees with the slope of R4 for the SOFCs as shown in Fig. 3.

However, the slopes of R5 for the SOFCs with the BCFZY and BCFMY
positrodes were−0.30 and−0.43, respectively, which disagrees with R(1)
∝ pO2

−1. R5 also includes the polarization resistance ascribed to the gas
diffusion process in the negatrode substrate, which is independent on pO2
at the positrode. For PCFCs, the slope of R5 is approximately −1/4 for
PCFCs as shown in Fig. 6, because the nonstoichiometric variation of the
BZYb electrolyte is similar to that in process (7). On the other hand, the
slope of R4 for the PCFCs was also different from that for the SOFCs.
Processes (5) and (6) hardly occur for the PCFCs, because the adsorbed
OH can be generated from O’ and OH• at triple phase boundaries. Steam
production is promoted along the processes shown as the dotted lines in
Fig. 7, and the effect of proton conductivity in the positrode was limited.
The slope ofR4 was approximately−1/2 for the PCFCs as shown in Fig. 6,
suggesting that the dominant rate-determining process is the oxygen
dissociation (2). The polarization resistance for the cell with the BCFMY
positrodewas smaller than that for the cell with BCFZYpositrode because
of the higher oxygen nonstoichiometry.

Conclusion
In the present work, BCFMY is compared with BCFZY as positrodes in
SOFCs and PCFCs. For both cells, the BCFMY positrode exhibited better
performance than the BCFZY positrode because of a lower polarization
resistance at ca. 100 Hz, which is ascribed to the oxygen surface exchange
and diffusion processes. For the SOFCs, this resistance was proportional to
pO2

−1/4, and the rate-determining process was the charge transfer
(Oad+Vo

••+ 2e′→OO
×)on the entire surface of themixed ionic-electronic

conductors. On the other hand, the maximum power density was
1.01W cm−2 in 97%O2-3H2O at 600 °C for the PCFCs with the BCFMY
positrode, which was 5.7 times higher than that for the SOFCs
(0.177W cm−2 in 100%O2). The polarization resistance ascribed to the
oxygen surface exchange anddiffusionprocesseswas proportional to pO2

−1/2

for the PCFCs, and the rate-determining process was the oxygen dissocia-
tion (O2,ad → 2Oad) on the positrode surface. BCFMY is one of the most
promising positrode materials, because its total polarization resistance was
only 0.066Ω cm2 in 21%O2-3%H2O-N2 at 600

oC.

Fig. 7 | Schematic of elementary oxygen reduction
reaction for SOFCs and PCFCs. For the SOFCs, the
rate-determining process is the charge transfer
(Oad+Vo

••+ 2e′→OO
×) on the entire surface of the

mixed ionic-electronic conductors. For the PCFCs,
the rate-determining process is the oxygen dis-
sociation (O2,ad → 2Oad) on the positrode surface,
because steam production is promoted along the
processes shown as the dotted lines.
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Methods
Materials and cell preparation
(Sc2O3)0.10(CeO2)0.01(ZrO2)0.89 (ScSZ) and BaZr0.8Yb0.2O3-δ (BZYb) were
chosen as electrolyte materials for the SOFCs and PCFCs, respectively.
Planar NiO-ScSZ and NiO-BZYb substrates were prepared by uniaxial-
pressing at 30MPaand tape-casting, respectively.Theweight ratioofNiO to
ScSZ or BZYb was 6:4. Graphite powder was added as a pore former to
increase the porosity of the negatrode substrates33. The ScSZ andBZYbwere
selected as electrolyte materials because of higher conductivity than
(Y2O3)0.08(ZrO2)0.92 (YSZ)27 and higher durability than
BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb)

8, respectively. These electrolyte thin-
films and Ce0.9Gd0.1O1.95 (GDC) interlayer were then fabricated by spin-
coating using the slurries mixed with a binder (polyvinyl butyral; Sekisui
Chemical), a dispersant (tallow propylene diamine, Kao), and a plasticizer
(dioctyl adipate;Wako Pure Chemical) in ethanol and toluene for 48 h. The
negatrode substrates and electrolyte thin-films were co-fired in air at 1400
and 1475 °C for the SOFCs and PCFCs, respectively. The GDC interlayer
sintered at 1250 °C for 2 h in air was inserted between the electrolyte and
positrode for the SOFCs. BaCo0.4Fe0.4Mg0.1Y0.1O3-δ (BCFMY) and
BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY) powders were prepared by Pechini
method24,25. The crystal structure, composition, and oxygen non-
stoichiometry (δ) were evaluated using synchrotron X-ray diffraction,
energy dispersive X-ray spectroscopy (EDS), and thermogravimetric ana-
lysis (TG) reported by Alam et al.24. The BCFMY and BCFZY positrodes
incorporating BCZYYb were printed on the GDC interlayer and BZYb
electrolyte, and then sintered at 1000 °C for 1 h in air. The weight ratio of
BCFMYorBCFZY toBCZYYbwas 7:3. The diameters of thepositrodes and
button cells were 6 and 23mm, respectively.

Electrochemical Evaluation
The setup for the electrochemical evaluation is described in Ref. 34. Plati-
nummeshes and paste were used as the current collectors. The button cells
were heated to 700 °C, and then 97%H2-3%H2O gas was supplied to the
negatrode for 3 h at a rate of 100mL/min to reduce the nickel catalyst.
Consequently, the temperature was decreased to 600 °C, and amixed gas of
x %O2-y %H2O-(100-x-y) %N2 (SOFC: x = 100, 40, 21, 10, y = 0, PCFC:
x = 97, 40, 20, 10, y = 3) was supplied to the positrode at a rate of 200mL/
min. Current-voltage characteristics from VOCV to 0.4 V and electro-
chemical impedance spectra (EIS) from 100 kHz to 0.1 Hz at 0.85 V were
recorded using a potentiostat/galvanostat with a frequency response ana-
lyzer (BioLogicVPS). TheEISdataweredeconvoluted byDRTanalysis27,35,36

using the Z-Assist software37. The real impedance was used in the DRT
analysis because of its lower susceptibility to measurement errors and
inductive components than the imaginary impedance38. The Kramers-
Kronig validation was performed using the K-K test39 and Lin-KK Tool40

software, revealing that the residuals between the measured and Kramers-
Kronig transformed impedances were within 0.5%. Subsequently, the
resistances and capacitances obtained from the DRT analysis were refined
by CNLS fitting using the ZView software (Scribner Associates), assuming
an equivalent circuit model with a series connection of resistance (R0) and
parallel resistance-capacitance (RkCk) elements.

Data availability
The data that support the findings of this work are available from the
corresponding author upon reasonable request.
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