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A B S T R A C T   

The oxygen surface exchange and bulk diffusivity of BaCo0.4Fe0.4Zr0.1Y0.1O3-δ were determined by electrical conductivity relaxation (ECR) in order to quantitively 
assess cathode performance for protonic ceramic fuel cells (PCFCs). The measurements were performed at 600 ◦C, following pO2-step changes between 80 ppm to 
pure oxygen. The apparent value of surface exchange coefficient (k) and diffusion coefficient D, indicates BaCo0.4Fe0.4Zr0.1Y0.1O3-δ is a good oxygen conductor. k was 
found to vary with pO2 and surface area while the chemical diffusion coefficient D remained invariant with pO2 and surface coating. The fitted kinetic parameters 
obtained from ECR with reduction process (high to low pO2) were compared with that of the oxidation process (low to high pO2). In the presence of H2O, oxygen 
exchange kinetics was suppressed because of the competitive adsorption relationship between oxygen and H2O. Single cell measurements employing single phase 
BaCo0.4Fe0.4Zr0.1Y0.1O3-δ cathode and an anode prepared by phase inversion tape casting in a configuration of 40 wt% BCZYSm13 + 60 wt% NiO | BCZYSm13 | 
BCFZY0.1 exhibited a power density of ~200 mW/cm2 at 600 ◦C.   

1. Introduction 

Protonic conducting fuel cells (PCFCs) are an emerging sub-class of 
solid oxide fuel cells (SOFCs) with great potential for lowering the 
operating temperature to the range of 400–600 ◦C. [1] PCFC are elec-
trochemical conversion devices that produces electricity by oxidizing a 
fuel such as hydrogen or hydrocarbons [2]which can achieve higher fuel 
utilization due to the generation of water on the cathode side, effectively 
avoiding the dilution of the fuel gas. 

Proton conducting electrolyte materials, many of which are 
perovskite-structured, offer high ionic conductivity with a low elec-
tronic transport number. [3–7] As one of the state-of-art electrolytes for 
PCFC, BaZr0.1Ce0.7Y0.2O3-δ (BZCY) [8,9]has received great attention in 
recent reports. Yang et al. reported Yb-doped BZCY exhibits high ionic 
conductivity and enhanced water adsorption capability. [3] However, 
the high refractory nature of Yb-doped BZCY limit the fabrication and 
processing of PCFCs to next level. Recently, Sm-doped BCZY was found 
to have improved sinterability with large grain size features. [10] 

The cathode of PCFC plays a key role in determining the overall cell 
performance. [11] The transport of oxygen ions, protons and electrons 

are all crucial for the cathode performance. Recently, a triple conducting 
(proton, oxygen ion and electron hole) BaCo0.4Fe0.4Zr0.1Y0.1O3-δ 
(BCFZY0.1) was developed and shown to be a highly active and chem-
ically stable cathode material, [1] which demonstrated improved oxy-
gen reduction reaction (ORR) kinetics at intermediate temperatures. The 
triple conducting feature of BCFZY0.1 makes the entire cathode surface 
electrochemically active, eliminating the triple-phase boundary con-
straints often present in traditional composite cathode architectures. 
Chen et al. [12] found that the proton uptake reaction rate of BCFZY0.1 
can be enhanced by coating Sm0.2Ce0.8O1.9 (SDC) nanoparticles, indi-
cating proton uptake in BCFZY0.1 is a surface exchange limiting process. 
Water uptake capacity is also important for PCFC cathode materials. 
Several factors, such as the oxide-ion basicity, the oxidation state of B- 
site cations and the B–O covalency, can determine the proton concen-
tration. Proton uptake in BCFZY0.1 was detected by TGA and the proton 
concentration at 250 ◦C and 16 mbar H2O was calculated to be 2.2 mol 
%. [13] Ren et al. introduced A-site deficient to tune the triple- 
conducting properties, and a remarkable performance was obtained on 
Ba0.9Co0.4Fe0.4Zro.1Y0.1O3-δ, with a peak power density of 668 mW/cm2 

was obtained at 600 ◦C. [14] Kuai et al. reported that a significantly 
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improved ORR activity was observed by introducing a slight B-site 
cation deficiency. [15] Ba(Co0.4Fe0.4Zr0.1Y0.1)0.975O3-δ shows an area 
specific resistance of 0.011 Ω/cm2 at 600 ◦C. A similar result was found 
by Li et al. when BCFZY0.1 was used as electrocatalysts for hydrogen 
evolution reaction (HER). [16] Recently, it was demonstrated that a 
BCFZY0.1 cathode exfoliated BCFZY0.1 nanoparticles when treated at 
temperature above 800 ◦C, [17] resulting in a hierarchical cathode with 
which the single cell renders a power output of 1.61 W/cm2 at 700 ◦C. 
These results show that BCFZY0.1 is a promising cathode for PCFCs. 
However, the fundamental material transport properties of oxygen 
reduction kinetics including surface exchange coefficient (k), and 
diffusion coefficient (D) of BCFZY0.1 have not been evaluated for use in 
quantitatively optimizing cathode performance. 

The cathode reaction in PCFCs starts with oxygen adsorptive disso-
ciation on the surface. A higher oxygen adsorption rate for oxygen and a 
lower energy barrier for oxygen dissociation is preferred for faster re-
actions. Surface oxygen vacancies present in the cathode material enable 
rapid oxygen adsorption and dissociation. Determination of oxygen 
reduction parameters such as surface exchange coefficient (k) and 
diffusion coefficient (D) is critical to reveal the cathode mechanism and 
further improve the cathode material. 

Electrical conductivity relaxation (ECR) and isotope exchange (IE) 
are two popular experimental methods for oxygen reduction kinetics 
parameter measurement. ECR is widely used for oxygen reduction ki-
netic parameters measurement for cathode materials, [18–25]owing to 
its simplified experiments and reduced operating costs. [24,26] In this 
work, ECR experiments are performed on bare and coated BCFZY0.1 
specimen where sample thicknesses are controlled in the diffusion or 
mixed regimes. Characteristic thickness of BCFZY0.1 was calculated and 
compared with typical MIEC materials. 

2. Experimental section 

2.1. Preparation of phase inversion BaCe0.7Zr0.1Y0.07Sm0.13O3-δ 
(BCZYSm13) + NiO anode 

An anode consisting of 40 wt% BCZYSm13 + 60% wt% NiO was 
fabricated by phase inversion tape casting method as previously re-
ported [27]. Anode precursor powder of 40 wt% BCZYSm13 + 60 wt% 
NiO was prepared by mixing proper amount of of BaCO3, CeO2, ZrO2, 
Y2O3, Sm2O3, NiO (based on total weigh of oxides) and 20 wt% starch 
(based on the sum of BCZYSm13 and NiO). The raw precursor mixture 
was mixed with polyvinylpyrrolidone (PVP) as the dispersant and pol-
yethersulfone (PES) as the binder in N-methyl-2-pyrrolidone (NMP) 
solution (Table 1) and blended using ball-milling process for 24 h. The 
slurry then was cast onto a Mylar substrate with blade height of 1.6 mm 
and transferred into water bath for solidification for 12 h via the phase 
inversion process (Fig. 1). This was followed by drying the green tape at 
room temperature for 12 h. 

2.2. Preparation of BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY0.1) precursor 
powder 

BCFZY0.1 precursor powder was prepared by a citric-acid method. 
Stoichiometric amounts of Ba(NO3)2 (Alfa Aesar, 99 + %), Co 
(NO3)2⋅6H2O (Alfa Aesar, >98.0%), Fe(NO3)3⋅9H2O (Alfa Aesar, 
>98.0%), ZrO(NO3)2 solution (Sigma-Aldrich, ≥99%) and Y 

(NO3)3⋅6H2O (Alfa Aesar, 99.9%) were dissolved in deionized water in 
desired molar ratios, then mixed with citric acid (Sigma-Aldrich, 
≥99.5%) with a citric acid/metal-ion ratio of 1.5:1. The pH value was 
adjusted to approximately 9 by adding NH3⋅H2O. A dark purple gel was 
obtained by evaporating the water at 80 ◦C. The as-obtained gel was 
dried at 150 ◦C for 48 h to form a primary powder, which was then fired 
at 600 ◦C for 5 h followed by ball milling in 1-butanol for 7 days. The 
cathode precursor powder was obtained by further drying at 500 ◦C for 
5 h. Paste of cathode precursor was prepared by mixing powder, 
dispersant (20 wt% solsperse 28,000 in terpinol solution), and binder (5 
wt% Heraeus V-600 in terpineol solution) in a weight ratio of 15:3:1 by 
manually grinding for 45 min in a mortar and pestle. 

2.3. Fabrication of symmetrical cells and single cells 

Symmetrical cells were fabricated in the electrode | electrolyte | 
electrode configuration. Pellets of BaCe0.7Zr0.1Y0.07Sm0.13O3-δ (denote 
as BCZYSm13) were synthesized by the solid-state reactive sintering 
(SSRS) method [28,29] from cost-effective raw materials of BaCO3 (Alfa 
Aesar, 99.8%), CeO2 (Alfa Aesar, 99.9%), ZrO2 (Alfa Aesar, 99.7%), 
Y2O3 (Alfa Aesar, 99.9%), Sm2O3 (Alfa Aesar, 99.9%) and NiO (Baker 
Analyzed Reagent, 99.0%). Stoichiometric amounts of BaCO3, ZrO2, 
CeO2, Y2O3 and Sm2O3 were weighted and added into a Nalgene bottle. 
1.0 wt% sintering aid of NiO (based on the total weight of precursor 
mixture) was added into the above powder mixture. The resulted pre-
cursor slurry was ball-milled with ethanol (Carolina, 95%) solvent and 
12.5 mm diameter spherical alumina grinding media (Inframat 
Advanced Materials) for 24 h, then dried at 80 ◦C for 48 h. Green pellets 
with a diameter of 19 mm was fabricated by uniaxial pressing under 300 
MPa pressure for a dwell of 2 min, then the green pellets were sintered at 
1400 ◦C for 18 h in ambient air. The cathode paste was screen printed on 
both sides of the polished electrolyte followed by calcine at 900 ◦C for 5 
h. Silver paste and silver wire were attached to the electrode surface to 
work as current collectors and lead wire. 

The anode obtained by phase inversion tape casting was punched 
from the solidified green tape with a diameter of 3/4 quarter followed by 
drying at 80 ◦C for 24 h. Then a thin electrolyte precursor paste layer 
(20–30 μm after firing) was deposited on top of the green anode elec-
trode using screen-printing, followed by sintering at 1400 ◦C for 18 h. 
Sintered half-cell was screen-printed with BCFZY0.1 cathode paste on 
the electrolyte layer. Then the whole structure was fired at 900 ◦C for 5 h 
to form a porous anode | electrolyte | porous cathode single cell. Sub-
sequently, silver paste and silver wire were attached to the electrode 
surface to act as current collectors. 

2.4. Characterization 

The phase structure of the as-prepared powders was analyzed by X- 
ray diffraction (XRD with a diffractometer (X’Pert Pro, Phillips, 
Netherlands) using Cu/kα radiation (λ = 1.54108 Å), with a scan range 
of 20–80◦ and a step size of 0.02◦. The microstructure of single cells was 
examined using scanning electron microscopy (SEM, Hitachi S-4800). 
The as-fabricated single cells were sealed in an aluminum tube by 
ceramic bond (989FS Ceramic, Cotronics Corp.), using silver wires as the 
voltage and current leads on both sides. Symmetrical cells were 
measured by a Solartron 1260 electrochemical workstation over a range 
of temperatures 450 ◦C -650 ◦C under wet flowing air (through room- 
temperature water bubbler, 50 mL min− 1), using a signal amplitude of 
100 mV in the frequency range of 0.01 Hz–5 MHz. The electrochemical 
performance of single cells was evaluated by using hydrogen as the fuel 
and synthetic air as oxidant. The flow rates of sweep and feed gases were 
set to be 30 and 100 mL min− 1, respectively. 

ECR method was applied to determine the oxygen surface exchange 
coefficient k and diffusion coefficient D. The BCFZY0.1 powder was 
pressed into rectangular bars at a pressure of 300 MPa and sintered at 
1260 ◦C for 8 h in air to form dense pellets. The relative density was 

Table 1 
Slurry composition of anode layer.  

Materials (40% BCZYSm13 +
60% NiO) + 20% 
starch 

NMP PES PVP Total Sold 
content 
(%) 

Weight 
(g) 

50 26.18 4.60 0.79 81.58 61.3  
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determined to be 96% of the theoretical density using Archimedes 
method. The sintered bars had dimensions of approximately 11.0 × 5.5 
× 1.12 mm3. To increase the surface area, BCFY0.1 paste was deposited 
on the surface of rectangular bar (~15 μm after calcining) by screen 
printing, followed by calcine at 900 ◦C for 5 h. The conductivity was 
measured using the four-probe method with a digital multimeter 
(Keithley, 2001 multimeter). Changes in gas compositions were realized 
in less than 1 s at a gas flow rate of 220 mL min− 1 with oxygen partial 
pressure (pO2) range from 80 ppm to 1 atm (Table 2). A drierite labo-
ratory gas drier was used to remove the water vapor (pH2O calculated as 
6 × 10− 6 atm). The electrical conductivity changed continuously with 
the relaxation time to reach a new equilibration when the atmosphere 
was abruptly changed. 

2.5. Determination of kchem and Dchem by curve fitting 

Based on a linearized relation between conductivity and oxygen 
concentration, the measured electrical conductivity is normalized and 
fitted to 3-dimensional diffusion equation. When the step change in 
oxygen partial pressure is small, the above assumption is generally 
legitimate [30]. 

σn =
σt − σ0

σ∞ − σ0
(1)     

Lβ = x
kchem

Dchem
; Lγ = y

kchem

Dchem
;L∅ = z

kchem

Dchem
(3)  

βmtanβm = Lβ; γntanγn = Lγ;∅ptan∅p = L∅ (4)  

where σn is normalized conductivity, σ0 is initial conductivity, σ∞ is final 
conductivity and σt is apparent conductivity at time t. x, y and z are 
dimensions of the sample, and βm, γn and ϕp are non-zero roots of Eq. 5. 
The parameters Lβ, Lγ, and Lϕ correspond to the Biot number described 
above. Non-linear least square fitting is used to solve the diffusion 
equation and to obtain kchem and Dchem from the measured relaxation 
curves. 

3. Results and discussion 

For perovskite materials, oxygen exchange with the ambient gas at 
high temperature occurs according to: 

½ O2,gas +V••
O ↔ Ox

O + 2h• (5) 

Where OO
x and VO

•• denote oxygen ions on the lattice sites and oxygen 
vacancies, respectively, and h• denote electron holes. The dependence of 
the electrical conductivity (σ) for BCFZY0.1 on oxygen partial pressure 
(pO2) is shown in Fig. 2a. At 600 ◦C, the conductivity increases with the 
increase of pO2, suggesting a p-type electron hole conduction mecha-

nism [31]. The total conductivity of BCFZY0.1 is about 1.6 S/cm at 

Fig. 1. Fabrication of single cell with 40% BCZYSm13 + 60% NiO anode with phase inversion tape casting technique.  

Table 2 
pO2 steps applied in the ECR experiment.  

logpO2 (atm) − 4.1 − 3.7 − 3.0 − 2.6 − 2.3 − 1.6 − 1 − 0.6778 − 0.222 0 

pO2 (atm) 0.00008 0.0002 0.001 0.0025 0.005 0.025 0.1 0.21 0.6 1  

σn = 1 −
∑∞

m=1

∑∞

n=1

∑∞

p=1

2L2
βexp

(
− β2

mDchemt
x2

)

β2
m

(
β2

m + L2
β + Lβ

)×

2L2
γ exp

(
− γ2

nDchemt
y2

)

γ2
n

(
γ2

n + L2
γ + Lγ

) ×

2L2
∅exp

(
− ∅2

pDchemt
z2

)

∅2
p

(
∅2

p + L2
∅ + L∅

) (2)   
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Fig. 2. (a) Oxygen partial pressure and related total conductivity changes of an BCFZY0.1 bulk sample shown as a function of time at 600 ◦C. (b) logarithmic plots of 
total electrical conductivity versus pO2 for the BCFZY0.1 bar specimen at 600 ◦C. 

Fig. 3. The normalized conductivity relaxation curve at 600 ◦C for bare (a) and coated (b) BCFZY0.1 rectangular bar with different pO2 step.  

Fig. 4. Oxygen surface exchange coefficient k (a) and diffusion coefficient D (b) for bare and coated BCFZY0.1 at 600 ◦C as a function of oxygen partial pressure 
obtained from electrical conductivity relaxation. 
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600 ◦C in air, which shows much lower electrical conductivity than 
those of Ba0.5Sr0.5Co0.2Fe0.8O3-δ (BSCF) [32–35], La0.6Sr0.4Co0.2Fe0.8O3-δ 
(LSCF) [34]. The relatively low conductivity of BCFZY0.1 should 
partially ascribed to the localized 3d electrons in the Zr4+ substituted 
samples. [36] The total conductivity behavior is typical of many proton- 
conducting oxides and the character of the plot in Fig. 2b is suggested to 
reflect changes in the concertation of the charge carrier as a function of 
pO2. [37] Under oxidizing conditions (pO2 > 0.001 atm), a characteristic 
slope of ¼ corresponding to a p-type contribution can be observed 
[38–40]. As pO2 decreases, loss of oxygen, thus reduction in hole- 
concentration tale place, decreasing hole-conductivity. At high pO2 
range, oxygen stoichiometry is higher, indicating a stronger overlap 
between O-2p and Co-3d orbitals which lead to a broadened valance- 
band for a delocalized hole-conduction [41]. 

Normalized conductivity curves were acquired for bare and coated 
BCFZY0.1 bar at 600 ◦C, following pO2 step from 80 ppm to 1 atm are 
shown in Fig. 3. In the conductivity relaxation experiments of bare 
sample (Fig. 3a), the times needed to re-equilibrate the sample were seen 
to increase strongly at low pO2. For example, the relaxation time is 
~200 s with log pO2 step change from − 0.22 to 0, while it increases to 
~2500 when logpO2 step change from − 4.1 to − 3.7. In general, the rate 
of re-equilibration may be affected by slow surface exchange and bulk 
diffusion. Specifically, at low pO2 range, the diffusion coefficient could 
no longer be determined due to the limitation of low surface oxygen 
exchange rate [42]. In order to determine both surface exchange coef-
ficient (k) and diffusion coefficient (D) in a wide range of pO2, a porous 
BCFZY0.1 layer was coated on the bar to increase the effective surface 
area on which exchange of oxygen may occur. As can be seen from 

Fig. 3b, after the porous layer was coated on the surface of the specimen, 
the relaxation time decreased significantly, indicating that the coated 
porous layer accelerated the kinetics of oxygen exchange. The strong 
relaxation time dependence of pO2 may indicate that the rate- 
determining step in the exchange process involves molecular oxygen. 

Normalized conductivity relaxation curves were fitted using the 
diffusion equations to determine kchem and Dchem values, assuming that 
the oxygen transport reaction is dominated by both surface exchange 
and bulk diffusion processes This assumption has been known to be valid 
when the thickness of the sample is close to its characteristic thickness. 
[30,35] Fig. 4 shows that values of k and D for each of the samples 
obtained from fitting. The result in Fig. 4a shows that the value of k of 
BCFZY0.1 are significantly affected by the surface coating (error bars are 
smaller than the symbol size for some data). k is found to increase upon 
coating with porous layer, up to a factor of ~4 after coating with a 
porous layer compared to bare BCFZY0.1. This observation can be 
tentatively explained by the increase of surface area and associated sites 
involved in the oxygen exchange reaction [43,44]. 

As defined by Bouwmeester [45], the ratio of D to k has been defined 
as characteristic thickness (Lc) and was used to qualitatively describe the 
relative control of transport, either by surface exchange or bulk diffu-
sion. Lie et al. proposed normalize Lc by membrane thickness d, [24]. 

L =
d
Lc

=
dk
D

(6) 

Of 0.1 < L < 10, the oxygen transport process should be considered 
as a mixed control process. Fig. S3 shows the characteristic thickness of 
BCFZY0.1 as a function of pO2 at 600 ◦C. The critical length scale, Lc, is 

Fig. 5. Comparison of the ECR profile of BCFZY0.1 under oxidation and reduction processes with a fixed final pO2 (a), comparison of ECR profile of BCFZY0.1 with 
pO2 from low to high (0.025 to 0.1 atm) and high to low (0.21 to 0.1) (b), the normalized conductivity at 600 ◦C along with the elapsed time measured by NETL by 
switching the gas from high to low pO2 (c), comparison of k and D obtained by NETL and Clemson at 600 ◦C (d). 
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found to be in the range 75 < Lc < 230 μm when pO2 ranges from 0.025 
to 1 atm, which is very close to the Lc of LSCF (30 to 300 μm) [46]. When 
normalized by the thickness, L, the Lc value for the 1.12 mm thick bar is 
found to be between 0.1 and 10, indicating that the relaxation behavior 
is under mixed control from both diffusion and surface exchange pro-
cesses under the applied experimental conditions. Fig. 4b shows that the 
D extracted from bare and coated samples are in quantitative agreement, 
indicating that the applied pO2 step size is small enough to assume a 
constant value of D during the re-equilibration. The present observations 
confirmed the general expectation that the oxygen diffusivity in 
BCFZY0.1 is not affected by surface coating. In addition, we compared 
the fitted kinetic parameters obtained from ECR performed by multiple 
independent partners NETL and Clemson, respectively in this work. 
NETL conducted the ECR experiment by switching the gas from high to 
low pO2 and the relaxation profile is shown in Fig. 5a. According to the 
normalized relaxation profile, with a fixed final pO2, a hysteresis 
behavior with the oxidation process (low to high pO2, Clemson) 
requiring more equilibration time than the reduction process (high to 
low pO2, NETL). After fitting, the result shows that both k and D obtained 
from Clemson have a smaller value compared to that from NETL 
(Fig. 5d). When comparing the ECR profile of with same pO2 changing 
step (0.1 to 0.21 atm), longer equilibration time is required when pO2 
was changed from a lower pO2. That is because the oxygen surface ex-
change coefficient mainly depends on final pO2, which is consistent with 
the findings demonstrated by Li et al. [24] Yoo et al. reported that k is a 
function of pO2

n. [47] Therefore, a higher final pO2 leads to shorter 
relaxation time and thus a higher k value. 

Fig. 6 presents the 2-D contour plots of fitting error of k and D ob-
tained for bare BCFZY0.1 bar under 0.0025 to 0.005 atm. Here, 
Euclidean norm, also known as L2-norm, was used. The L2-norm of the 
difference between the target data and the calculated data was obtained 
for the specific set of k & D value. The plots of the norms for all the 
possible sets of k& D values in 2-D domain show the distribution of the 
fitting error and the quality of the fitting function. The blue colored area 
in Fig. 6b particularly indicates a confidence region with 1% tolerance, 
showing most reliable k and D values. Thus, the contour plots provide 
intuitive presentation of the relative reliability of k and D values. 

Table 3 compares the of oxygen surface exchange coefficient k and 
diffusion coefficient D of BCFZY0.1 with typical MIEC materials in the 
literature. The surface exchange coefficient k of BCFZY0.1 is higher than 
that of LSCF, LSC and SF, while the diffusion coefficient D is two orders 
of magnitude higher than BSCF at 600 ̊ C. This observation indicates 
BCFZY0.1 can act as a good oxygen conductor. 

In order to further access the electrochemical property of BCFZY0.1 
as cathode material, impedance data of BCFZY0.1 | BCZYSm13 | 
BCFZY0.1 symmetric cell was measured in wet air at temperature range 
from 550 ◦C to 700 ◦C (Fig. 7). The ASR decreases as temperature 

increases. At 600 ◦C, BCFZY0.1 has an area specific resistance (ASR) 
value about 0.9 Ω cm2, and the corresponding activation energy calcu-
lated from ASR plot was about 1.12 eV. 

Single cell BCZYSm13 + 60% NiO | BCZYSm13 | BCFZY0.1 were 
prepared using the route described in Fig. 1. The microstructure of the 
fractured cross section and of the as-sintered single cell are presented in 
Fig. 8. The electrolyte layer has a thickness of approximately 25 μm. The 
BCFZY0.1 cathode was porous with a nano-scale grain size (Fig. 8 b). 
The as-prepared electrochemical cell was tested in fuel cell mode of 
operation. The maximum power density of the cell (Pmax) reached ~200 
mW/cm2 at 600 ◦C and the corresponding impedance spectroscopy re-
sults are displayed. The ohmic resistance was found to be ~0.58 Ω cm2 

and the polarization resistance was ~0.85 Ω cm2 at 600 ◦C under OCV 
condition. The enhancement of power output can be realized by 
reducing the electrolyte thickness and minimizing ohmic losses along 
with associated reduction in electrode polarization resistance. Further-
more, the Rp occupies 59% of the total ASR of the single cell, which is 
responsible for the main resistance during the operation. Typically, the 
PCFC cathode performance is strongly dependent on the cathode mor-
phologies. Rp can be further improved by optimize the microstructure of 
the cathode by introducing pore formers, changing preparation tem-
peratures or infiltration of active oxygen reduction catalysts. 

In order to simulate the real working condition of the cathode in the 
fuel cell mode, ECR experiment was conducted with introducing H2O 
into the ECR chamber. The H2O content was calculated to be around 
1.2% according to the peak current density at 600 ◦C. As shown in 
Fig. 4a, surface exchange rate of oxygen decreased from 1.85 × 10− 3 cm 

Fig. 6. Fitting error color maps for bare BCFZY0.1 bar under 0.0025 to 0.005 atm.  

Table 3 
Comparison of oxygen surface exchange coefficient k and diffusion coefficient D 
of BCFZY0.1 with materials in the literature.  

Materials Temperature 
(◦C) 

pO2 

(atm) 
k (cm s− 1) D (cm2/ 

s) 
Reference 

LSCF 800 0.2 1.2 ×
10− 4 

8.0 ×
10− 6 

[24] 

PSCF 900 0.073 3.98 ×
10− 4 

9.7 ×
10− 5 

[35] 

BSCF 600 0.2 8.1 ×
10− 7 

3.0 ×
10− 7 

[48] 

BSF 600 0.5 1.1 ×
10− 6 

6.1×
10− 7 

[48] 

SF 600 0.5 7.6 ×
10− 9 

2.3 ×
10− 8 

[48] 

SDC 800 0.2 2.3 ×
10− 4  

[49] 

LSC 800 0.2 3.4 ×
10− 4 

2.5 ×
10− 5 

[49] 

This work 600 0.21 1.85 ×
10− 3 

2.9 ×
10− 5   
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s− 1 to 3.06 × 10− 4 cm s− 1 when 1.2% H2O was introduced while 
diffusion coefficient keeps a constant, which indicate that adsorption of 
H2O would suppress the oxygen exchange rate. The incorporation of 
proton would increase the proton concentration and thus reduces hole 
concentration as well as the electrical conductivity according to Eq. (7). 

H2O+ 2O×
O + 2h• ↔ 2OH•

O +
1
2
O2 (7) 

This statement is also confirmed by a decrease in the conductivity 
with the presence of H2O as shown in Fig. S5. As suggested by Shimojo el 

al., [50], oxygen vacancies on the surface, which is active site for oxygen 
exchange, are also influential for the dissociative adsorption of H2O 
molecules. Therefore, the competitive adsorption relationship between 
oxygen and H2O may account for the decrease of surface exchange co-
efficient in the presence of H2O. 

4. Conclusions 

In this work, data of ECR experiment have been presented on dense 

Fig. 7. EIS of BCFZY0.1 | BCZYSm13 | BCFZY0.1 symmetric cell measured in wet air (a), Arrhenius diagram as a function of temperature (b).  

Fig. 8. (a) SEM images of BCZYSm13 + 60% NiO | BCZYSm13 | BCFZY single cell, (b) enlarged view of BCFZY0.1 cathode. (c) I-V curves and corresponding power 
densities measured at temperature range between 450 and 650 ◦C under H2/ air, and (d) impedance spectra of single cells measured under OCV condition. 
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BCFZY0.1 ceramic either bare or coated with a porous layer on the 
surface. Surface exchange coefficient k and diffusion coefficient D was 
obtained by fitting the relaxation curve under different pO2 steps. The 
results show that application of a porous layer on the surface of 
BZCFZY0.1 represents attractive approach for improving the ORR ki-
netics. The competitive adsorption relationship between oxygen and 
H2O leads to a decrease of exchange kinetics in the presence of H2O. A 
phase inversion tape casting method was used to prepare a porous 
anode. Configuration of 40 wt% BCZYSm13 + 60 wt% NiO | BCZYSm13 
| BCFZY0.1 cell exhibits a power density of ~200 mW/cm2 at 600 ◦C. 
The single cell performance can be further improved by optimizing the 
microstructure of the cathode through the introduction of pore formers 
or changing preparation temperatures. 
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