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A Novel Self-Assembled Cobalt-Free Perovskite Composite
Cathode with Triple-Conduction for Intermediate Proton-
Conducting Solid Oxide Fuel Cells

Hua Tong, Min Fu, Yang Yang, Fanglin Chen,* and Zetian Tao*

A traditional composite cathode for proton-conducting solid oxide fuel cells
(H-SOFCs) is typically obtained by mixing cathode materials and proton
conducting electrolyte of BaCe ;Y ,Zr103_s (BZCY), providing chemical and
thermal compatibility with the electrolyte. Here, a series of triple-conducing and
cobalt-free iron-based perovskites as cathodes for H-SOFCs is reported. Specifi-
cally, BaCe,Fe;_,O;_s (x = 0.36, 0.43, and 0.50) shows various contents of two
single phase perovskites with an in situ heterojunction structure as well as triple
conductivity by tailoring the Ce/Fe ratios. The cell performance with the opti-
mized BaCe ;gFey 6,055 (BCF36) cathode composition reaches 1056 mW cm—2
at 700 °C. Moreover, a record cell performance of 1525 mW cm~2 at 700 °C is
obtained by modifying the BCF36 cathode microstructure through a spraying
method, demonstrating high promise with Co-free cathodes for H-SOFCs.

1. Introduction

Owing to the urgent demands of clean energy and environ-
mental protection, proton-conducting solid oxide fuel cells
(H-SOFCs) have attracted much attention in the past several
decades due to their promising cell performance and high
energy conversion efficiency at intermediate temperatures.l
Proton conductors such as BaCe,;Zr(Y,,03 (BZCY) have high
mobility of protons and are perceived as ideal electrolytes for
H-SOFC due to their high proton conductivity and chemical
stability under cell operation conditions.>*

Nevertheless, reducing the operating temperature is still a big
challenge because the cathode materials without high electro-
chemical catalytic activity sensitively affect cell performance with
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the decrease in the cell operating tempera-
tures. Cathode reactions such as oxygen
reduction reaction, oxygen ion diffusion,
and proton migration are significantly
influenced by the operating temperatures.]
In previous studies, Lag Sty 4Cog,Fens0s3_5
(LSCF),  BagsSro5CopgFe203_s (BSCEF),
BaCoyg4Feq4Z191Y9105.s (BCFZY), and
other cobalt-based oxides with mixed
conductivity of oxygen ion and electron
are reported as cathodes for H-SOFCs,
presenting excellent catalytic activity
for oxygen reduction reaction (ORR) at
intermediate operation temperature.[t-13]
However, these cathodes often suffer from
some drawbacks such as high thermal
expansion coefficients (TECs) and easy
evaporation of cobalt at high temperature. Moreover, consid-
ering the basic cathode reactions of H-SOFCs, triple conduc-
tivity of proton, oxygen ion and electron are effective to extend
catalytic active sites.*1®l Thus, introducing proton conductivity
to the cathode materials is of significant importance to develop
proper cathodes for H-SOFCs.["!

Historically, proton-conducting electrolyte has been mixed
with cathode materials to form composite cathodes for
H-SOFCs.BIL2181) Tt hag been reported that the composite
cathode not only increases the cathode reaction rate, but also
adjusts the TEC of the cathode to satisfy thermal compatibility
requirements. Later on, single-phase perovskite oxides capable
of simultaneously transporting proton, oxygen ion, and elec-
tronic defects have been developed for H-SOFCs, leading to
superior ORR activity.[16:20-22]

Single phase BaFeO; (BFO) has been evaluated as cathode
material for H-SOFCs.?>?4 Doped barium cerates have also
been investigated as cathode materials due to their high thermal
and chemical compatibility with the electrolyte. Furthermore,
Fe-doped BaCeO; (BCO) shows intrinsic triple-conducting
behavior, which can extend the electrochemical reaction sites to
the entire electrode surface,®! and is beneficial to the cell per-
formance.l?!! In addition, self-assembled composite cathode con-
sisting of double perovskite and single perovskite oxide phases
has been reported to enable a stable high electrochemical activity
through the synergic integration of the distinct properties.[2%7]
The objective of this study is to evaluate Fe-doped BaCeO; with
self-assembled two single phase perovskites with in situ hetero-
junction structure as Co-free composite cathode for H-SOFCs.

Nominal BaCe,Fe;_,O3_s (x = 0.36, 0.43, and 0.50) powders
comprising cubic perovskite (CP) and orthorhombic perovskite
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(OP) structure are self-assembled through an in situ sol-gel
method. The intrinsic triple conducting behavior is opti-
mized by tailoring the Ce/Fe ratios, and BaCe3sFep4O3_s
(BCF36) exhibits excellent ORR activity as well as oxygen ion
transport capacity. Furthermore, single cells with spray-coated
BCF36 cathode display the highest maximum power density
of 1525 mW cm™ at 700 °C compared with other cobalt-free
cathodes, presenting a promising strategy to design triple con-
ducting cathodes for H-SOFCs.

2. Results and Discussion

XRD patterns of the BCF series of oxide powders shown in
Figure S1 (Supporting Information) indicate that all powders
are successfully synthesized with no detectable impurities. The
characteristic diffraction patterns show that all samples com-
prise two different types of perovskite oxides: cubic perovskite
(CP) and orthorhombic perovskite (OP) structures.?!l The CP
phase BFO possesses high oxygen ion permeability and elec-
tron conductivityl?)! while the OP phase BCO is a good proton
conductor. The self-assembled CP/OP mixture may have
respective conducting property to obtain triple conducting
behavior that is beneficial for lowering ASR values.®] Rietveld
refinement of XRD patterns for BCF36 in Figure 1a display that
the crystal structures consist CP phase (74.39 wt.%) and OP
phase (25.60 wt.%) with a reasonable reliability fitting factor
of 1.35. In term of BaCe(sFe)sO;_s (BCF50), XRD refinement
in Figure 1b reveals the composition is CP phase (50.9 wt.%)
and OP phase (49.05 wt.%). Thus, the CP/OP composition is
regulated by tailoring the Ce/Fe amounts that may change con-
ducting behavior and affect cathode reaction process through
synergistic effect between the two CP/OP phases.?°]

Figure 2 is the high-resolution TEM images of BCF36
powders after heat-treated at 1000 °C. As shown in Figure 2b,
lattice fringe spacing distances of 0.378 and 0.301 nm cor-
respond to the (100) facets of BFO and (110) facets of BCO,
respectively, suggesting that BFO and BCO phases co-exist and
are uniformly distributed in the BCF36 powders. Moreover,
the dispersibility of the multi-phases is further established by

X Observed
(a) R Calculated
% =1.348

Difference

CP 74.39w1%
. OP 25.60wt%

Intensity(a.u)

M‘M’WJ m}....«.._.."_.)r....[\ i F ORI |

T T T T T T T
20 30 40 50 60 70 80

2 theta(®)

Figure 1. a) Refined XRD profiles of BCF36 sample and b) BCF50 sample.
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the X-ray energy dispersive spectrum mapping of Ba, Ce, and
Fe, indicating that all elements are distributed homogeneously
with no observable elemental segregation.

Electrical conductivity relaxation (ECR) technique is
employed to study kinetic properties of the BCF materials
(Figure S2, Supporting Information). The horizontal axis repre-
sents relaxation time from initial equilibrium to a new equilib-
rium after the oxygen partial pressure surrounding the sample
was changed from 0.21 to 0.5 atm. The normalized electrical
conductivity of BCF36 and BCF50 at various temperatures
is fitted according to the pure surface-controlled equilibra-
tion kinetics?? and the results are summarized in Table S1
(Supporting Information). Oxygen surface exchange coeffi-
cients (Ky) and diffusion coefficients (D) are 5 x 1073 ¢cm s
and 3 x 107* cm? s7! for BCF36 at 700 °C, while those are
6 x 102 cm st and 1.5 x 10™* cm? s! for BCF50 at 700 °C,
respectively. K. represents the rate of oxygen adsorption and
dissociation while D¢ is deemed as a key factor of oxygen ion
diffusion inside the cathode. The values of K. and D¢ are cru-
cial to reduce the polarization resistance of the cathode,*"! indi-
cating that BCF36 has a better electrochemical performance
from the point of view of oxygen ion transmission. In addition,
the higher electronic conductivity of BCF36 for the high per-
centage of CP phase is beneficial for the charge transfer pro-
cess and the conductivity values at intermediate temperatures
are sufficient for use as cathodes for SOFCs (Figure S3, Sup-
porting Information).3Y In order to clarify the detailed chem-
ical states of BCF series powders, XPS analysis of Ols, Fe, and
Ce has been conducted with the results presented in Figure S4
(Supporting Information). It can be seen that the proportion of
adsorbed oxygen increases while Fe* decreases from BCF50 to
BCF36, suggesting the ORR activity might be enhanced that is
consistent with the ECR results.?

To further demonstrate the influence of Ce/Fe amounts on
electrochemical performance, anode-supported SOFCs with
BCF cathodes are tested at 700 °C. As shown in Figure 3a,
maximum power densities (MPDs) of 1056, 885, and
558 mW cm? are achieved for BCF36, BCF43, and BCF50,
respectively. BCF 36 shows the best performance among these
three different cathodes, indicating that triple conducting

(b) i

X Observed
Calculated
Difference

¥=1.412

I CP  50.90wt%
Fg I oP

49.05wt%

Intensity(a.u)

T T T T T T T
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0.301nm(110)
BaCeO

Figure 2. Transmission electron microscopy (TEM) analysis of BCF36 nanoparticle and corresponding energy-dispersive X-ray spectroscopy (EDS)

maps of Ba, Fe, and Ce.

capacity is well balanced for BCF36. Moreover, the durability of
the single cell at 600 °C with an applied voltage of 0.6 V has
been evaluated and shown in Figure 3b. As it can be seen in
Figure 3D, the current is stable for 100 h without any obvious
degradation, demonstrating that the composite cathode of
BCF36 has an excellent chemical capability to moisture and
CO, in the ambient air.

The impedance spectra of single cells using BCF series cath-
odes under open circuit voltage (OCV) condition are tested to
evaluate the cathode reaction processes (Figures S5-S10, Sup-
porting Information). The high frequency intercept of the
impedance spectra corresponds to the ohmic resistance that
is directly related to the thickness of the electrolyte. The cross-
sectional images of the single cells (Figure S11, Supporting

1200
(a) —o=—BCF 36
g 0099000, === BCF 43
0 O
o —c=BCF 50
L 900
; [ ]
5 0.6 O %
éf) \‘1;\ OOO - 600
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0.4 - : Q<
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Information) indicate that the cells with different cathode com-
positions have similar electrolyte thickness and morphology,
expecting to have little impact on the ohmic resistance. The
difference between the high frequency and low frequency
intercepts with the real axis represents the total interfacial
polarization resistance (R,) of the cell. There are at least two
rate limiting steps such as charge transfer and ion diffusion
on the surface of the cathode.?® To clearly observe the differ-
ence, the polarization resistances at various temperatures are
plotted in Figure 4a; R, of BCF36 is ~0.060 Q cm? at 700 °C,
which is clearly smaller compared to the other two cells. In
order to elucidate the cathode processes, distribution of relaxa-
tion time (DRT) is applied to analyze the impedance spectra at
700 oc_[34,35]

(b) 800

“-‘E 600 V=0.6V 600°C
o AU b e G VOV L WY
< k
£
=
Z 400
D
b~ |
=
L
=
© 2004
0 T T T T T T T T T
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Figure 3. a) PVI curves of the single cells tested at 700 °C using BCF36, BCF43, and BCF50 cathodes and b) Operation stability test of a fuel cell with

BCF36 cathode under a constant voltage of 0.6 V at 600 °C.
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Figure 4. a) Comparison of the Rp values for BCF36, BCF43, and BCF50 cathodes at 600-700 °C, b) DRT analysis of the EIS data of the BCF36, BCF43,

and BCF50 cathodes measured at 700 °C.

From the results of DRT analysis shown in Figure 4b, there
exist several peaks denoted as high frequency (HF), interme-
diate frequency (IF), and low frequency (LF), respectively,
corresponding to some key reaction steps involved in the
cathode.3*36] The LF peaks of the different cathode composi-
tions have no perceptible difference, indicating that the gas
diffusion processes play insignificant role in the cathode reac-
tion.’”] The difference of IF range peaks associated with surface
exchange as well as ion diffusion process illustrates that the ion
diffusion of oxygen ion and proton plays a significant effect on
the best performance of BCF36.13%3% In addition, the difference
of HF peaks corresponding to charge transfer at interfacel*’l
also has an obvious influence on the cathode polarization
reaction processes. Considering that the content of electron-
conducting CP phase in BCF36 is significantly higher than the
other two compositions, BCF36 is undoubtedly more conducive
to charge transfer on the basis of electronic conductivity values.
According to theoretical reaction processes, protons react

(a) 10 ——700°C
a, e 650°C |- 1500
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< 0.8+ % o "\_
g 0y 2
) o0 4 \
'g O, ¢
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Z 044 %
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= 8 %Oo%n - 500
0.2 R,
0]
0.0 T T 0
0 2000 4000

Current Density(mA cm?)
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with oxygen ions at the triple phase boundaries (TPBs) on the
cathode surface (Figure S12, Supporting Information). Notably,
protons and oxygen ions can travel within the bulk of the com-
posite cathode that will extend the TPB to the entire cathode
surfaces by adjusting the assembled dual-phase composition
to optimize intrinsic triple conducting behavior. Accordingly,
the enhancement of TPB could help promote ion diffusion and
reduce polarization resistance.

A simple spray-coating method is used to modify the BCF36
cathode microstructure. The spray-coated BCF36 particles
have much smaller size compared to that of the screen printed
cathode (Figure S13, Supporting Information). Particles with
smaller size have uniform distribution and larger specific sur-
face area is vital for the ORR activity. For single cells using
spray-coated BCF36 cathode, the maximum power density
reaches 1525 mW cm™2 while the R, is 0.057 Q cm? at 700 °C
that can be seen in Figure 5. To achieve high ORR activity and
cell performance for H-SOFCs, cobalt-containing cathodes have

b 0.45
( ) —=— total resistance

|
0.40 4 —®— polarization resistance [
—&— ohmic resistance 1

270w

0.35 | i ‘.
- N b1
& ir = P 2
£ 0.30 20
Q
E
= 0.25
T
20204
3
+8
Z0.15 - \
I~
0.10- ‘\‘\_ﬁ
0.05
0.00 T T T T T T
600 620 640 660 680 700
Temperature(°C)

Figure 5. a) PVI curves of the single cells using BCF36 cathode by spraying, and b) Comparison of the R, R, and R, values for BCF36 cathode by

spraying at 600-700 °C.
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Table 1. Performance comparison of proton-conducting SOFCs reported in the literature and in this study with different cathode materials measured

at 700 °C.
Cathode materials Electrolyte materials Polarization resistance [Q cm™2] Maximum power density Reference
[mW cm™?

BCF BZCY 0.17 395 [27]
BSF-SDC BZCY 0.044 696 [43]
SSFC-SDC BZCYYb 0.138 505 [44]
BCP BZCY 0.16 378 [45]
LSF BZCY 0.14 377 [46]
PSCF-SDC BZCY3 0.07 546 [47]
NBFNi10 BZCY 0.15 490 [48]
BCFB BZCY 0.098 736 [49]
PDC-BCC-SBCC-CuO BZCY 0.037 1000 [47]
LNO-LNF BZCY 0.048 969 [42]
LSF-BZCY BCzY 0.08 838 [50]
LNO, LNF nanofibers. BZCY 0.128 551 [57]
BFSBi0.3 BZCY 0.032 1277 [14]
LSFCu SDC 0.306 291 [52]
NBFM10 BZCY 0.06 453 [53]
LaSFM SDC 0.21m 269 [54]
BCF 36 BzZCY 0.060 1056 This work
BCF 36 BZCY 0.057 1525 This work

(spray coating)

BZCY:BaZry1CepY0203-5; BZCY3: BaZry3Ce5Y,03_5;BZCYYb:BaZry1Cep;Yo1Ybg 103 5 SDC:Smg ,CeqgO1.0;. BCF: BaCeq sFeq sO;_s BSF: Bag sSrgsFeOs_s LNO: LayNiOy, s
SSFC: Smg sSrgsFegsCup 035 BCP:BaCeg ¢Pro403_5. LSF: Lag;Srg3FeqsOs_ s PSCF:PrgSrg4Cug,FeqsOs_s. NBFN: NdgsBagsFegoNig103 5 BCFBi: BaCeqsFeq3Big,0s -
PDC-BCC-SBCC: Cey_,Pr,0,_s-Ba,CeCu30; 4,~Sm;Ba; 33Ce( 6;Cu30q;. LNF: LaNig¢Feg4O;_5 L2ZNO: La,NiOy, 5 BFSBi0.3:BaFeq sSng ;Big30;_s. LSFCu:Lag ¢Srg 4FeqsCug 2035
NBFM10:NdBaFe; gMng10s, 5. LaSFM:Lag sSrq sFeggMog10;_s; BCF 36:BaCeq 36Feq 6403_)

been perceived as indispensable though many problems exist.
Here, we provide a novel approach to design high-performing
cobalt-free cathodes by tuning the cathode phase composition
to improve the effect of synergistic integration and intrinsic
triple conductivity. To highlight the superior property of the
BCF samples, Table 1 summarizes the performance of various
cathodes of H-SOFCs reported in the literature. It can be seen
that BCF36 cathode shows an excellent cell performance that
is higher than most of other traditional cathodes, particularly
cobalt-free cathodes, suggesting that self-assembled dynamic
double phases would be an effective route to develop candi-
date cathodes for H-SOFCs. Moreover, the corresponding R,
values are 0.057, 0.073, and 0.131 Q cm? at 700, 650, and 600 °C,
respectively. The activation energy (Ea) of spray-coated BCF36
calculated by the Arrhenius equation from the electrochemical
impedance spectroscopy (EIS) is =0.61 eV. Though the R, of
BCF36 is a little higher than some cobalt-free cathodes, the
Ea is relatively lower, compared to the Ea values of 1.31 eV for
PDC-BCC-SBCC-CuO,*! 0.84 eV for BFSBi0.3/"¥ and 1.43 eV
for LNO-LNF,*2 showing great potential to be applied at inter-
mediate temperatures.

3. Conclusion

Composite phases where OP provides proton conductivity and
CP supports mixed conductivity of oxygen ions and electrons

Adv. Funct. Mater. 2022, 2209695 2209695 (5 of 7)

were self-assembled for BCF series cathodes. By tailoring the
Ce/Fe amounts, the compositions changed according to the
XRD refinement results and thus the intrinsic triple conduc-
tivity was modified. The ECR and electrochemical performance
results revealed that BCF36 displayed the highest ORR activity
and cell performance. Through microstructural optimization,
single cells with BCF36 cathode possessed an unprecedented
maximum power density of 1525 mW cm™2 at 700 °C compared
with other cobalt-free cathodes for H-SOFCs. The in situ opti-
mization of cathode composition enabled high ORR activity
through adjusting triple conductivity and synergistic integration
of the two phases, providing a promising approach to develop
high-performance cathode for intermediate-temperature
SOFCs.

4. Experimental Section

BaCe,Fe; ,O;_s (x = 0.36, 0.43, and 0.50) powders were synthesized
using a conventional combustion method via a citric acid sol—gel
process."l The precursors used in the powder preparation were BaCO;,
Ce(NO3)3-6H,0, and Fe(NO3);-9H,0. Proper amounts of raw materials
were established as the stoichiometric ratio of the formula of the above
powders. First, precursors with the appropriate amount were dissolved
into dilute nitric acid solution while citric acid was added as complexing
agents. The molar ratio of citric acid/total metal ions was controlled at
1.5. After that, the pH of the solution was adjusted to 7 using ammonia
and a transparent solution was obtained. A solid gel was subsequently

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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obtained after continuously stirring at 80 °C for 6 h, which was self-
ignited and combusted to form precursor powders, followed by
calcination at 1000 °C for 3 h. BZCY powders were prepared via the same
method above.

The crystalline phase and structure parameters of the prepared
BaCe,Fe,_,O3_s powders were identified by X-ray diffraction (XRD,
X'Pert3Powder) using CuKa radiation. The crystal structure and
elemental distribution of the synthesized BCF36 was characterized using
high resolution transmission electron microscope (HRTEM, JEM-2100F,
JEOL, Japan). Cell microstructure was characterized by scanning electron
microscope (SEM, Nova NanoSEM 450).

The porous anode substrate was pressed under 250 MPa using
the mixture of BZCY, NiO, and starches at a weight ratio of 40:60:20
and then the loose BZCY powders were co-pressed on the anode
substrate. In order to obtain a dense BZCY electrolyte, the half-cell
was subsequently sintered at 1300 °C for 5 h. The cathode slurry of
BaCe,Fe,_,O;_s was obtained by mixing BaCe,Fe;,O;_s powders with
appropriate amount of terpineol and ethylcellulose, which serves as
the binder. The cathode slurry was screen printed on the electrolyte
side of the half-cells and heat-treated at 1000 °C for 3 h. The electrode
active area was 0.237 cm? and Ag paste was applied as current collector.
Single cells with BaCe,Fe; O3 5 (x = 0.36, 0.43, and 0.50) cathode were
named as BCF36, BCF43, and BCF50, respectively. In order to observe
the influence of cathode microstructure on the cell performance, BCF36
powders were mixed with ethanol to form cathode slurry and then spray
coated on the electrolyte. After drying, the assembled single cells were
also heat-treated at 1000 °C for 3 h.

The surface exchange kinetics of BCF series cathodes were evaluated
through electrical conductivity relaxation (ECR) measurement. Dense
BCF bar samples were obtained by pressing the BCF powders at 300 MPa
and sintering at 1250 °C for 5 h, achieving a relative density > 95%. Gas
switching between gas mixture with N,:O, = 1:1 and air at the same flow
rate of =50 mL min~' was performed using a 4-way valve connected
to the inlet line. The electrochemical performance of single cells was
measured using an Admiral electrochemical workstation from 600 to
700 °C with wet H, (=3%H,0) as fuel at a flow rate of 25 mL min™' and
ambient air as oxidant.
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