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Abstract

Proton-conducting solid oxide fuel cell (H-SOFC) based on layered perovskite type GdBaCuCoOs,, (GBCC) cathode
was fabricated with in situ drop-coating BaZr,, ;Ce ;Y ,0;_s (BZCY) electrolyte membrane. The influences of Cu dop-
ing into Co sites of GdBaCo,0s, . on the electrical conductivity and conduction mechanism, thermal expansion property
and electrochemical performance of cathode materials and corresponding single cell were investigated. Results show that
the electrical conductivity decreased and the conduction mechanism would gradually transform to the semiconductor-like
behavior. A high maximum power density of 480 mW cm™ was obtained for the anode supported NiO-BZCY/NiO-BZCY/
BZCY/GBCC single cells with wet H, fuel at 700 °C. The corresponding polarization resistance was as low as 0.17 Q cm?.

The excellent electrochemical performance of as-prepared single cell indicates that GBCC is a good candidate of cathode
materials for H-SOFCs.
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1 Introduction

Solid oxide fuel cell (SOFC), as a kind of green and
environment-friendly electrochemical energy device, has
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efficiency and wide applications [1-6]. To promote the
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commercial application of SOFCs, lowering the operating
temperature to the intermediate-to-low temperature range
(400-700 °C) has gradually become one of major research
goals [7-11]. Lower operational and system costs, bet-
ter material and structural stability, ease of sealing can
be accomplished for SOFCs run at reduced temperature
[9-11]. However, this would commonly lead to poor cath-
ode catalytic activity for oxygen reduction reaction [9,
12, 13]. To solve this problem, significant effort has been
devoted to explore cathode materials suitable for operation
at reduced temperature [9-15]. Some composite oxides
of excellent mixed ionic-electronic conductors (MIECs)
are regarded as the most promising cathode materials due
to their extended active sites for oxygen reduction reac-
tion in comparison with purely electronic-conducting
materials [13]. For example, conventional cathode mate-
rial La,_,Sr MnO;_s (LSM) owning negligible oxygen-
ion conductivity, has been reported exhibiting relatively
high cathode polarization resistance below 700 °C, due to
narrow triple phase boundary regions for oxygen reduc-
tion reaction [10, 16, 17]. To extend the electrochemi-
cally active region, some new cathode materials based on
MIECs, such as LnFeO; (Ln = La, Gd, Sm, Nd), LnCoO;
and doped BaCoO;, have be developed [10, 11, 18-21].
More recently, Li et al. [9] reported that a Nb and Ta
co-substituted perovskite SrCo\ ¢Nb,, ;Ta, ;O;_5 cathode
shows high electrocatalysis activity below 500 °C, which
is ascribed to an optimal balance of surface electron trans-
fer, oxygen vacancies and ionic mobility.

Compared to simple perovskite cathode materials, layered
perovskite cathode materials such as the double perovskite
and Ruddlesden—Popper series could improve the oxygen
transport properties because of the oxygen diffusion anisot-
ropy and cation ordered structured [22-26]. Among the vari-
ous layered LnBaCo,0s,, oxides, GdBaCo,0s,, (GBCO)
has attracted much attention because of high oxygen self-
diffusion coefficient, surface exchange coefficient and low
activation energy [27, 28]. However, cobalt-rich cathode
materials often show some serious problems such as poor
chemical stability in CO, and high thermal expansion coef-
ficients (TEC) [29]. In our previous studies [30, 31], it is
found that partly substitution of Co sites by Cu in cobalt-rich
layered perovskite LaBaCoOs,, and YBaCoOs_, cathodes
can effectively reduce the thermal expansion coefficients
and present super electrochemical performance. Zhou et al.
[32]. reported that GdBaCuCoOs, , (GBCC) is a promising
cathode candidate for intermediate-temperature SOFCs and
the maximal power densities of single cell at 800 °C were
545 and 528 mW cm~2 with LSGM and SDC electrolytes,
respectively. Furthermore, substitution of Gd for La in the
layered perovskite oxides could lead to reduced TEC, which
is beneficial to improve the thermal compatibility of cathode
layer.
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As well known, SOFCs based on proton conductor elec-
trolytes can be operated at reduced temperatures because of
low proton transport activation energy in comparison with
oxygen ion-conducting electrolytes [33]. Therefore, in this
work, the layered perovskite GdBaCuCoOs,, (GBCC) was
applied as the cathode material of proton-conducting SOFC
(H-SOFC) with in situ drop-coating BaZr, ;Ce( ;Y ;,05_s
(BZCY) as the electrolyte.

2 Experimental Procedure

GBCC, GBCO and BZCY powders were synthesized by
an EDTA-citrate complexation method [30]. The anode-
supported bi-layer substrate of NiO-BZCY/NiO-BZCY
(functional layer) was fabricated by a one-step dry-pressing/
co-firing process (800 °C for 2 h). The BZCY suspension
was subsequently in situ drop-coated on the surface of anode
functional layer, and co-fired at 1400 °C for 5 h to obtain the
dense BZCY electrolyte membrane [31]. Finally, the cath-
ode slurry prepared by mixing GBCC powder, terpineol and
ethyl cellulose was painted on the BZCY electrolyte and
sintered at 950 °C for 3 h in air to form the anode supported
single cell of NiO-BZCY/NiO-BZCY/BZCY/GBCC.

Phase structure and chemical compatibility of BZCY,
GBCC, GBCC-BZCY and GBCC-SDC were performed
by XRD analysis with Cu-K_ radiation at room tempera-
ture. The DC four-probe technique was applied to measure
the electrical conductivity from 800 to 400 °C in air with
a Keithley multimeter (Model 2001). Before measurement,
the bar samples (sintered at 1200 °C for 5 h and having
a relative density of about 95%) were polished to have a
dimension of about 30.1 X 4.9 X 2.1 mm. Thermal expan-
sion performance of similar bar samples was obtained using
a dilatometer (Netzsch DIL 402C) from 25 to 800 °C with
a heating rate of 5 °C min~! in air. Electrochemical per-
formance of single cells was tested in a home-developed
system, equipped with an electrochemical workstation
(Zahner Zennium Pro) to obtain the impedance spectra and
current—voltage curves. For this test, the single cell was
fixed on the top end of a corundum tube by inorganic glass
sealant. Humidified hydrogen (~ 3% H,0) with a flow rate
of 35 mL min~! and ambient static air were applied as the
fuel gas and oxidant, respectively. Cell microstructure was
observed by field emission scanning electron microscope
(SEM, JEOL JSM-6700F).

3 Results and Discussion

Figure 1a presents the XRD pattern of in situ drop-coated
BZCY electrolyte membrane sintered at 1400 °C for 5 h.
All the observed diffraction peaks can be indexed to the
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Fig.1 a XRD patterns of drop-coated BZCY membrane sintered at
1400 °C for 5 h, GBCC-BZCY and GBCC-SDC mixtures treated at
950 °C for 10 h. b Magnified XRD patterns for 20° < 26 < 35°

pure BZCY structure (PDF#35-1318) without any peaks
attributable to impurities. To investigate the chemical com-
patibility, Fig. 1a also shows the XRD patterns of GBCC-
BZCY and GBCC-SDC mixtures sintered at 950 °C for
10 h. No new identifiable peaks and shifting of XRD peaks
was observed, indicating that no obvious reaction occurred
between GBCC and electrolyte materials (Magnified XRD
patterns for 20° < 20 < 35° in Fig. 1b). In view of the good
chemical stability, composite cathode consisting of GBCC
and sufficient electrolyte material can also be used in future.
Actually, composite cathode often results in a better elec-
trochemical performance due to the increased three phase
boundary (TPB) length [34].

Figure 2 shows the electrical conductivity of the GBCC
sample from 400 to 800 °C. For comparison, the electri-
cal conductivity of GBCO was also included in this figure.
As can be observed, the electrical conductivity of GBCC
increased gradually with increasing temperature and reached
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Fig.2 Temperature dependence of the conductivity of sintered
GBCC sample

the maximal value of 69.3 S cm™! at 800 °C, meaning a
semiconductor-like behavior. However, the electrical con-
ductivity of un-doped GBCO decreased with increasing tem-
perature, indicating a metallic-like behavior [31, 32, 35]. Cu-
doping led to significant decrease of electrical conductivity
for GBCO material at all the testing temperatures. This could
be interpreted according to the solid defect chemistry analy-
sis of Cu-doped GBCO, similar to Cu-doped YBaCo,Os,,
[31]. For GBCO lattice by Cu-doping, the defect reaction
can be expressed as following (Eq. 1):

Co,04
2Cu0 + O} — 2Cuf,, +V; (D

The introduction of Cu into Co sites resulted in the
increasing of the oxygen vacancy concentration, and the
charge concentration of the hole-type carriers (p = [CO'CO] )
decreased accordingly. So the conduction mechanism
transformed from metallic-like behavior of GBCO to
the semiconductor-like behavior of GBCC. Similar phe-
nomenon was also observed in YBaCuCoOs,, [31] and
LnBaCo,_,Cu,O5_ 4 [36] materials. It must be noted
that although the measured conductivity of GBCC was
lower than those of other cobalt-rich perovskite oxides
(including GBCO), it was close to that of well-known
Ba, 551, 5Co, gFe; ,05_5 cathode material.

To improve the thermal stability of cobalt-based cath-
odes, it is vital to decrease their thermal expansion coeffi-
cients (TEC) since too high TEC would lead to delamination
at the cathode/electrolyte interface upon heating and cool-
ing. Figure 3 shows the thermal expansion percentage of
GBCC and GBCC-BZCY (50:50 in mass ratio) from 25 to
800 °C. The corresponding calculated average TEC values
were 15.8 x 107 K~! (15.1 x 107% K~! in Ref. [32]) and
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Fig.3 Thermal expansion of GBCC and GBCC-BZCY samples with

a heating rate of 5 °C min~! in air

13.6 x 107 K1, respectively, which were much smaller
than that of GBCO (20.1 x 107% K~! in Ref. [35]) and close
to that of BZCY (10.2 x 107° K=" in Ref. [37]). This implies
that GBCC and GBCC-BZCY would be more suitable as a
potential cathode material than GBCO in terms of the ther-
mal compatibility with BZCY electrolyte for H-SOFCs.

Figure 4a shows the cross-sectional SEM image of as-
prepared anode supported single cells of NiO-BZCY/
NiO-BZCY/BZCY/GBCC after testing. It can be found
that electrolyte/anode functional layer and cathode/electro-
lyte interfaces show excellent bonding, and both cathode
and anode layers possess a porous structure which would
facilitate the gas transportation. The drop-coating BZCY
electrolyte membrane (about 20 pm) was completely dense
and the grains were quite uniform as shown in Fig. 4b. The
results demonstrate that a dense BZCY electrolyte without
obvious pores or cracks can be successfully fabricated on
the porous anode support via in situ drop coating technique
when sintered at 1400 °C for 5 h.

To further evaluate the feasibility of layered perovskite
oxide GBCC as the cathode material for H-SOFCs, anode
supported NiO-BZCY/NiO-BZCY/BZCY/GBCC single
cells were fabricated and analyzed in terms of electro-
chemical properties. Figure 5 shows the current—voltage
(I-V) and current-power density (/-P) curves of single cell
at different temperatures from 700 to 550 °C. The maxi-
mum power densities of single cell based on GBCC cathode
were 480, 343, 217 and 82 mW cm™2 at 700, 650, 600 and
550 °C, respectively, and the corresponding OCV values
were 0.99,1.03, 1.04 and 1.04 V. Obviously, the prepared
single cell exhibits higher power density than those using
other cathodes measured under almost the same condi-
tions, such as: YBaCuCoOs,, (435 mW cm™ at 700 °C
[31]), StFe( oSb ;0;_5 (428 mW cm™ at 700 °C [38]), and
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Fig.4 a Cross-sectional SEM image of anode supported singe cell
after testing; b Enlarged SEM image of BZCY electrolyte membrane
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Fig.5 Current—voltage and current—power density curves of NiO—
BZCY/NiO-BZCY/BZCY/GBCC singe cell at 550-700 °C using
humidified hydrogen (~ 3% H,0) as the fuel and ambient air as the
oxidant
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PrBaFe,05, 5 (452 mW cm~2 at 700 °C [39]) cathodes. In
addition, the high open-circuit voltages close to theoretical
value also indicate that the in situ drop coating BZCY elec-
trolyte membrane is sufficiently dense, as is in accordance
with the SEM observation.

Figure 6 presents the electrochemical impedance spec-
troscopy analysis results under open-circuit conditions
from 700 to 550 °C. As shown in Fig. 6a, the polariza-
tion resistance (Rp) increased significantly from 0.17 to
7.0 Q cm? with decreasing temperature, while the ohmic
resistance (Ro) only increased slightly from 0.25 to
0.84 Q cm?, which agree well with the change of power
densities in Fig. 5. This indicates that the total cell resist-
ance (Rt) is dominated by the polarization resistance (Rp)
as shown in Fig. 6b. If assuming that Ro mainly comes
from the drop-coated BZCY electrolyte film, the activation
energy (Ea) of BZCY with a value of 0.60 eV can be cal-
culated in Fig. 7a, which is similar to those of the proton
conducting electrolytes [40]. As shown in Fig. 6a, three
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Fig.6 a Impedance spectra of anode supported singe cells with the
GBCC cathode under OCV conditions at 550-700 °C (solid lines are
the simulated data). b Total cell resistances (Rt), interfacial polari-
zation resistances (Rp), and ohmic resistances (Ro) obtained from
impedance spectra at different temperatures in Fig. 6a

9.0
(a) .
1 —%- BZCY film Ea=0.60 eV
8.5
‘*.";' * o -
O 8.0 ~
I N,
=, 7.5+ = ~%
E ~
- ~
— ~N
~
£ 7.0- %
6.5 v T v T v T v r v
1.00 1.05 1.10 1.15 1.20 1.25
(1000/T)/K"
6
(b) -v R,
a4 by -v R,
~
~ -
o~ ® < * RL
£ = ~ =~ -v R
© 24 ¥ = ~ P
K e Tog =
g = - ™ = ~ =~ ~
o = 3\ ~ " ~ =~ ~
x . e Tt I
= ~ ¥ < ™~ ~y
‘E' w < S
— ~ : ~
-
24 = v
1.00 1.05 1.10 1.15 1.20 1.25
(1000/T)/ K"

Fig.7 a Arrhenius’s plots of the simulated ohmic resistances (R,) and
b the simulated polarization resistance Ry, the simulated Ry, Ry; and
R, for anode supported singe cells

depressed arcs including a high frequency arc, a middle
frequency arc and a low-frequency arc, can be observed in
each spectrum by the fitting of the electrochemical imped-
ance, meaning that there are three rate-limiting steps.
Figure 7b shows the temperature dependence of Rp, the
simulated Ry, Ry; and Ry with relaxation frequency value
of about 10 kHz, 100 and 1 Hz, respectively. According
to the cathode reaction model for H-SOFCs, Ry, Ry and
R| can be attributed to the proton transfer from the bulk
of electrolyte to TPBs during charge transfer process, the
reducing of oxygen species, and the oxygen adsorption
and desorption on the cathode surface and the diffusion of
the oxygen ions, respectively [41]. The excellent electro-
chemical performance of singe cells at 600-700 °C indi-
cates that the layered perovskite oxide GBCC is a good
cathode material in intermediate-to-low temperature range
for H-SOFCs.
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4 Conclusions

In this work, the anode-supported H-SOFC with dense
BZCY electrolyte membrane was prepared using Cu-
doped layered perovskite GdBaCo,0s,, (GBCO) as the
cathode material. The prepared GdBaCuCoOs,, (GBCC)
exhibited good chemical compatibility with the SDC
and BZCY electrolyte when heat treated at 950 °C for
10 h, and no obvious reaction occurred between GBCC
and electrolyte materials. The electrical conductivity of
GBCO material decreased significantly after the Cu-dop-
ing, and the conduction mechanism transformed from the
metallic-like behavior to the semiconductor-like behav-
ior. The GBCC also showed a better thermal compatibility
with BZCY electrolyte than GBCO, since its average TEC
value of 15.8 x 107 K™! between 25 and 800 °C is much
smaller than that of GBCO. The prepared single cell with
GBCC cathode demonstrated excellent electrochemical
properties. High maximum power densities of 480, 343
and 217 mW cm™ can be achieved operated at 700, 650
and 600 °C, respectively, and the corresponding inter-
facial polarization resistance was as low as 0.17 Q cm?
at 700 °C. The present experimental results have shown
that layered perovskite oxide GBCC would be a promis-
ing cathode material for H-SOFCs to be applied in the
intermediate-to-low temperature range.
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