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A cobalt-free composite Smyg sSrgsFeggClig203_s—CepgSmg20,_5 (SSFCu-SDC) is investigated as a cath-
ode for proton-conducting solid oxide fuel cells (H-SOFCs) in intermediate temperature range,
with BaZrg1Cep7Y01Ybo103_5 (BZCYYb) as the electrolyte. The XRD results show that SSFCu is
chemically compatible with SDC at temperatures up to 1100°C. The quad-layer single cells of

NiO-BZCYYb/NiO-BZCYYb/BZCYYb/SSFCu-SDC are operated from 500 to 700 °C with humidified hydro-
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gen (~3% H,0) as fuel and the static air as oxidant. It shows an excellent power density of 505 mW cm—2
at 700 °C. Moreover, a low electrode polarization resistance of 0.138 2 cm? is achieved at 700 °C. Prelim-
inary results demonstrate that the cobalt-free SSFCu-SDC composite is a promising cathode material for

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Currently, much attention has been focused on the cathode
materials for proton-conducting solid oxide fuel cells (H-SOFCs)
due to their unique properties. The proton conductors have sev-
eral advantages over the oxide ion conductors, including simpler
fuel-recycling instruments and being able to avoid the dilution
of the fuel [1,2]. More importantly, the low activation energy
of proton transport is favorable for the H-SOFCs to operate at
intermediate-to-low temperatures, thus leading to a prolonged
operational lifetime and improved materials compatibility [3,4].
BaZrg.1Cep.7Y0.1Ybo.105_s (BZCYYb) has been found to be an excel-
lent electrolyte in this temperature range, since it shows a rapid
transport of both protons and oxide ion vacancies and high ionic
conductivity. Besides, BZCYYb can resist deactivation by sulfur as
well as hydrocarbon cracking and reforming [5].

As known, one key to improve the cell performance is reduc-
ing the polarization resistance of the cathode-electrolyte interface
[6]. However, developing alternative cathode materials with low
interface polarization losses and high stability for intermediate
temperature solid oxide fuel cells (IT-SOFCs) remains a chal-
lenge [7]. Traditional cathode materials for IT-SOFCs include
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Smg5Sr95C003_s [1] and LagsBagsCugsCos505_s [8]. However,
cobalt-based perovskite oxides often suffer problems like high
thermal expansion coefficients, easy reduction and evaporation
of cobalt and the high cost of cobalt element, thus limiting the
further applications [9,10]. Therefore, it is critical to develop
cobalt-free cathode materials with good performance for IT-SOFCs.
Fe-based perovskite oxides could well serve as promising alterna-
tives to cobalt-based cathode materials, because of the less flexible
redox behavior and low price of iron [11]. Recently, Ling et al.
have reported a novel cobalt-free cathode Smg 5Srg 5Feg gCup203_s
(SSFCu) for IT-SOFCs with advanced electrochemical properties
based on doped ceria electrolyte [12]. The electrical conductiv-
ity of SSFCu reaches the maximum value of 82Scm~! at 450°C,
which meets the general required value of cathode material. And
the result of symmetric cell (the area specific resistance as low as
0.084 Qcm? at 700°C) implies that SSFCu should be a potential
IT-SOFCs cathode material with high electrocatalytic activity for
oxygen reduction reactions. However, the electrochemical perfor-
mance of SSFCu cathode for H-SOFCs has not been reported up to
date.

Based on recent research [13], we propose adding
CepgSmg-0,_s (SDC) electrolyte which is widely used for SOFCs
based on SDC oxide ion conductors, into SSFCu cathode to prepare
the composite cathode for H-SOFCs, for the following four reasons.
First, as SDC is an excellent oxide ion conductor and SSFCu is a
mixed ionic-electronic conductor [12], the addition of SDC into
SSFCu ensures the cathode layer having a high activity for oxygen
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ion reduction and migration, while oxygen ion diffusion is a
notable limiting step for the cathodic processes of H-SOFCs [14].
Second, composite cathode can enlarge the triple phase boundary
of H-SOFCs [1,15]. Third, the addition of SDC helps achieve good
thermal matching and adherence between SSFCu and BZCYYb
electrolyte [12,13]. Last, a good long-term stability is expected, for
SDC can endure corrosion by CO, and H,0 [16]. In this work, we
investigated the SSFCu-SDC composite as a potential cathode in
proton-conducting IT-SOFCs based on the BZCYYD electrolyte, and
the chemical compatibility between SSFCu and SDC was evaluated.

2. Experimental
2.1. Powders synthesis

Sm0.5Sr0,5Fe0,8Cuo.203,5 (SSFCU), Ceolgsmo.zozﬂg (SDC) and
BaZrp1Cen.7Y0.1Ybo.103_5 (BZCYYb) powders were all synthesized
by auto ignition process. Taking the synthesis of BZCYYb as an
example, Ba(N03 )2-9H20, ZI‘(NO3 )4~4H20, CE(NO3 )3-6H20, Y,03
and Yb,03 as raw materials were dissolved in distilled water at
stoichiometric ratio, citric acid and EDTA were then added as
complexing agents, with the molar ratio of citric acid:EDTA:metal
cations of 1.5:1:1. Under heating and stirring, the solution gradually
changed into black foam and ignited to flame. The as-synthesized
powders were subsequently calcined at 1000 °C for 3 h, to remove
the carbon residue and achieve a pure perovskite phase of BZCYYb
powders. Similarly, the as-synthesized SSFCu and SDC powders
were calcined at 950 and 800 °C for 3 h, respectively.

2.2. Fabrication of the single cells

The anode-supported BZCYYb tri-layer half-cells (¥15mm)
were fabricated by one-step dry-pressing method. The mixture
of NiO + BZCYYDb + starch as pore former (60 wt.%:40 wt.%:20 wt.%),
was pre-pressed at 200MPa to form into an anode substrate.
Subsequently the anode functional layer (mixture of NiO:BZCYYb
of 60wt.%:40wt.%) was pressed onto the substrate. Then loose
BZCYYDb powders were uniformly distributed onto the anode sub-
strate, co-pressed at 250 MPa and co-sintered at 1350°C for 5h to
obtain a dense BZCYYb electrolyte film.

Fine SSFCu and SDC powders (60 wt.%:40 wt.%) were mixed
thoroughly together with a 6 wt.% ethylcellulose-terpineol binder,
to prepare the composite cathode slurry. The cathode slurry
was then painted on the BZCYYb electrolyte film and sin-
tered at 950°C for 3h in air to form a quad-layer cell of
NiO-BZCYYb/NiO-BZCYYb/BZCYYb/SSFCu-SDC. Finally Ag paste
was painted onto the cathode layer as a current collector.

2.3. Characterization and electrochemical measurements

Phase composition of the sintered anode-electrolyte layer,
SSFCu oxide and SSFCu-SDC composite cathode fired at various
temperatures were identified with the X-ray diffraction (XRD)
analysis by Cu Ka radiation (D/Max-gA, Japan). A scanning elec-
tron microscope (SEM, JEOL JSM-6400) was used to observe the
microstructure of the cells after testing.

The single cells were tested in a home-developed-cell-testing
system from 500 to 700°C, with humidified hydrogen (~3% H,0)
as fuel and static air as oxidant, respectively. The flow rate of fuel
gas was about 40 mlmin~—'. The cell voltages and output currents
were measured by digital multi-meters (GDM-8145). The electro-
chemical impedance spectra were measured under open-circuit
conditions with an impedance analyzer (CHI604C, Shanghai Chen-
hua) from 500 to 700°C.
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Fig. 1. XRD patterns of (a) SmgsSrosFepsCug205_s—CepgSmp20,_5 (SSFCu-SDC)
composite cathode, (b) SSFCu oxide, (c) NiO-BaZrgCep7Y01Ybo103 5
(NiO-BZCYYb) anode substrate, and (d) BZCYYb electrolyte membrane: (O)
SSFCu; (*) SDC; (#) NiO.

3. Results and discussion

As shown in Fig. 1, SSFCu oxide calcined at 950 °C crystallizes in
a cubic perovskite structure of the Pm3m (2 1 1) space group, with-
out any peaks attributable to impurities. From the XRD spectra of
anode-electrolyte layer, it is obvious that there are only peaks cor-
responding to BZCYYb in the electrolyte membrane (Fig. 1c) and to
NiO and BZCYYDb in the anode substrate (Fig. 1d), with no evidence
for the formation of other substances. Fig. 2 shows the XRD spectra
of the SSFCu-SDC composite cathode fired at three temperatures
of 900, 1000, and 1100°C for 5h in air, to evaluate the chemical
compatibility between SSFCu and SDC. There are only peaks corre-
sponding to SSFCu with a cubic perovskite structure and SDC with
a fluorite structure can be found after sintering at temperatures up
to 1100 °C, with no new identifiable peaks or shift of peaks, thus
indicating an excellent chemical compatibility.

SEM images show the cross-sectional views of the BZCYYDb elec-
trolyte and the quad-layer cells after testing. From Fig. 3a, it can
be seen that BZCYYb membrane is completely dense and grains
are quite uniform in size of around 1 wm, without obvious pores
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Fig. 2. XRD patterns of the SSFCu-SDC composite cathode layer sintered at 900,
1000 and 1100°C for 5 h: (0O) SSFCu; (*) SDC.
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Fig. 3. SEM images of the cross-sectional views of (a) the BZCYYDb electrolyte and (b) the quad-layer cells after testing.

or cracks. As shown in Fig. 3b, the porous SSFCu-SDC cathode dis-
plays good adhesion to the BZCYYb electrolyte membrane, while
their thicknesses are about 30 wm and 15 pm, respectively. This
good configuration can promote gas transport and electrochemical
reactions, leading to a lower polarization resistance and a higher
performance. The results demonstrate that a dense BZCYYDb elec-
trolyte membrane can be successfully fabricated on the porous
anode support via the combined dry-pressing/co-firing process at
a relatively low temperature (1350 °C). Moreover, optimizing the
microstructure of SSFCu-SDC cathode will further enhance the
cathode performance.

To determine the electrochemical performance of the quad-
layer NiO-BZCYYb/NiO-BZCYYb/BZCYYb (~15 wm)/SSFCu-SDC
(~30 pm) single cell in real fuel cell conditions, the -V and I-P
characteristics were measured from 500 to 700 °C, with humidified
hydrogen (~3% H,0) as fuel and the static air as oxidant. As known,
if the BZCYYDb electrolyte membrane is not dense, fuel/gas cross
flow may take place to cause a lower open-circuit voltage (OCV).
As shown in Fig. 4, the maximum power densities were 505, 398,
289, 195 and 121 mW cm~2, and the OCV values were 0.992, 1.017,
1.035, 1.053 and 1.065V at 700, 650, 600, 550 and 500 °C, respec-
tively. High open-circuit voltages indicate a sufficiently dense
BZCYYDb electrolyte membrane, which is in good agreement with
the SEM images above. This single cell exhibits higher power den-
sities than those using cobalt-free SrFeq 9Sbg 105_s (428 mW cm~2
at 700°C) [17] and PrBaFe;0s,s (452mW cm~2 at 700°C) cath-
odes [18], even the cobalt-based LagSrg.4Cop2Feqg03_s—BZCYYb
(260 mW cm~2 at 600 °C) cathode [19]. The high performance can
mainly be attributed to three aspects. First, the excellent oxygen
ion conductivity of SDC and its good chemical compatibility with
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Fig.4. The[-V and I-P curves of the NiO-BZCYYb/NiO-BZCYYb/BZCYYb/SSFCu-SDC
single cell with humidified hydrogen as the fuel at 500-700°C.

SSFCu [1,3], increase the activity of SSFCu-SDC cathode for oxygen
ion migration and reduction, while oxygen ion migration serves
as a notable speed-limiting step for the cathodic processes of
H-SOFCs [14]. In the same way, for the cathode, partly replacing Fe
ions with divalent and trivalent Cu ions in a perovskite lattice can
increase the oxygen vacancies [12]. Third, the good configuration,
especially the excellent interface contact between electrodes and
electrolyte favors a low polarization resistance.

In order to further investigate the different contributions to
the total resistance of single cells, electrochemical impedance
spectroscopy are performed under open-circuit conditions from
500 to 700°C. As shown in Fig. 5, the low-frequency intercept
on the real axis is the total cell resistance (R;) and the high-
frequency intercept is the ohmic resistance (Rypy,), while the
difference between the two values corresponds to the polarization
resistance (Rp) of both cathode-electrolyte and anode-electrolyte
interfaces. A quite low polarization resistance of 0.138 Qcm? is
achieved at 700 °C, which is lower than those using SrFe gSbg.103_g
(0.154 2 cm? at 700°C) [17] and PrBaFe; 05,5 (0.18 2 cm? at 700 °C)
cathodes [18], agreeing with the power densities above. The cobalt-
free SSFCu-SDC cathode exhibits high electrochemical activity for
operation at intermediate temperature range. Fig. 6 shows the esti-
mated resistance from the impedance spectra, it can be observed
that Rp increases much faster than Ry, during the decrease of
measurement temperature. The ratio of Rp/R; as a function of tem-
perature is also provided for comparison. At temperatures lower
than 650°C, R, has gradually played a predominant role in the
total cell resistance. A decrease in the operating temperature from
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Fig. 5. Electrochemical impedance spectra of the tested cell under open circuit
conditions at 500-700°C.
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Fig. 6. The total cell resistances (R;), interfacial polarization resistances (R;), and
ohmic resistances (Ronm ) obtained from the impedance spectra at different temper-
atures. Inset: the ratio of Ry /R;.

700 to 500°C, results in the R, of the single cell increasing from
0.138 to 2.62 Qcm?, while the Ry, only increasing from 0.273
to 0.581 Q2 cm?. It implies that the interfacial polarization resis-
tance, which is dominated by the cathode-electrolyte interface
greatly, has limited the cell performance in low temperature con-
ditions [20]. For example, after the temperature decrease below
600°C, the power density of single cell with SSFCu-SDC cath-
ode will gradually exceed those with Smg5Srg5Co05_s-SDC and
Bag 5Srg5Fe03;_s—SDC cathodes, when the R, of SSFCu-SDC cathode
cell will be gradually exceeded by R, of the later two cells, which
increases relatively faster as the temperature decreasing [13,21].
The R, of SSFCu-SDC cathode cell were 2.62, 1.15 and 0.54 €2 cm?
at 500, 550 and 600°C, while the R, of Smgs5Srp5C003;_s-SDC
cathode cell were 3.74, 1.27 and 048 cm?, and the R, of
Bag 5Srg 5Fe05_s—SDC cathode cell were 3.66, 1.06 and 0.444 2 cm?,
respectively. Other than the cathode materials, the electrode con-
figuration of single cells also deserves further optimizing to achieve
higher performance.

4. Conclusions
The present study demonstrated that cobalt-free SSFCu-SDC

composite oxide, which was prepared by an auto ignition pro-
cess, can be employed as a high performance cathode for

proton-conducting IT-SOFCs. Thin BZCYYb electrolyte membrane
and NiO-BZCYYb anode functional layer were prepared over
porous anode substrate composed of NiO-BZCYYb by one-step
dry-pressing/co-firing process. The laboratory-sized quad-layer
NiO-BZCYYb/NiO-BZCYYb/BZCYYb/SSFCu-SDC single cell with
about 15 wm thick electrolyte, exhibited high power densities of
505, 398, 289, 195 and 121 mW cm—2 at 700, 650, 600, 550 and
500°C, respectively, which can be mainly attributed to several fac-
tors. And the polarization resistance (Rp) is low as 0.138m? at
700°C, agreeing with the cell performance well. The above results
indicate the SSFCu-SDC composite to be a promising candidate
cathode for proton-conducting IT-SOFCs.
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