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Abstract

The initialization of an anode-supported single-chamber solid-oxide fuel cell, with NiO+Sm(,Ceys0;9 anode and
Bay 5Srp5CogsFep,05_5 + Smy,Ceps0; 9 cathode, was investigated. The initialization process had significant impact on the observed per-
formance of the fuel cell. The in situ reduction of the anode by a methane—air mixture failed. Although pure methane did reduce the nickel
oxide, it also resulted in severe carbon coking over the anode and serious distortion of the fuel cell. In situ initialization by hydrogen led to
simultaneous reduction of both the anode and cathode; however, the cell still delivered a maximum power density of ~350 mW cm~2, attributed
to the re-formation of the BSCF phase under the methane—air atmosphere at high temperatures. The ex situ reduction method appeared to be
the most promising. The activated fuel cell showed a peak power density of ~570 mW cm™~? at a furnace temperature of 600 °C, with the main

polarization resistance contributed from the electrolyte.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Fuel cell technology is reputed for its high-energy effi-
ciency, favorable power density and extremely low emissions
[1,2]. In association with the hydrogen economy, it has been
strongly promoted during the past decades by the govern-
ments of most of the world’s leading industrialized nations.
Amongst the many types of fuel cells, the Solid-oxide fuel cell
(SOFC) is of particular interest for its high fuel flexibility. In
addition to hydrogen, other more stable chemicals, such as car-
bon monoxide, hydrocarbons (methane, ethane and propane)
and alcohols (methanol, ethanol) can also serve as potential
fuels [3-5].

A typical SOFC is composed of a porous anode and cathode
that are sandwiched by a dense electrolyte. In a normal config-
uration, sealants are applied in order to separate the fuel cell
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into the fuel and oxidant chambers. The function of the dense
solid-oxide electrolyte and sealant is to avoid the direct mix-
ing of the fuel and oxidant, otherwise resulting in a decrease in
fuel efficiency due to the non-electrochemical gas-phase com-
bustion of the fuel. Currently, a single-chamber solid-oxide fuel
cell (SC-SOFC) configuration has been proposed, in which the
anode and cathode are exposed to a gas mixture of combined
fuel and oxidant (air) [6—10]. This configuration, characterized
by eliminating sealing, greatly improves the fuel cell integrity.
This is due to the fact that the thermal cycling stress, which
is due to the mismatch of thermal expansion between compo-
nents in the fuel cell, is significantly reduced. Therefore, the
SC-SOEFC allows for rapid start up and shut down, which is of
particular importance for small-scale power generation [11,12].
Furthermore, the anode and cathode can be deposited onto the
same electrolyte surface, which allows for a versatile cell design
[13,14].

The basic operating principle of a SC-SOFC surrounds
the different catalytic selectivity of the electrodes towards the
fuel-oxidant mixture [15,16]. Ideally, the cathode is active
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only for the electro-catalytic reduction of oxygen, while the
anode has high activity for partial oxidation of fuel to syn-
gas (CO+H;) and also for the electro-catalytic oxidation
of syngas to water and carbon dioxide. The non-ideal per-
formance of the electrodes would create a mixed potential,
which decreases both open circuit voltage (OCV) and fuel
efficiency.

Recently, methane-fueled SC-SOFCs have received a
lot of attention [17-25]. Shao and co-workers reported
Bay 55r0.5Co0.8Fe0.203-5 + Smg.15Ce(.8501.925 (BSCF+SDC)
to be an efficient cathode material for methane or propane-
fueled SC-SOFCs [26,27]. In addition, the typical SOFC anode
component, nickel, was found to be a good catalyst for the
partial oxidation of methane to syngas at intermediate tem-
peratures. Under optimized conditions, a peak power density
as high as 760 mW cm~2 was reported for a thin-film elec-
trolyte fuel cell with a Ni+SDC anode and a BSCF+SDC
(70:30 wt.%) cathode operated on a methane—oxygen—helium
stream [28].

The actual electro-catalyst in the SOFC anode is metal nickel;
however, there are two obvious advantages of applying NiO
instead of metal nickel as the raw material for the fuel cell fabri-
cation. First, such fabrication can be performed in air, which
greatly reduces the processing cost; secondly, the reduction
of nickel oxide to nickel can introduce pores into the anode
layer, which facilitates the gas diffusion. The SOFC initializa-
tion, which mainly involves the reduction of nickel oxide to
nickel in the anode, then becomes an important step of the
fuel cell application. In situ reduction is usually adopted for
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dual-chamber SOFCs since the cathode environment is inde-
pendent from the anode if the sealing is perfect. The situation
for the SC-SOFC is much more complicated due to the fact
that the anode and cathode are exposed to the same atmosphere.
Especially for the cobalt-based cathode, the proper initializa-
tion procedure is critical in order to ensure high fuel cell
performance.

In this paper, the initialization of a methane-fueled SC-SOFC
with aNiO + SDC anode and a BSCF + SDC cathode will be sys-
tematically investigated. The different initialization processes
were found to have significant impact on the SC-SOFC perfor-
mance.

2. Experimental
2.1. Fuel cell fabrication

The fuel cell employed in this study was in an anode-
supported thin-film electrolyte configuration with a NiO + SDC
anode (~600pum), SDC electrolyte (20-30m) and a
BSCF + SDC (70:30 wt.%) cathode (10-20 wm). All of the fuel
cell materials, except for the NiO (Chengdu Shudu Nanomateri-
als Technology Development Co. Ltd.), were synthesized using
the standard combined EDTA-citrate complexing sol-gel pro-
cess, with metal nitrates (analytical reagents) applied as the raw
materials for the metal sources. Please refer to previous publi-
cations for information regarding the detailed procedure of the
preparation process [29,30]. A dry-pressing/sintering method
was adopted in order to fabricate the anode-supported SDC bi-
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Fig. 1. Schematic of the single-chamber reactor.
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layer pellets. These green dual-layer pellets resulting from dry
pressing were fired at 1450 °C for 5h in air, in order to achieve
the densification of the electrolyte layer and the firm connection
between the dual layers. The cathode powders (BSCF + SDC)
were first dispersed in a pre-mixed solution of glycerol, ethy-
lene glycol and isopropyl alcohol to form a colloidal suspension
through high-energy ball milling (Fritsch, Pulverisettle 6), at the
rotational speed of 400 rpm for 0.5 h. The resulting slurry was
painted on the electrolyte surface of the fresh or pre-reduced
dual-layer membranes, then calcined at 950°C for 2h in air
(or under flowing nitrogen atmosphere for the cells with pre-
reduced anode) to obtain three-layered single cells. The resulting
coin-shaped cathode had an effective geometric surface area of
0.48 cm?.

2.2. Fuel cell performance test

Four types of operational modes were exploited: (1) in
situ reduction of the anode by methane—air mixed gas; (2) in
situ activation by pure methane; (3) in situ initialization by
hydrogen; (4) pre-reduction of the anode before the deposi-
tion of the cathode layer. The single-chamber reactor, applied
for the fuel cell performance test, is schematically shown in
Fig. 1. It is comprised of two quartz tubes. The outer tube
has an inner diameter of ~18 mm, while the inner tube has
an outer diameter of ~10 mm. The top of the inner tube was
enlarged to a size of ~14mm (inner diameter) for holding
the fuel cell. An electrical furnace was utilized for heating
the fuel cell. Methane and air were controlled through using
mass flow controllers. The methane or methane—air mixture
was then introduced to the reactor through the small tube.
The effluent gas escaped from the reactor through the gap
between the inner and outer tube. Once the fuel cell was
initialized, the methane—air gas mixture was turned on. I-V
polarization curves were then collected using a Keithley 2420
source meter based on the four-terminal configuration. Ag
paste, instead of platinum paste, was adopted as the current
collector since Pt is catalytically active for methane partial oxi-
dation.

2.3. Catalytic activity test

The catalytic activity of the anode or cathode materials for the
methane—air conversion was evaluated in a flow-through fixed
bed reactor, which is composed of a quartz tube with an inner
diameter of ~8 mm. About 0.1 g of catalyst (anode or cathode
powder with ~80 mesh grain size) was put in the center of the
reactor, and a K-type thermocouple was immersed into the cat-
alyst bed with the protection of a small quartz tube to avoid
catalytic contribution to the methane conversion. A tube furnace
was applied to sustain the temperature required for the reac-
tion. Methane—air mixed gas was introduced from the top of the
reactor. The effluent gas from the bottom of the reactor was intro-
duced to a Varian 3800 gas chromatograph, which was equipped
with a Poraplot Q and 5 A molecular sieve capillary columns for
the separation of Hp, O, CO, CO, and CH4. Before introduc-
tion into the reactor, water was adsorbed by a cooling trap. The

methane and oxygen conversions were calculated based on

% conversion, = [COI + [CO] 100

0 4 = 1COT + [CO2] + [CHalouter
(1/2)[CO] 4 [CO32] + (1/2)[H,0] 100
(1/2)[CO] + [CO2] + (1/2)[H,0]

+[02]outlet

% conversionp, =

And the CO and CO; selectivity was calculated based on
[CO2]
[CO + CO2]
[CO]
[CO] + [CO2]

% selectivityco, =

% selectivitycq =

2.4. Characterization

X-ray diffractometer (XRD, Bruker D8 Advance) was used to
analyze chemical compatibilities against high temperature and
stability against reducing atmosphere. The microscopic features
and element compositions of the electrodes were characterized
using an environmental scanning electron microscope (ESEM,
QUANTA-2000) equipped with an energy dispersive X-ray
(EDX) attachment. The electrode performance was investigated
with complete cell configuration by the ac impedance method
using an electrochemical workstation based on the Solartron
1287 potentiostat in combination with a Solartron 1260A fre-
quency response analyzer. The frequency range applied was
from 0.01 Hz to 100 kHz with signal amplitude of 10 mV under
OCYV conditions. The overall impedance data were fitted by
a complex nonlinear least squares (CNLSs) fitting program in
Z-View 2.9b software.

3. Results and discussion
3.1. Initialization by methane and air mixed gas

Because the SC-SOFC in this study operates on a methane—air
mixture, the most practical approach to fuel cell initialization is
the through the application of the same mixed gas or through
using pure methane as the reduction gas. Shao et al. have demon-
strated that the highest performance for a SC-SOFC with similar
cell components to those in this study was achieved at the
methane to oxygen ratio of ~1:1 [28]. Therefore a methane—air
mixture with the same methane to oxygen ratio was inves-
tigated in this study for the initialization of the fuel cell at
800 °C (methane to air ratio of 90:380). During the initializa-
tion process the OCV of the fuel cell was in situ monitored.
Once the anode was successfully reduced, the resulting nickel
metal would catalyze the partial oxidation of methane to syn-
gas and then create a significant decrease in the oxygen partial
pressure over the anode surface. Consequently, a large OCV
should be observed due to the large oxygen potential difference
between the anode and cathode surfaces. As shown in Fig. 2,
a steady increase of the OCV was observed over time. How-
ever, the cell voltage increased very slowly from an initial value
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Fig. 2. The time-dependence of the cell OCV during the initialization process
with methane and air mixed gas as the reduction gas.

of —0.006-0.007 V after about 6.5h on stream. This suggests
that the initialization was actually unsuccessful. After the treat-
ment, the fuel cell maintained perfect geometric integrity with
no carbon deposition detected over both the cathode and anode
surfaces. The room-temperature conductivity was so low that
it was out of the range of the multimeter. XRD patterns of
the anode, before and after the treatment of the fuel cell by
CHy + air mixed gas, are shown in Fig. 3. It can be seen that the
nickel in the anode still took the oxidation state of NiO after the
treatment.

Whether or not the anode can be successfully activated by
the methane—air mixed gas during the in situ initialization pro-
cess is closely related to the catalytic activity of the NiO + SDC
anode towards the gas mixture. Fig. 4 shows the temperature
dependence of methane/oxygen conversions and CO/CO» selec-
tivity over the unreduced NiO +SDC anode catalyst between
550 and 850 °C. It was observed that NiO + SDC had medium
catalytic activity for methane deep oxidation to CO; and H;O.
At 800 °C, the oxygen and methane conversions reached ~99.8
and ~50%, respectively. The chemical stability of NiO and Ni
depends on both the temperature and the partial pressure of oxy-
gen in the atmosphere. The equilibrium oxygen partial pressure
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Fig. 3. XRD patterns of the anode before and after the pre-treatment with
methane and air mixed gas.
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Fig. 4. Methane and O, conversions, CO and CO, selectivity of NiO+SDC
catalysts for methane oxidation at various temperatures between 550 and 850 °C.

for the reaction NiO < Ni + 1/20; (g) is around 9.1 x 10~ 19 atm
at 800 °C [31]. This means that thermodynamically nickel oxide
can be reduced to Ni metal only at Po, <9.1 x 1071%atm at
800 °C. The actual oxygen partial pressure over the NiO + SDC
surface, which was calculated based on the unreacted oxygen,
reached ~107> atm. Such high oxygen partial pressure, which
was previously related to the poor activity of NiO + SDC for
oxygen conversion, accounts for the unsuccessful activation of
the anode, i.e., the reduction of NiO to Ni, by applying the
methane—air mixture as the reduction gas.

3.2. In situ reduction of anode by pure methane

Considering the high oxygen partial pressure of the anode
atmosphere by applying methane—air mixture as the initializa-
tion gas, pure methane, a more reducing gas, was investigated
for in situ reduction of SC-SOFC anode. After the fuel cell was
treated with methane at 800 °C for ~400 min, the methane—air
mixed gas was turned on and the time dependence of OCV was
recorded. Near zero OCV was also observed. This suggests that
the initialization of the fuel cell by pure methane also failed.
Electrochemical impedance spectroscopy (EIS) measurements
demonstrate that the fuel cell had an area specific bulk resis-
tance of less than 0.6 §2 cm? at 800 ©. Therefore, the anode was
actually successfully reduced after the methane treatment. How-
ever, the fuel cell was badly distorted and swelled significantly
with a cell diameter increase of more than 40%. Shown in Fig. 5
are the XRD patterns of the anode after the in situ reduction
by methane. Only metal nickel and SDC phases were detected,
which further supports that the successful reduction of the anode
was achieved.

The surface morphologies of the anode and cathode before
and after the methane treatment were examined by SEM. When
compared to the fresh anode (Fig. 6A), it could be seen that
the porosity of the anode after the treatment was significantly
increased (Fig. 6B). On the other hand, large amounts of carbon
fibers were observed inside the anode layer. Their formation was
closely related to the high catalytic activity of nickel for methane
cracking [32,33]. Significant carbon formation was supported by
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Fig. 5. X-ray diffraction patterns of the anode before and after the in situ reduc-

tion by pure methane.

the EDX detection as shown in Fig. 6C. Although the EDX is
not a perfect tool for the detection of carbon contents due to the
easy carbon contamination during the sample preparation pro-
cess, especially for quantitatively determination of the carbon
content. However, through careful management, it can still be
applicable to determine carbon qualitatively. During the sam-
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ple preparation, we take care to avoid the carbon contamination
to the maximum degree. Furthermore we conducted the EDX
examination for the hydrogen reduced sample in parallel. The
EDX result of the hydrogen-reduced sample showed only weak
carbon peak (Fig. 6D). It suggests that the carbon contamina-
tion during the sample preparation is small. As compared to
the hydrogen reduced anode, the carbon peak of the methane
reduced anode is in much higher intensity (more than 200 times
in peak height). Since they were prepared in parallel for the
EDX examination, the carbon from the source of contamination
should be comparable for the two samples. Therefore, the carbon
peak in the EDX profile of the methane reduced anode is mainly
contributed from the formed carbon, instead of contamination.
The carbon coking resulted in severe cell distortion and expan-
sion as well as the detachment of the cathode from electrolyte
surface. Fig. 7A and B is the SEM photos of the cathode before
and after the methane treatment. No carbon coking was observed
over the cathode layer after the methane treatment. However, its
grain size reduced significantly when compared to the new cath-
ode. The significant distortion of the fuel cell and the detachment
of the cathode from the electrolyte then accounts for the fail-
ure of the fuel cell’s initialization with methane as the reducing
agent.
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Fig. 6. (A and B) Cross sectional SEM micrographs of the anode (A) before initialization by methane and (B) after the initialization by methane; the EDX profiles
of (C) the methane activated anode and (D) the hydrogen reduced anode (cross section).
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Fig. 7. The surface morphologies of the cathode (A) before and (B) after the methane treatment.

3.3. In situ reduction with hydrogen

In order to prevent carbon coking over the anode by applying
methane as the reduction gas for the fuel cell initialization, the
in situ reduction of the anode by hydrogen was then tried. Once
the fuel cell temperature reached 600 °C under nitrogen atmo-
sphere, the atmosphere was switched to hydrogen with its flow
direction parallel to the electrode surfaces. After the fuel cell
temperature was dwelled at 600 °C under the hydrogen atmo-
sphere for 30 min, the methane—air mixture was the turned on
and an instant response of the OCV was recorded. As shown in
Fig. 8, the fuel cell envisaged a sharp increase of the OCV to
around 0.6 V within the first 15 min, and then slowly increased
to ~0.7 V after an equilibrium time of about 50 min. This sug-
gests that the in situ reduction of the anode in a single-chamber
configuration might be practically feasible.

Fig. 9 shows the steady state I~V curves of the fuel cell at
a furnace temperature of 575-700 °C after initialized by in situ
hydrogen reduction. Within the investigated furnace tempera-
ture range of 575-700 °C, it was observed that higher operation
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Fig. 8. The time-dependence of the cell OCV as in situ reduced by hydrogen.

temperatures resulted in lower OCV. The fuel cell delivered a
promising power density of ~325mW cm™? at a furnace tem-
perature of 575°C and ~350 mW cm™2 at 600 °C. The typical
EIS is shown in Fig. 10. The fuel cell shows a relatively low elec-
trode polarization resistance of ~0.21 £ cm?, which is about the
same as the electrolyte ohmic drop. No substantial difference in
the EIS was observed between different furnace temperatures.
The in situ reduction of the anode by hydrogen fuel is the
most frequently applied technique for the initialization of a dual-
chamber SOFC. Since the anode atmosphere does not reach
the cathode in a dual-chamber configuration, the anode reaction
typically has no impact on the cathode stability. In the single-
chamber configuration, the spontaneous reduction of the cathode
by hydrogen could also occur during the anode reduction, since
the hydrogen stream sweeps not only the anode but also the
cathode. BSCF is intrinsically unstable under hydrogen atmo-
sphere, which was reduced to Co, Fe and BaO/Ba(OH),.xH; 0O,
SrO/(Sr(OH),.xH, O [34]. Fig. 11 shows the XRD diffraction of
both anode and cathode after treatment in the hydrogen atmo-
sphere at 600 °C for 30 min. This demonstrated that the anode
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Fig. 9. I-V and P-I curves of the NiO + SDC|SDC|BSCF + SDC fuel cells ini-
tialized by in situ hydrogen reduction.
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was successfully reduced to metal nickel, while the BSCF per-
ovskite phase in the cathode was totally destroyed. The reduction
and decomposition products of BSCF formed an amorphous
phase.

Since cobalt is typically a good catalyst for methane par-
tial oxidation [35,36], the acquirement of high OCV and power
density was somewhat surprising. Fig. 12 shows the catalytic
activity of fresh and reduced BSCF towards methane conver-
sion. It is very interesting that the reduced BSCF also showed
very poor activity, similar to the fresh BSCEF, for the methane
deep oxidation and partial oxidation. It is suspected that the
iron and BaO/SrO, Ba(OH),.xH,O/Sr(OH),.xH,O phases may
reduce the catalytic activity of cobalt for methane partial oxida-
tion. The poor activity resulted in high oxygen partial pressure
over the cathode, while the partial oxidation of methane created
a highly reducing atmosphere over the reduced anode surface,
and consequently a high OCV was observed.

It was reported that BSCF has very good phase reversibil-
ity capacity. Once the oxidant atmosphere (such as oxygen)
can be restored in time, the reduced BSCF could restore its
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Fig. 11. X-ray diffraction patterns of the anode and cathode after the in situ
hydrogen reduction at 600 °C for 30 min.

perovskite phase structure under an air atmosphere at high tem-
peratures. Such a unique property was believed to be the cause
for the stable operation of the BSCF reactor for the partial
oxidation of methane to syngas, in which a highly reducing
environment is usually expected at the reaction side [34]. It is
likely that the high cathode performance of the in situ activated
fuel cell with hydrogen is also closely related with the high
phase reversibility of the BSCF oxide. To support this assump-
tion, a pre-reduction/re-oxidation under air + CH4 atmosphere
experiment was conducted. Fig. 13 shows the XRD patterns of
the reduced-BSCF oxide after being treated at 800 °C for vari-
ous times under a methane—air atmosphere. Thus, the reduced
BSCEF restored its main peorvskite structure after re-treatment
in methane—air atmosphere for 80 min.

3.4. Pre-reduction of the anode by hydrogen before cathode
deposition

The most ideal initialization process should result in the com-
plete reduction of the anode while not influencing the cathode.
Since the anode and cathode are exposed in the same gas cham-
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Fig. 13. X-ray diffraction patterns of BSCF+SDC powder (A) fresh, (B)
reduced 30 min by Hy at 600°C, (C), (D), (E), (F) and (G) treated under a
methane—air atmosphere for 5, 20, 40, 60 and 80 min, respectively.

ber, the reduction of the cathode would be unavoidable during
the in situ initialization of the fuel cell by hydrogen. An ex situ
reduction of the anode was then tried. The anode-supported thin-
film electrolyte dual layer was pre-reduced by hydrogen, after
the deposition of the cathode layer; the complete cell was fired at
1000 °C under a nitrogen atmosphere to prevent the re-oxidation
of the anode. Through the above process, the reduced state of
the nickel in the anode and the perovskite structure of the BSCF
in the cathode were ensured.

The fuel cell was first heated in nitrogen. Once it reached
600 °C, the mixed methane—air gas was turned on. A quick
response of the OCV was observed, suggesting that the par-
tial oxidation over the anode was initialized and stabilized very
fast due to being catalyzed by the reduced anode. The fuel cell
quickly reached an OCV of ~0.75V, then decreased slightly
with time on stream, and finally remained at a steady value of
~0.73 V after about 5 min of equilibrium time. The fuel cell per-
formance also improved slightly with time on stream, from an
initial peak power density of ~500 mW cm™~? to a steady value of
570 mW cm™2. Both the increment in fuel cell performance and
the decline in OCV were attributed to the elevation of the actual
fuel cell temperature due to the partial oxidation/combustion
over the anode surface. The oxidation of methane over the fuel
cell anode is exothermal in nature, which could result in a fuel
cell temperature ten to hundreds degrees higher than the furnace
temperature [37,38]. Such an increase not only decreased the
electrolyte ohmic resistance but also accelerated the electrode
kinetics, which is beneficial for improving the fuel cell perfor-
mance. However, the elevated temperature also enhanced the
non-electrochemical oxidation of methane over the cathode and
resulted in a decrease of the OCV. The gas-phase combustion
also accounts in part to the decrease of OCV with temperature.

Fig. 14 shows I-V curves of the fuel cells operated at vari-
ous furnace temperatures. The maximum peak power density of
570 mW cm™~2 was achieved at a furnace temperature between
575 and 700 °C. It was much higher than that observed for the
fuel cell with the in situ reduced anode by hydrogen at similar
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Fig. 14. I-V and P-I curves of the NiO + SDC|SDC|BSCF + SDC fuel cells at
various temperature between 575 and 700 °C furnace temperatures initialized
by ex situ hydrogen reduction.

operational conditions (350 mW cm~2). The impedance spec-
troscopes of the fuel cell were also examined under an OCV
condition with the typical EIS shown in Fig. 15. The fuel cell
demonstrates an overwhelming polarization resistance from the
electrolyte, which is about three times that of the electrode polar-
ization resistance, including both the anode and cathode.

As compared to the OCV of a dual-chamber fuel cell using
YSZ electrolyte and syngas as fuel (~1.15V), the OCV in this
study is relatively low, which is mainly contributed from two
aspects. Firstly, SDC will not perform as a pure oxygen ionic
conductor at the fuel cell operation condition of this study. Since
the fuel cell temperature in single-chamber configuration could
be several tens to hundreds degree higher than the furnace tem-
perature, the real fuel cell temperature is around 700-800 °C in
this study. At such high temperature, the electronic conductiv-
ity of SDC electrolyte is not negligible, which caused internal
current short and resulted in lowering OCV. Secondly, the non-
ideal performance of anode and cathode towards methane—air
mixture caused mixed potential over the electrodes, which then
led to additional decrease of the open circuit voltage.
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Fig. 15. Typical impedance spectroscopy of the fuel cell initialized by ex situ
hydrogen reduction, measured at a furnace temperature of 575 °C.
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4. Conclusions

The performance of the anode-supported SC-SOFC based
on a NiO + SDC anode and BSCF + SDC cathode are strongly
related to the initialization process. Methane—air mixed gas
failed to reduce NiO due to the poor activity of NiO towards
methane oxidation. Although successful reduction of NiO was
achieved by applying pure methane as the initialization gas, the
anode experienced severe carbon deposition, which resulted in
the severe distortion of the fuel cell, and consequently zero
power was generated from this fuel cell. The initialization of
the NiO anode SC-SOFC by in situ reduction with hydrogen
was somewhat successful. A peak power density of ~325 and
350 mW cm ™2 was achieved at a furnace temperature of 575
and 600 °C, respectively, which was closely related to the high
phase reversibility of BSCF. The pre-reduction of the anode by
hydrogen before cathode deposition was found to be a more suit-
able method of initialization. With this method, the BSCF can
maintain perfect perovskite structure during the anode reduc-
tion, which then ensures the high performance of the fuel cell.
Under optimized conditions, a peak power density as high as
550-570 mW cm~2 was observed at a furnace temperature of
575-600 °C with a methane—air stream for both the anode and
cathode. EIS examination suggests that the electrolyte ohmic
drop was the overwhelming resistance for the fuel cell. A
decrease of electrolyte thickness would further increase the fuel
cell performance. Based on above analysis, it is clear that the
reduction of the anode before the cathode deposition is the most
suitable method for the initialization of the fuel cell with a
Ni + SDC anode and BSCF + SDC cathode operated in a single-
chamber configuration with methane—air mixture.
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