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Abstract In this study, samaria-doped ceria (Sm0.2Ce0.8O1.9,
SDC) thin film is deposited on the Ni-SDC support by
employing the electrophoretic deposition technique. Various
factors are considered for the deposition of SDC films. The
corresponding microstructure of the deposited SDC film is
examined and correlated to the electrochemical performance
as a single-chamber solid oxide fuel cell (sc-SOFC). It is
found that the microstructure of the SDC film mainly relates
to the particle size of SDC. After heat treatment, highly
dense SDC film is obtained with the deposition condition of
5 g L−1 of the SDC suspension (average grain size of SDC,
248 nm), 60 V as the applied potential, and the deposition
time of 1 min (18 μm in thickness). For the Ni-SDC/SDC/
SSC cell, an open circuit potential of 0.92 V and peak power
density of 155 mW cm−2 can be obtained at the furnace
temperature of 500 °C.

Keywords Solid oxide fuel cell . Samaria-doped ceria .
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Introduction

Solid oxide fuel cell (SOFC), one of the candidates for clean
energy technologies, is able to deliver high power density for
various applications. Compared with other kinds of fuel
cells, SOFC has several advantages including flexible fuel
used, cheaper materials for each component and higher
overall efficiency regarding the combined utilization of the
produced power and heat. However, a typical SOFC is
operated at a high temperature (900∼1,000 °C) owing to the
low ionic conductivity of the yttria-stabilized zirconia
electrolyte. A high-temperature operation leads to the fast
degradation of electrode microstructure, possible interfacial
reaction between electrode and electrolyte, mechanical stress
resulting from the differences in thermal expansion coef-
ficients between the components, and sealing difficulty.
Furthermore, slow startup and the need of expensive
materials for the current collector are not favored. Therefore,
intermediate-temperature SOFC (IT-SOFC) operated at the
range within 500∼700 °C draws much attention, as it is able
to alleviate the problems encountered under a high-
temperature operation [1]. To achieve operation at interme-
diate temperatures, the configuration of a thin electrolyte
film on the porous electrode support is one of the promised
strategies, which is able to reduce the high ohmic loss
resulting from the thick electrolyte [2].

Since the success of Hibino et al., a simple single-
chamber design for SOFC (SC-SOFC) has been announced
worldwide [3–5]. In SC-SOFC, fuel gas and oxygen are
premixed as a stream and introduced into a gas chamber
that anode and cathode are exposed to. This approach
eliminates the sealing problem encountered in a conven-
tional dual-chamber SOFC in which the anode and cathode
chambers are separated. Similarly, the pore-free electrolyte
is not required. Various designs of the fuel cell stack
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constructed for the SC-SOFC cells can be consequently
simple and can easily meet the requirement with less total
volume. Furthermore, the energy consumed for the main-
tenance of the high-temperature operation can be greatly
reduced since exothermic partial oxidation of the fuel takes
place directly at the anode to heat the local cells [3, 6]. The
surprising work done by Shao et al. exhibited a high
performance of the thermally self-sustained SC-SOFC
without heating from a furnace [7]. Although a lot of
benefits can be found for SC-SOFC, good selectivity of the
electrodes, anode, and cathode toward fuel oxidation and
oxygen reduction reaction may be the main criterion.

An excellent performance of the electrolyte-supported
Ni-SDC/SDC/SSC SC-SOFC (SDC, Ce0.8Sm0.2O1.9; SSC,
Sm0.5Sr0.5CoO3) has been first reported by Hibino et al.
with peak power densities of 282 and 231 mW cm−2 using
ethane and propane, respectively, as the fuels at 450 °C.
However, the cell failed to give a reasonable performance
with methane as the fuel under the same operation condition
almost 0 mW cm−2 at 450 °C [3]. Nevertheless, methane is
one of the most stable fuels that minimize the gas phase
reaction with oxygen. The partial oxidation of methane has
been intensively studied for SC-SOFC [3, 8–10]. The poor
catalytic activity was attributed to the insufficient catalytic
activity of Ni-SDC anode to methane at low temperatures
where partial oxidation with oxygen is not able to take
place [3, 11]. Hibino et al. have also found that the drawback
of methane over the Ni-SDC anode can be improved by the
addition of noble metals, such as Pd [11], which is effective
for the partial oxidation of methane at low temperatures.
With a small amount of Pd, cell performance can be
improved from∼μW cm−2 to ∼270 mW cm−2 at 450 °C [11].

A fast, cost-effective, and easily controllable electropho-
retic deposition (EPD) method has been demonstrated in
the literature for the fabrication of SOFC, especially for the
electrode-supported SOFC [12–21]. A crack-free and
highly dense film has been obtained by careful control of
the synthesis conditions. However, an investigation on the
EPD-derived SOFC cell on single-chamber mode is rare. In
this work, we have tried to examine the performance of the
anode-supported Ni-SDC/SDC/SSC cell by EPD technique.
The parameters for EPD deposition of SDC film on the
porous Ni-SDC support are discussed. In addition, the low
temperature performance of the fabricated single cell was
evaluated under single-chamber mode, which is comparable
to the cells operated under dual-chamber mode with either
hydrogen or methane as the fuel.

Experimental

Synthesis of raw materials All the chemicals were pur-
chased and used as-received. The electrolyte and cathode
materials were synthesized by the citrate-gel method. For

the SDC powders, 0.04 mol of Ce(NO3)3·6H2O (Acros,
99.5%) and 0.01 mol of Sm(NO3)3·6H2O (Acros, 99.9%)
were dissolved in 100 mL of de-ionized water. Also, 0.1
mole of citric acid (Acros, 99.5%) was dissolved in 100 mL
of de-ionized water followed by dropping into the former
metal precursor solution with stirring. The mixed solution
was heated in a water bath at 80 °C for the gelation process.
When a clear gel was obtained, it was further dried at 140 °C
and then heat-treated at 600 °C for 5 h in air. A similar
procedure was used for the SSC powders. After drying, the
solid gel was heated at 1,000 °C for 5 h in air with a ramping
rate of 1 °C min−1.

Preparation of anode support Commercial NiO (Acros,
97%) and the synthesized SDC powders were mixed in
ethanol in a weight ratio of 1:1 with zirconia balls in a PE
bottle. The ball milling process was continued for 24 h. The
powders were then dried and pulverized with a mortar. 0.6 g
of the pulverized powders was poured in a mold 16 mm in
diameter and uni-pressed under a pressure of 50 MPa. The
disk was heated at 750 °C for 6 h at ambient atmosphere with
a ramping rate of 1 °C min−1. The calcined disk served as
the anode support for the deposition of the SDC film.

Preparation of anode-supported SOFC cell EPD was
employed for the deposition of SDC film on the NiO–SDC
support. Basically, the process developed by Xu et al. was
followed [22, 23]. Firstly, the SDC suspension was
prepared with the mixed solvent of acetone and ethanol in
a volumetric ratio of 3:1. Proper amount of iodine was
added to the mixed solvent. Various concentrations of SDC
(3, ~ 10 g L−1) in the mixed solvent were prepared. The
suspension by the as-synthesized or the ball-milled SDC
was prepared for comparison. The above solvent was
ultrasonically treated for a couple of minutes to form the
required SDC suspension.

For electrophoretic deposition of SDC film on NiO–SDC
support, a stainless steel disk 15.5 mm in diameter and the
graphite-bonded NiO–SDC support served as the anode and
cathode, respectively. The distance between the two electrodes
was fixed to be 10 mm. The two electrodes were immersed in
the SDC suspension and a voltage of 60 V was then intended
to be applied in between. The deposition process was
completed within several minutes (1∼3 min). The deposited
SDC film on NiO–SDC support was co-fired with a heating
program of 5 °C min−1 to 1,000 °C and held for 1 h, which
was followed by 2 °C min−1 to 1,350 °C and held for 12 h.

The SSC cathode was prepared by screen printing. The
slurry was prepared with the SSC powders, ethyl cellulose,
and α-terpineol in a weight ratio of 2:1:1. The above
mixture was ball-milled for 24 h to obtain homogeneous
slurry. The slurry was applied on the SDC film by screen
printing, followed by heating at 1,100 °C for 5 h.
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Characterization The phase confirmation of the raw materi-
als was characterized by X-ray diffraction (XRD) technique
using an X-ray diffractometer (Rigaku D/Max-RC, Japan)
operated under Cu Kα radiation (1.5406 Å) at 40 kV and
100 mA [24]. The materials are pelletized for XRD
characterization. The particle size distribution of the SDC
powders was determined with a laser light scattering system
(Photal DLS-7000). The microstructures and thickness of
the electrode and the electrolyte were characterized by a
scanning electron microscope (SEM, JEOL JSM-6500F).
For electrochemical characterization, Ag net and Au wires
were attached to the electrode surfaces for current collec-
tion. The impedance of the SOFC cell was characterized
using an electrochemical system combining a Solartron
1260 Frequency Response Analyzer and a Solartron 1286
Potentiostat. The applied frequency ranged from 105 to
10−1 Hz with the signal amplitude of 20 mV. The fuel cell
performance was characterized at the furnace temperature
of 500 °C. Prior to characterization, the anode was reduced
at 600 °C for 6 h with a ramping rate of 5 °C min−1. The
atmosphere was controlled with a mixture gas of H2 and Ar in
a volumetric ratio of 1:9 and a flow rate of 100 mL min−1.
After reduction, the furnace temperature was reduced to the
target temperature for the fuel cell characterization. The
reactant gas was composed of methane and air premixed in a
ratio of 3:7. The total flow rate was fixed at 300 mL min−1.

Results and discussion

First of all, phase confirmations of the synthesized SDC
and SSC powders are examined by XRD and shown in
Fig. 1. Figure 1 clearly indicates that the cubic fluorite
structure of the synthesized SDC powders and the pure
perovskite structure of the synthesized SSC powders can
be identified with the JCPDS file (JCPDS No. 75-0158).
No impurities are observed in the acquired XRD pattern
[25].

The deposition behaviors of the SDC thin film by EPD
may reflect on its quality after heating. The amount of
iodine in the mixed solvent was firstly discussed for the
EPD process. Chen et al. indicates that the addition of
iodine in an acetone–ethanol mixed solvent may produce
protons by the substitution reaction [26]:

CH3COCH3 þ 2I2! ICH2COCH2Iþ 2Hþ þ 2I� ð1Þ

CH3CH2OHþ I2! ICH2CH2OHþ Hþ þ I� ð2Þ
The produced protons are able to adsorb on the surface

of the particles. With proper voltage applied, the charged
particles would move toward the cathode side in the EPD
system. Figure 2 exhibits the effect of iodine concentration

in an acetone–ethanol mixed solvent to the deposited
weight of SDC (weight change of NiO–SDC anode support
before and after EPD). The applied voltage is 60 V and held
for 30 s for all the EPD processes with the as-synthesized
SDC powders (320 nm) as the suspension feedstock. The
maximum deposited weight appears at the iodine concen-
tration of 0.6 g L−1, which indicates the saturation of
protons on the SDC particle surface in this work. A higher
iodine concentration in the solvent implies a higher
percentage of free protons. Therefore, the competition
between free protons and charged SDC particles during
the EPD process would result in fewer charged particles
deposited onto the NiO–SDC support (cathode side).
Further, evolution of H2 may take place as well, which
would lead to porous SDC film.

The effect of various SDC concentrations (3, 4, 5, or
10 g L−1, 320 nm SDC) in the suspension was investigated
for EPD process. During the process, the applied voltage
was fixed at 60 V and the iodine concentration was
0.6 g L−1. After 3-min deposition followed by heating at
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Fig. 1 XRD patterns for the synthesized SDC and SSC powders
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1,350 °C, the microstructure of the SDC films were
characterized by SEM, the images of which are shown in
Fig. 3. It is worth to note that all the deposited films are
porous, which indicates that the density of the film may not
be associated with the suspension concentration. Further, no
linear relationship between the thickness of the deposited
film and the SDC concentration is observed. For the SDC

films deposited with suspension of 5 or 10 g L−1, the
thickness is about 37 μm. However, 32 μm is obtained for
the suspension of 3 or 4 g L−1. It is proposed that the
insufficient quantities of iodine in the mixed solvent result
in the partial precipitation of the suspension.

It is clear that the porous SDC film cannot be avoided
even after a high-temperature treatment (Fig. 3). Therefore,
ball-milling process was introduced to obtain uniform and
fine SDC particles. Figure 4 shows the particle size
distribution of the synthesized SDC powders before and
after the balling-milling process by laser light scattering
technique. Obviously, the size distribution of the as-
synthesized SDC powders is boarder than that of the ball-
milled one. The average particle size for the as-synthesized
SDC powders is about 320 nm (Fig. 4a) and is reduced to
248 nm after ball-milling for 24 h (Fig. 4b). The
effectiveness of a simple ball-milling process can thus be
realized. Later, the suspension by the ball-milled SDC
powders was prepared for the EPD process. The iodine and
ball-milled SDC concentrations are fixed to 0.6 and
5 g L−1, respectively. The EPD process was performed for
1 min with an applied voltage of 60 V, which is followed by
heating at 1,350 °C. From Fig. 5, the resulting film is
highly dense with the thickness of 18 μm. By comparing
the results shown in Figs. 4 and 5, it is clear that uniform
and fine particles are the key factors for a highly dense film
by EPD process.
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Fig. 2 Effect of iodine concentration on the amount of deposited SDC
by EPD technique
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Fig. 3 SEM images of sintered
SDC films prepared by EPD
technique (applied voltage,
60 V; deposition time, 3 min)
with various SDC (320 nm)
concentrations in the suspension
(a 3, b 4, c 5, and d 10 g L−1)
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The impedance of the Ni-SDC/SDC/SSC cell was
analyzed by two-electrode configuration. A comparison of
the SDC thin films with 248 and 320 nm SDC powders is
made and shown in Fig. 6. For impedance analysis, the
operating temperature of the cell is 500 °C in air.
Obviously, the impedance for the cell with the thin film
by 248 nm SDC powders (34 μm) is much smaller than that
by the 320-nm ones (37 μm). The thickness of the
electrolyte film should contribute to the resulting imped-
ance, but the electrolyte film by SDC-320 exhibits only

10% thicker than that by SDC-248. Considering the
electrolyte impedance from the spectra, the impedance of
the electrolyte film by SDC-320 is 2.3 Ω (the intercept of
the spectrum and X-axis), which is 64% higher than that by
SDC-248 (1.4 Ω). The result indicates that there should be
other factors influencing the electrolyte impedance rather
than thickness. Clearly, the two electrolytes exhibit large
difference in their densities, which can be evidenced from
the corresponding SEM images (Figs. 3 and 5). Usually, the
porous electrolyte film leads to higher ionic transport
resistance between grains, which could be the main reason
for the higher impedance of the electrolyte film by SDC-
320.Although porous electrolyte may work in SC-SOFC,
higher impedance would hinder the oxygen transport and
subsequently reduce the performance.

The polarization curve of the Ni-SDC/SDC/SSC cell was
examined under a mixed methane–air (3:7) atmosphere.
Comparing two cells with the SDC thin films deposited,
respectively, by 248 and 320 nm SDC powders at 500 °C
(Fig. 7, 10 g L−1), the former one shows a slightly higher
open circuit potential (OCP) than the later one (0.82 to
0.8 V). Interestingly, the former cell exhibits a much
higher peak power density than the later one (135 to
115 mW cm−2). It is possibly owing to the higher
impedance of the SDC thin film derived from the 320 nm
SDC powders, which the higher ohmic loss can realize
under high current output. The results obtained herein are
quite different from the literature, wherein the electrolyte-
supported Ni-SDC/SDC/SSC cell only can deliver peak
power density of ∼μW cm−2 with OCP of 0.11 V at 500 °C
with a methane–air mixture [8]. It implies that the
assistance of noble metal for the partial oxidation of
methane proposed in the literature can be eliminated with

Fig. 5 SEM images of sintered SDC films prepared by EPD
technique (applied voltage, 60 V; deposition time, 1 min) with SDC
(248 nm) concentration of 5 g L−1 in the suspension

Fig. 4 Particle size distributions of the a as-prepared (denoted as
320 nm) and b 24-h ball-milled (denoted as 248 nm) SDC powders
using laser light scattering technique

Fig. 6 Comparison of AC impedances for the Ni-SDC/SDC/SSC
cells using 248 and 320 nm SDC powders for the electrolyte thin film
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the anode-supported configuration. We propose that the
possible reasons for the high performance are the higher
number of active sites for partial oxidation of methane as
provided by the anode support and the thin SDC film. The
anode-supported SOFC is composed of much more nickel
particles than the electrolyte-supported SOFC does. The
partial oxidation of methane takes place on the nickel
surface in the presence of oxygen. Even the catalytic ability
of nickel is less than that of the commonly used noble
metals, e.g., Pd, the much higher numbers of nickel
particles in the anode-supported SOFC compensate for the
poor catalytic ability. For single-chamber SOFC, the heat
released from the exothermic partial oxidation is able to
increase the local temperature of the SOFC cell, which
facilitates the reaction rate of the electrocatalytic oxidation
of methane. Furthermore, the thickness of the electrolyte
film produced by the EPD method is much thinner than that
for a common electrolyte-supported SOFC. Therefore, the
local temperature of the electrolyte film may be higher than
that of electrolyte-supported SOFC, resulting in higher
ionic conductivity. The higher number of active sites
provided by nickel particles leads to a higher local
temperature of the SOFC cell and, subsequently, the
electrocatalytic ability of an electrode and the higher ionic
conductivity of an electrolyte film improve the SOFC
performance.

In the previous paragraphs, it is mentioned that the
thickness of the deposited SDC thin film is similar with
the suspension concentration of 5 and 10 g L−1. However,
the exhibited performance is not identical. The polariza-
tion curves of the cell with the suspension concentration
of 5 g L−1 are shown in Fig. 8. The highest OCP of 0.92 V
with the maximum peak power density of 155 mW cm−2 is
obtained for the cell operated at 500 °C. It is proposed that
the densities of the SDC films prepared with different

suspension concentrations may change after sintering,
which results in a difference in the corresponding elec-
trochemical performance. It is believed that the charge
density on the SDC particle surface may impact the
quality of the electrophoretic-deposited film. With the
same iodine concentration, a higher SDC concentration in
the suspension solution results in a lower charge density
on the SDC particles. Therefore, the driving force for the
SDC particles in the suspension of higher SDC concen-
tration would be smaller, which probably leads to the
deposited film being less compact. Furthermore, it can be
noticed that the low temperature performance is compar-
ative to the results shown in the literature without usage of
noble metals [27–31], which demonstrates the EPD
technique for application in the development of the Ni-
SDC/SDC/SSC cell. However, the SDC thin film behaves
as the n-type semiconductor at the furnace temperature
higher than 500 °C, which leads to lower OCP of the
cell.

Conclusion

In this work, Ni-SDC/SDC/SSC cell was prepared and
operated under the single-chamber conditions with meth-
ane–air mixture. It was found that the importance of the
proper iodine concentration and small and uniform SDC
powders for EPD suspension is manifest to obtain a high-
quality SDC film. Further, the results exhibit the anode-
supported configuration as being able to overcome the poor
catalytic ability of methane partial oxidation reaction on Ni-
SDC anode, in which the aid of noble metals can be
eliminated.

Fig. 8 Comparison of the cell polarization curves at 500 °C with
electrolyte films prepared with different suspension concentrations of
248 nm SDC powders

Fig. 7 Comparison of the cell polarization curves at 500 °C with
electrolyte films prepared with 248 and 320 nm SDC powders
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