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Symmetrical microtubular solid oxide fuel cells (SOFCs) with a catalyst-impregnated yttria-stabilized zirconia (YSZ) scaffold
were fabricated via electrophoretic deposition (EPD). While the pH of the prepared slurry decreased with the amount of
phosphate ester (PE) as a charging agent, the electrical conductivity increased. Both the YSZ scaffold and electrolyte slurries
with 0.5 wt% PE were stable over 36 h. The deposit thickness of the YSZ electrolyte layer increased with the applied voltage
and deposition time. Due to the symmetrical scaffold structure, a single cell could be obtained by a one-step co-firing process.
Fine Ni and La0.6Sr0.4CoO3-δ (LSC) catalysts for anodes and cathodes, respectively, can be impregnated and distributed
uniformly into the porous YSZ scaffold by a glycine-mediated impregnation technique. The maximum power density was 59,
67, and 71 mW/cm2 at 600, 700, and 800 oC, respectively. After the 50th redox cycle, the single cell exhibited no significant
performance degradation.
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Introduction

Solid oxide fuel cells (SOFCs) have many
advantages because SOFCs can be operated at high
temperature (500-1000 oC). A high temperature makes
it possible to use an inexpensive catalyst and have a
high conversion efficiency because of high reaction
kinetics, and the SOFC can also be combined with
other heat generation systems [1-4]. Additionally,
various gases such as CO, CH4, and syngas can be use
as fuels [5].

SOFCs can be roughly classified by planar and
tubular types. Even though planar SOFCs have high
performance and efficiency, they need sealant to block
the gas leakage [6-10]. However, the tubular SOFCs do
not need to seal. Meanwhile, miniaturization of tubular
SOFCs can maximize these advantages, because the
micro size provides stability during the cooling and
heating cycles [11-13], which is very important to a
quick operating process. Additionally, the microtubular
SOFCs are suitable for stacking single cells. Although
a high operating temperature has many benefits, critical
weaknesses also exist for durability such as thermal
expansion, reactions between single cell components,
and instability in a redox atmosphere. Among these
problems, redox stability has been significantly studied
by current research [14, 15].

The scaffold has a porous skeletal structure. The
electrolyte can extend to the electrode region in the
form of a backbone, so that the strength of the whole
single cell is greatly improved. Moreover, scaffold
anodes of yttria-stabilized zirconia (YSZ) or other
oxides, such as a La0.7Ca0.3Cr0.8Mn0.2O3-δ (LCCM), are
less affected by the redox reaction than Ni-based
anodes. In particular, the symmetrical scaffold structure
has a relatively simple manufacturing process (molding
→ sintering → catalyst impregnation → heat treatment)
compared to the conventional process (anode support
extrusion → anode pre-sintering → electrolyte coating
→ anode/electrolyte sintering → cathode coating →
cathode sintering), which results in a significant reduction
in manufacturing cost. Since the heat treatment for
preparation of the catalyst layer is performed at a
relatively low temperature (600 oC or less), the growth
of the catalyst, such as Ni, can be suppressed compared
to the conventional method. Therefore, the interfacial
reaction between the electrolyte and electrode, which
may occur during the high temperature heat treatment
process, can be minimized.

The electrophoretic deposition (EPD) process was
used by Harsanyi in 1927 [16]. This technology is
similar to the plating of a thin layer of metal on some
surface or covering of metal plates. EPD can deposit
uncharged materials such as ceramics, polymers, and
metals [17]. A charging agent helps enclose the surface
of the colloidal particles to be influenced by the electric
field [18]. Thus, EPD can freely control the degree of
deposition by applied voltage and deposition time.
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Therefore, it is very simple and fast to fabricate complex
layers [19, 20]. Alternatively, to make an EPD slurry, a
suitable solvent is needed to dissolve the dispersant [21].
In addition, when the solvent evaporates, it should not
cause cracks or pores. Because of this, organic solvents
are widely used. Lastly, a slurry is prepared by adding
a binder to prevent cracking [22].

In this study, symmetrical microtubular SOFC single
cells with a catalyst-impregnated YSZ scaffold were
fabricated via EPD, and their property and electrochemical
performance were investigated.

Experimental Procedure

The most important condition in EPD is to prepare a
stable slurry. The YSZ scaffold slurry consisted of YSZ
(TZ-8YS, Tosoh, Japan), PMMA (SUNPMMA-S100,
Sunjin Chemical, Korea) as a pore former, polyvinyl
butyral (PVB, Sigma-Aldrich, Germany) as a binder,
phosphate ester (PE, ethyl acid phosphate, Johoku
Chemical, Japan) as a dispersant, and anhydrous ethanol
as an organic solvent. The YSZ electrolyte slurry was
similarly prepared without PMMA. All components of
each slurry were thoroughly mixed by ball-milling for
15 h.

The prepared stable slurries for the YSZ scaffold
anode layer, YSZ electrolyte layer, and YSZ scaffold
cathode layer were deposited sequentially on a graphite
rod (3-mm diameter, Alfa Aesar, England). The
deposition conditions were controlled by various
voltages and times at a constant current of 20 mA. The
as-deposited green bodies were sintered at 1400 oC for
5 h in air. 

 The next step is impregnation of the catalyst, such as
Ni and La0.6Sr0.4CoO3-δ (LSC), into the porous YSZ
anode and cathode scaffold, respectively. A glycine-
mediated impregnation technique was used as previously
reported [23]. The precursor material for the Ni catalyst
was Ni(NO3)2·6H2O (Puratronic®, 99.9985% metals
basis, Alfa Aesar, England). A 0.01 M Ni stock solution
was prepared with glycine (99%, Alfa Aesar, England).
For the LSC, La(NO3)3·5H2O (99.9% metal basis,
Sigma-Aldrich, Germany), Sr(NO3)2 (99.0%, Alfa Aesar,
England), and Co(NO3)2·6H2O (Puratronic®, 99.999%,
metals basis, Alfa Aesar, England) were used as the
precursor materials with glycine (99%, Alfa Aesar,
England). Impregnation was carried out by micro
pipetting three times. Subsequently, the impregnated
samples were kept inside a vacuum oven for 1 h at
80 oC. This was followed by calcination at 800 oC for
Ni catalyst and 950 oC for LSC catalyst for 2 h in air.

Au paste as a current collector was deposited on both
the cathode and anode sides and then fired at 800 oC
for 1 h. A galvano-potentiostat (SP150, Biologic, SAS,
France) was used for evaluating the electrochemical
performance at 600-800 oC. Humidified H2 (~3% H2O
at 30 oC) and dry air were supplied as a fuel and oxidant

at flow rates of 30 and 100 cm3/min, respectively. For
the redox cycle test, a single cell operated at a constant
current load of 70 mA/cm2 at 600 oC with H2 fuel for
30 min and air for 30 min. N2 gas was purged for
30 min between H2 and air flow.

Results and Discussion

The first step of the EPD process is to prepare a
stable slurry for each coating layer. The YSZ scaffold
slurry and YSZ electrolyte slurry were prepared.
Although the two slurries are based on the same YSZ
powder, their compositions should be different because
the electrolyte and scaffold must have different
microstructures. The particles in the slurry should be
well dispersed to be stable and charged to be moved by
the electrical field. PE was used as a dispersant as well
as a charging agent in this study. The hydroxyl group
in the organic solvent combines with the dissociated
PE molecules with negatively charged O sites and
releases the proton. The released protons are absorbed
on the surface of the particle in the slurry as a result of
the interaction between the acid and base [24].
Therefore, the particles are charged positively. The pH
and electrical conductivity of the YSZ scaffold and
YSZ electrolyte slurries measured with various
amounts of PE are shown in Fig. 1. When the amount
of PE increases, the pH decreases, but the electrical

Fig. 1. Conductivity and pH of the YSZ (a) scaffold and (b)
electrolyte slurries as a function of PE concentration.
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conductivity increases due to an increase in the amount
of released protons.

Alternatively, the separated PE molecules coordinate
with protonated positive sites on the surfaces of
particles and consequently prevent flocculation as a
dispersant. The dispersion stability of each slurry with
various amounts of PE was evaluated by a precipitation
test as shown in Fig. 2. The YSZ scaffold slurry
exhibited no layer separation until 24 h, but the samples
that contained more than 1 wt% PE showed precipitation
after 36 h. The super-saturation of PE on the surface of
particles may induce precipitation. In the case of the
YSZ scaffold slurry, only the sample containing 0.5 wt%
PE was stable over 24 h. Accordingly, the optimal
amount of PE for the preparation of both a stable YSZ
scaffold and YSZ electrolyte slurries was confirmed as
0.5 wt%. The optimal conditions for the slurry of the
YSZ scaffold and YSZ electrolyte layers are listed in
Table 1.

In order to investigate the deposition rate according
to EPD conditions, the thickness and weight of the
deposited green body samples dried for 24 h at room
temperature were measured while varying the voltage
and deposition time, respectively, at the fixed current of
20 mA; the results are shown in Fig. 3. While both the
deposition weight and thickness of the YSZ electrolyte
increased linearly with increasing deposition time at the
fixed current and voltage, both increased up to 15 V
and were saturated at 30 V. Based on these results, the

optimal deposition conditions for each coating layer in
order to obtain crack-free rigid samples are listed in
Table 2.

Fig. 4 shows a cross-sectional SEM image and an
image of the symmetrical microtubular SOFC single
cells with YSZ scaffold that was fabricated by the EPD
process with a 2.5 mm diameter and 60 mm length after
sintering at 1400 oC for 5 h in air. No delamination or

Fig. 2. Stability of the YSZ (a) scaffold and (b) electrolyte slurry with time. The numbers in the picture indicate the amount of PE.

Table 1. Optimal slurry conditions for the EPD process.

Slurry
PE

(wt%)
PVB

(wt%)
PMMA
 (vol%)

Solid 
loading
(solute: 
solvent)

YSZ scaffold 0.5 2.5 30 28:100

YSZ electrolyte 0.5 2.5 − 20:100

Fig. 3. The deposition weight and thickness of the YSZ electrolyte
as a function of the (a) deposition time at 10 V and (b) voltage for
20 s.
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cracks were observed between the porous scaffold and
dense electrolyte layers. A thin YSZ electrolyte with
10.4 μm thickness was deposited evenly. The effective
electrode area was 4.7 cm2.

Ni and LSC catalysts were impregnated into the
porous YSZ anode and cathode scaffold, respectively.
In the case of Ni catalyst, NiO was the as-impregnated
form after calcination in air. In reality, NiO would be
reduced to Ni during the operation. The microstructures
of the catalyst-impregnated cathode and anode are shown
in Fig. 5. NiO was reduced to Ni at 800 oC for 2 h in H2.
Fine Ni and LSC particles were homogeneously
distributed onto the YSZ scaffold. However, Ni particles
were distributed discontinuously, while the LSC
particles evenly covered the YSZ surface.

Current-voltage (I-V) and power density curves for
the symmetrical microtubular SOFC single cells with
catalyst-impregnated YSZ scaffold fabricated by the
EPD process, measured at 600-800 oC, are shown in
Fig. 6. The open circuit voltage values at 600, 700, and
800 oC were 0.95, 0.93, and 0.90 V, respectively, which
are less than the theoretical value for the YSZ
electrolyte-based single cell. This indicates that gas
leakage might occur through the pin-holes on the thin
YSZ electrolyte. The maximum power density was 59,
67, and 71 mW/cm2 at 600, 700, and 600 oC, respectively.

Table 2. Optimal deposition conditions for the EPD process.

Layer
Voltage

(V)
Current
(mA)

Time
 (s)

YSZ scaffold anode 20 20 60

YSZ electrolyte 10 20 10

YSZ scaffold cathode 8 20 8

Fig. 4. Cross-sectional SEM image and picture of the symmetrical
microtubular SOFC single cells with YSZ scaffold that was
fabricated by the EPD process.

Fig. 5. Cross-sectional SEM images of Ni and LSC particles
located in the YSZ scaffold structure of the (a) anode and (b)
cathode side, respectively.

Fig. 6. Current-voltage (I-V) and power density curves for the
symmetrical microtubular SOFC single cells with catalyst-
impregnated YSZ scaffold fabricated by the EPD process,
measured at 600-800 °C.

Fig. 7. Redox stability of the symmetrical microtubular SOFC
single cells with catalyst-impregnated YSZ scaffold fabricated by
the EPD process, measured at 600 oC.
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Although the single cell exhibited relatively lower
electrochemical performance compared to the conventional
YSZ electrolyte-based single cells, it showed no significant
performance degradation and a 91% high performance
retention rate after 50 redox cycles, as shown in Fig. 7.

Conclusions

Symmetrical microtubular SOFC single cells with
YSZ scaffold were fabricated successfully via EPD.
The stability of the slurry is strongly affected by the
amount of charging agent such as PE. The thickness
and morphology of the dense or porous layers can be
precisely controlled by manipulating the deposition
time and voltage. Uniformly-distributed fine Ni and
LSC particles as catalysts for the anode and cathode,
respectively, were successfully impregnated into the porous
YSZ scaffold by a glycine-mediated impregnation technique.
Unlike conventional SOFC single cells, symmetrical
microtubular SOFC single cells with YSZ scaffold fabricated
using the EPD process can be obtained by a one-step co-
firing process. Although the symmetrical microtubular
SOFC single cell with catalyst-impregnated YSZ scaffold
fabricated by EPD exhibited relatively low electrochemical
performance at intermediate temperatures, it showed
significant redox stability.
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