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Abstract

NiO-Ce gGdy,0,_s cermet anode powders with flake-shaped particles have been synthesized using a unique micro-emulsion-mediated
solvothermal process. With an increase in the amount of urea used as a precipitation agent, the particles change from plate to flake shape in a
morphological transition. Well-developed flake-shaped anode powders can be obtained from 24 h of solvothermal treatment. The polarization
resistance at 800 °C in humidified H, and the activation energy of the anode synthesized with 1:4 salt to urea ratio and the solvothermal treatment
duration of 24 h are 0.01 Q cm? and 0.53 eV, respectively. In accordance with the polarization resistance results, a single cell with the MEST4
anode shows a high maximum-power density of 0.32 W cm™>, at 800 °C with a humidified H, fuel.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFC) are energy conversion devices
that directly convert chemical fuel to electrical energy via an
electrochemical reaction [1]. A thin electrolyte is separated by
two electrodes, the anode and cathode. While a reduction of
oxidant occurs at the cathode side, fuel oxidation occurs at the
anode side. The electrochemical reaction occurs at the limited
active area, called the triple phase boundary (TPB), where gas,
electrolyte, and electrode meet [2,3]. Optimization of the TPB
can provide excellent opportunities for performance improve-
ment in SOFC [4,5]. In the case of anodes, the introduction of
cermet, which is a composite of metal catalyst and electrolyte
materials, is an effective approach for increasing the TPB
length [6-8]. In this regard, Ni—yttria-stabilized zirconia (YSZ)

*Corresponding author at: Chonbuk Natioanl University, Division of
Advanced Materials Engineering, 664-14 Deokjin-dong 1ga, Deokjin-gu,
Jeonbuk 561-756 , Republic of Korea. Tel.: +82 63 270 2290;
fax: +82 63 270 2386.

E-mail address: ktlee71 @jbnu.ac.kr (K.-T. Lee).

is a state-of-the-art anode material; while Ni acts as a catalyst,
YSZ provides the porous structure and also acts as an ionic
conductor, transferring oxygen ions to the reaction site to
finish the catalytic cycle. Recently, YSZ has been replaced
with Gd-doped ceria (GDC), because GDC has higher ionic
conductivity than YSZ and can offer catalytic activity, due to
its mixed ionic—electronic conduction in a reduced atmosphere.

Many studies have explored the improvement of composite
anode performance with respect to microstructure [9-12].
These focus on optimization related to the tailored micro-
structure of the anodes, which suggests TPB enlargement using
nano-structured composite powders and various fabrication
processes [13—19]. Suzuki et al. reported outstanding cell
performance using Ni-cermet anodes with particle sizes of
less than 100 nm [8].

In order to tailor the microstructure of the ceramic particles, it
is essential to control the abnormal nucleation and growth of the
crystals. It has been reported that the micro-emulsion process and
reverse micelles are useful in controlling the growth of ceramic
particles such as ZnO, TiO,, and ZrO, [20-23]. The micro-
emulsion method, however, has limitations when synthesizing
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Fig. 1. Flow chart for the synthesis of morphologically-tailored NiO-GDC
powders using a micro-emulsion-mediated solvothermal (MEST) process.
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Fig. 2. TGA data of the NiO-GDC powders: (a) dry residue and (b) pre-
calcined at 300 °C for 6 h.
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Fig. 3. XRD patterns of the as-synthesized NiO-GDC powders of (a) MEST1
(b) MEST2 (c) MEST3 and (d) MEST4 with respect to solvothermal treatment
duration.

multiple component oxides or highly-ordered composite oxides.
The solvothermal method has been used to synthesize various
tailored-nanostructured inorganic materials such as whisker,
ellipsoid, sphere, nano-fiber, and nano-rod [24-27]. We have
adapted the solvothermal process as a post-treatment process for
micro-emulsion in order to synthesize NiO-GDC composite
powders with tailored morphology. This micro-emulsion-
mediated solvothermal (MEST) synthesis method has advantages
over the micro-emulsion method, in that it can decrease reaction
temperature and improve the crystallinity of the products.

2. Experimental procedures

The morphologically-tailored NiO-GDC powders were
synthesized using the novel micro-emulsion-mediated
solvothermal (MEST) process. A micro-emulsion, which is
a thermodynamically stable and isotropic liquid mixture of
oil, water, and surfactant, was prepared, followed by a
solvothermal treatment. The solvothermal method is similar
to the hydrothermal process, which is prepared in an aqueous
media, though the precursor solution for the solvothermal
method is dissolved in organic solvents. The procedure for the
synthesis of NiO-GDC powders using the micro-emulsion-
mediated solvothermal method is illustrated in Fig. 1. The raw



Fig. 4. SEM micrographs of the as-synthesized NiO-GDC powders of MEST1 (a—c), MEST2 (d—f), MEST3 (g-i) and MEST4 (j-1) with respect to solvothermal

treatment duration.
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Fig. 5. Typical AC impedance spectra of the Ni-GDC anode of (a) MEST1, (b) MEST2 (c) MEST3 and (d) MEST4 at 800 °C in humidified H,.
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materials were Ni(NOs3),-6H,O (Alfa Aesar, 98%), Ce
(NO3); - 6H,O (Aldrich, 99% metal basis), Gd(NOs);3 - xH,O
(x=6, Alfa Aesar, 99.9%, REO), cyclohexane (C¢H;,, Alfa
Aesar, 99+%), Triton™®X-100 (C;4H»0(C,H,0),, Alfa-
Aesar), 1-pentanol (CsH;,O, Alfa Aesar, 984+%), acetone
(Samchun Chemicals, 99.5%), and urea (Alfa-Aesar, 98+%)
as a precipitation agent. De-ionized water was used for the
aqueous phase. Four types of NiO-GDC powders were
prepared using the micro-emulsion-mediated solvothermal
method with various molar concentration ratios of nitrate salt
(S) to urea (U), S:U=1:1, 1:2, 1:3, and 1:4, in the aqueous
phase, and named MESTI1, MEST2, MEST3, and MESTH4,
respectively. In order to investigate the effect of solvothermal
treatment time on the morphology of NiO-GDC, solvothermal
treatment was carried out at dwelling times of 5 h, 10 h, and
24 h for each sample. Finally, the gathered powders were
calcined at 600 °C for 2 h in air.

The as-synthesized, morphologically tailored NiO-GDC
anode powders were characterized by X-ray diffraction
(XRD) using Cu-Ka radiation. The morphology of the
powders and the microstructural characterizations of the
sintered samples were investigated with scanning electron
microscopy (SEM, SN-3000 Hitachi, Japan). The specific
surface area of each powder was measured by BET (Brunauer,
Emmett, Teller) analysis (ASAP2010 physisorption analyzer,
Micrometrics, USA). Thermogravimetric analysis (TGA, TA
Q600, TA instruments, USA) was carried out in order to verify
the micro-emulsion-mediated solvothermal process. TGA was
performed in air with a temperature range of 30-800 °C, and a
heating rate of 10 °C min™".

The catalytic activity and electrochemical performance of
the synthesized Ni-GDC anode were evaluated with AC
impedance analysis and a single cell test, respectively, using
an electrolyte-supported single cell. Coin-shaped GDC elec-
trolyte pellets with a 25 cm diameter and 0.5 mm thickness
were fabricated using commercial GDC powder (CG0O90/10
UHSA, Grand C&M Co. Ltd.), and sintered at 1450 °C for 4 h.
Bao_5SI'0.5C00_8F60‘203_5—CCO.8Gd0.202_5 (5050 Wt%/Wt%)
powder, synthesized with the combustion method, was used
as a cathode [28]. Each electrode layer with a geometrical area
of 0.49 cm® was fabricated by screen-printing on both sides of
the GDC pellet. Both anode and cathode pastes were made by
mixing the powder and binder (Heraeus V006) at a ratio of
70:30 wt%. Each screen-printed anode and cathode layer was
fired at 1250 °C and 1050 °C, respectively, for 2 h. Single-cell
AC impedance analysis was performed using a universal
potentiostat with a frequency response analyzer (Bio-logic
Science Instruments), and a three-electrode configuration under
humidified H, at 700 °C, 750 °C, and 800 °C. The applied
frequency was in the range from 1 mHz to 1 MHz, with a
voltage amplitude of 10 mV. -V measurements of single cells
were carried out using a fuel cell test station (SMART2,
WonATech Co. Ltd., Korea) at 700 °C, 750 °C, and 800 °C.
Humidified H, (~3% H,0 at 30 °C) and dry air were supplied
as fuel and oxidant, respectively, at a rate of 100 cm® min~.
NiO in the anode was reduced to Ni in humidified H, before
the AC impedance analysis and single cell test.

3. Results and discussion

TGA plots of NiO-GDC powder synthesized by the micro-
emulsion-mediated solvothermal process are shown in Fig. 2.
At 200 °C, a significant weight loss occurred in the dry residue,
which became saturated at approximately 300 °C. The total weight
losses in the temperature range of 200-300 °C for MESTI,
MEST2, MEST3, and MEST4 were 60.5%, 52.8%, 50.4%, and
42.2%, respectively. The weight losses in the NiO-GDC residue
were due to the presence of water and organic solvents. After
further heating to 900 °C, a weight loss of approximately 4% was
recorded. These weight losses correspond to the conversion of
hydroxide, or other pre-phase NiO-GDC, to the final oxide phase.
The total weight loss in all NiO-GDC residues was approximately
56 + 5 wt%, which is significantly larger than the theoretical
weight loss during decomposition of the Ni(OH), to NiO
(17.8%), and of the Ce(OH)s to CeO, (17.3%) [29,30]. This
difference is due to the presence of a large amount of organic
residue in the micro-emulsion. The dry residues were pre-calcined
at 300 °C in order to confirm the decomposition process and
clearly determine the calcination temperature. As shown in Fig. 2
(b), two significant weight losses are distinctly visible in the TGA
plots. The first occurs from room temperature to approximately
300 °C, and is due to the loss of crystal water as well as some
organic components. The recorded weight losses are 2.4%, 2.9%,
2%, and 1.9% for MEST1, MEST2, MEST3, and MEST4,
respectively. The second weight loss occurred from 300 °C to
600 °C; the weight losses measured in this temperature range were
4.3%, 4%, 3.2%, and 3.3% for MEST1, MEST2, MEST3, and
MESTH4, respectively. This weight loss corresponds to the decom-
position of hydroxide to oxide phases. Additionally, a certain
amount of CO, and H,O were produced as byproducts during the
formation of NiOH and Gd/Ce(OH),, due to the decomposition of
urea to ammonia by hydrolysis [31,32]. The TGA data also shows
that in order to obtain pure NiO-GDC powders, a calcination
temperature of over 600 °C should be used.

XRD patterns of the as-synthesized NiO-GDC powders
calcined at 600°C for the appropriate solvothermal treatment
durations are given in Fig. 3. Peaks for all samples are well
matched with cubic NiO (Fm3m, JCPDF #47-1049) and cubic
Ce.gGdp,0,_5 (Fm3m, JCPDF #34-0394), and no secondary
phase or impurity was detected. Using Scherrer's formula, the
calculated mean crystallite sizes of NiO and GDC were found
to be 22 + 2 nm and 20 + 2 nm, respectively, irrespective of
the solvothermal treatment duration.

Although no significant variation in crystallite size was
observed, the overall morphology of the as-synthesized
NiO-GDC powders was found to strongly depend on both the
salt to urea ratio and the solvothermal treatment duration, as shown
in Fig. 4. Unlike the calculated mean crystallite size results, the
particle size of the as-synthesized NiO-GDC powders increased
with an increase in urea content. As the solvothermal treatment
time increased, a morphology transition occurred. Interestingly,
while particles in the NiO-GDC powders synthesized with a low
urea concentration (MEST1 and MEST?2) and at a solvothermal
treatment time of 24 h were plate shaped, those synthesized with a
high urea concentration (MEST3 and MEST4) formed flake-like
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microspheres, with flakes resembling flower petals. The growth
process of the unique flake-like structure may be associated
with the urea, which has a planar-crystal structure and two —NH,
groups joined by a carbonyl (C=0) functional group [33]. The
oxygen center is engaged in two N-H-O hydrogen bonds [32].
The structure of urea is quite open and flat, and the H-bonded
networks and ribbons form tunnels with a square cross-section.
Considering the structure of urea, it is expected that during the
solvothermal treatment the Ni, Gd, and Ce precursors are
precipitated and bound with the planner H-bonded network of
the urea. The formation of flakes therefore begins with a small
seeding, ultimately forming large flakes or flower-like morphology.
One can easily expect that the flake-like microsphere anode
powder would have a large specific surface area. The BET surface
areas of the MEST1, MEST2, MEST3, and MEST4 anode
powders were 10.6m*g', 122m’g™’, 285m’g™', and
32.6m”> g~', respectively. Considering the catalytic reaction on
the anode surface, one may expect the MEST4 anode with the
largest surface area to exhibit the best electrochemical performance.

The AC impedance spectra of Ni-GDC anodes in humidified
H, are shown in Fig. 5. While the left intercept with the impedance
arc on the Z'-axis at high frequencies indicates the ohmic
resistance, R,, the right intercept on the Z’-axis at low frequencies
corresponds to the total resistance, Ry The polarization resistance,
R,, is the overall size of the arcs (R —R,). The calculated R,
values at 700 °C, 750 °C, and 800 °C are listed in Table 1. The
MEST4 anode showed lower R, value at a given temperature in
H,. With respect to the reaction sites, it can be expected that the
MEST4 anode with the well-developed flake structure, as shown in
Fig. 4, would show better electrochemical performance than the
other anodes. The temperature dependences of the ohmic (R,) and
polarization (R;,) resistances are shown in Fig. 6, and the calculated
activation energy, E,, values are listed in Table 1. The activation
energy of the Ni-GDC anode synthesized by the micro-emulsion-
mediated solvothermal process is relatively lower than that of other
Ni—ceria-based anodes investigated earlier (0.9-1.45 eV) [34-36].

Fig. 7 shows the SEM micrographs of the Ni-GDC anodes after
the electrochemical performance test. It is well known that the
initial morphology of a powder strongly affects the final structure
of the sintered body. Although the anodes do not hold the flake
shape due to high-temperature sintering, they still have a small
grain size, less than 1 pm, appropriate area contact between grains,
and good adhesion between the anode and electrolyte.

-V curves and power densities for the Ni-GDC anode
synthesized by the micro-emulsion-mediated solvothermal pro-
cess are shown in Fig. 8. The maximum power densities of a
single cell with the MEST1, the MEST2, the MEST3, and the
MEST4 anode at 800 °C in humidified H, were 0.21 W cm ™2,
029 W cm_z, 030 W cm_z, and 032 W cm_z, respectively.
Although there was no significant difference in the single cell
performance, it is consistent with the trend observed in the AC
impedance data.

4. Conclusions

NiO-GDC cermet
particles were

anode powders with flake-shaped
successfully synthesized using a unique

micro-emulsion-mediated solvothermal process. Control of
the morphological transition was made possible by altering
both the ratio of salt to urea and the solvothermal treatment
duration. The particle morphology changed from plate to flake
shape with an increase in urea concentration, and a solvother-
mal treatment time of over 24 h was required to obtain well-
developed flake-like microsphere anode powders. The initial
flake-like Ni-GDC powders tended to form a highly-porous
network structure with small grain size, even after the final
sintering stage, which led to an improvement in electrochemi-
cal performance.

Table 1
Polarization resistance and activation energy of the Ni-GDC anodes at various
operating temperatures in humidified H,.

Anode material Polarization resistance (Q cm?) Activation energy (eV)

700 °C 750 °C 800 °C
MEST1 0.355 0.152 0.064 0.72
MEST2 0.244 0.100 0.047 0.67
MEST3 0.050 0.024 0.013 0.56
MEST4 0.039 0.017 0.011 0.53
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Fig. 7. SEM micrographs of the NiO-GDC anodes of (a) MEST1, (b) MEST2 (c) MEST3 and (d) MEST#4 fired at 1250 °C for 2 h. The inset shows an enlarged

micrograph of the anode region.
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