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a  b  s  t  r  a  c  t

Ni  cermet  anodes  were  prepared  from  nanoparticle  8  mol%  yttria-stabilized  zirconia  (8YSZ)  with  various
crystallite  sizes.  Results  of  temperature-programmed  reduction  of the  anode  suggested  strong  interac-
tion  between  Ni  and  8YSZ  with  a small  crystallite  size.  The  performance  of  an  internal  reforming  solid
oxide  fuel cell  (IR-SOFC)  with  anodes  prepared  from  8YSZ  was  almost  the  same regardless  of  interaction
between  Ni and  8YSZ.  However,  the rate  of  coke  deposition  decreased  with  an  increase  in interaction
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between  Ni  and  8YSZ.  This  strong  interaction  was caused  by the  presence  of  surface  hydroxide  groups
indicated  by  in  situ  FT-IR.  Carbon  deposition  resistance  was  enhanced  by controlling  the interaction
between  Ni  and  8YSZ.

© 2011 Elsevier B.V. All rights reserved.
urface hydroxide group

. Introduction

Power generation by solid oxide fuel cells (SOFCs) is one of the
ost attractive energy conversion systems because of their high

fficiency, low pollution and fuel flexibility. The high operation
emperature allows an SOFC to operate on a large range of fuels,
ncluding hydrocarbon [1–3], coal syngas [4,5], biogas [6],  and even
olid carbon [7].  Among these fuels, natural gas has attracted great
nterest because it is a relatively cheap and widely available fuel

ith many deposits; thus, it is suitable for SOFCs. The composition
f natural gas, depending on the place of production, is basically
ethane with a small amount of other hydrocarbons and a tiny

mount of impurities. Methane can be reformed into H2 as follows.
team reforming of methane:

H4 + H2O → 3H2 + CO (1)

ater gas shift reaction:

O + H2O → CO2 + H2 (2)
ickel/yttria-stabilized zirconia (Ni/YSZ) cermet is most commonly
sed as an IR-SOFC anode catalyst due to its high activity for elec-
rochemical fuel oxidation reaction and compatibility of thermal

∗ Corresponding author. Tel.: +81 11 706 9165; fax: +81 11 706 9163.
E-mail address: takeguch@cat.hokudai.ac.jp (T. Takeguchi).

381-1169/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.09.007
expansion coefficient to electrolytes such as YSZ. Even thermo-
dynamically carbon deposition-free condition (TCDC), carbon is
kinetically deposited on a Ni/YSZ anode catalyst during internal
reforming of methane (Eq. (1)). Eq. (1) is consisted of Eqs. (3) and
(4).

A considerably larger amount of water is added to a reactor
because the rate of methane cracking (Eq. (3)) is high on a Ni cata-
lyst.

CH4 → C + 2H2 (3)

C + H2O → CO + H2 (4)

Carbon deposition for an IR-SOFC causes deactivation of the Ni
catalyst and rapid degradation of IR-SOFC performance. Thus, it is
important to achieve the catalytic reforming activity and tolerance
to carbon deposition. Some efforts have been made to suppress car-
bon deposition. The addition of alkaline earth oxide (MgO, CaO, and
SrO) and CeO2 to Ni/YSZ cermet has been reported [8].  Although
addition of CaO addition is effective for suppressing carbon deposi-
tion and promoting reforming, electrochemical activity as anode is
slightly reduced. Matsui et al. reported that the carbon deposition
over cermets proceeded readily when the source oxide mixuture
(NiO/Scandia-stabilized zirconia, NiO/ScSZ) was treated at high

temperature as compared to that treated at low temperature. This
can be explained by strong interaction between NiO and ScSZ as
well as the agglomeration of Ni particles [3].  Carbon formation
in the presence of hydrocarbons can be avoided by replacing Ni

dx.doi.org/10.1016/j.molcata.2011.09.007
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:takeguch@cat.hokudai.ac.jp
dx.doi.org/10.1016/j.molcata.2011.09.007
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those of 8YSZ-non and 8YSZ-600, indicating that fine particles grew
to large particles during calcination from 600 to 1000 ◦C. The XRD
patterns clearly showed that the mixed oxides calcined at 1000 ◦C
had cubic structures.
0 H. Takahashi et al. / Journal of Molecu

ith a metal that does not catalyze C–C bond formation, such
s Cu, but the thermal stability of alternative electrodes tends to
e worse [9–11]. Oxide anodes (especially perovskite-type oxide)
ave been reported as alternative SOFC anodes because oxides are
ot expected to catalyze the formation of carbon [12–14].  How-
ver, it is difficult to apply an oxide anode for an SOFC because the
atalytic performance for steam reforming and electro oxidation
f H2 is insufficient. Therefore, the carbon deposition resistance of
i/YSZ should be improved. The effect of preheat-treatment of YSZ
repared by the glycothermal method before mixing Ni and YSZ
as therefore investigated.

. Experimental methods

Nanoparticle 8YSZ powders having a large surface area were
repared by the glycothermal method [15]. One bottle of 70%
r(OC3H7)4 in 1-propanol (25 g, Kishida Chemical Co., Ltd) and
.14 g of (CH3COO)3Y·4H2O (Wako Pure Chemical Industries, Ltd)
ere mixed in 100 ml  of 1,4-butanediol (Wako Pure Chemical

ndustries, Ltd) in a test tube, which was then set in a 300 ml
utoclave. An additional 30 ml  of 1,4-butanediol was added to
he gap between the test tube and autoclave. The gas phase in
he autoclave was replaced with Ar gas. The mixture was heated
rom room temperature to 300 ◦C at a rate of 2.3 ◦C min−1 and
ept at that temperature for 2 h. After cooling, the resulting pow-
ers were washed with ethanol and dried at room temperature
or one day. The dried powders were calcined at various tem-
erature with a heating rate of 3.3 ◦C min−1, giving three kinds
f 8YSZ, which were then calcined at 600 ◦C or 1000 ◦C or not
alcined; they were denoted as 8YSZ-600, 8YSZ-1000 and 8YSZ-
on, respectively. They were impregnated with Ni(NO3)2·6H2O
Wako Pure Chemical Industries, Ltd) aqueous solution with
n Ni loading of 44 wt%. Generally, high Ni loading have been
sed for SOFC anode [16–18].  The impregnated powders were
alcined at 1400 ◦C at a rate of 3.3 ◦C min−1 and kept at that
emperature for 4 h to form Ni/8YSZ, and they were denoted
s Ni/8YSZ-600-1400, Ni/8YSZ-1000-1400 and Ni/8YSZ-non-1400,
espectively.

One side of a YSZ disk (20 mm  in diameter, 0.5 mm in thickness)
as painted with the slurry of a mixture of polyethylene glycol

00 and the above-mentioned cermet. The painted disk was heated
rom room temperature to 1400 ◦C at a rate of 3.3 ◦C min−1 and kept
t that temperature for 4 h in air.

A perovskite-type La0.6Sr0.4MnO3 mixed oxide was also pre-
ared for the cathode catalyst. Desired amounts of (CH3COO)3
a·nH2O, (CH3COO)2Sr·(1/2)H2O, and (CH3COO)2Mn·4H2O (Wako
ure Chemical Industries, Ltd.) were dissolved in distilled water.
he water was removed from the mixed solution at 100 ◦C and
he powders were dried at 120 ◦C overnight. The dried powders
ere ground in a motor-driven mill for 24 h. The ground powders
ere heated from room temperature to 900 ◦C at a rate of 3.3 ◦C
in−1 and kept at that temperature for 10 h to form perovskite-

ype La0.6Sr0.4MnO3 oxide. The slurry of a mixture of polyethylene
lycol 600 and La0.6Sr0.4MnO3 was applied on the other side of
he disk. The disk with both sides painted was heated from room
emperature to 1150 ◦C at a rate of 3.3 ◦C min−1 and kept at that
emperature for 5 h in air. The area of the electrode was 0.28 cm2.

Crystal structure and crystallite size were determined using XRD
easurements. XRD powder patterns were obtained on a Rigaku

INT-Ultima+ X-ray diffractometer using a Cu K� X-ray source
40 kV, 20 mA). All samples were scanned at a 2� range of 20–80◦
t a scanning rate of 2.000◦/min.
The rate of coke deposition was measured on a Shimadzu TGA

0 micro-thermobalance. Catalyst sample was filled in platinum
an, which was set in apparatus. First, 5% H2–Ar was fed to the
talysis A: Chemical 350 (2011) 69– 74

sample at a flow rate of 60 STP ml  min−1 during programmed heat-
ing to 1000 ◦C at 10 K min−1 to reduce NiO. When the temperature
reached to 1000 ◦C, 5% H2–Ar was  switched to mixed gas composed
of 19.3% CH4, 10.6% H2O and balance N2 was fed at 1000 ◦C and
at a flow rate of 60 STP ml  min−1. The catalyst weight was  varied
depending on the catalytic activity to fix methane conversion to
35%. The rate of coke deposition was determined by measuring the
amount of carbon deposited for the first 10 min.

Temperature-programmed reduction (TPR) was  conducted
using CHEMBET-3000 (Yuasa Ionics Inc.). The catalyst sample was
reduced in 5% H2–Ar at a flow rate of 70 ml  min−1 (25 ◦C, 1 atm)
with a heating rate of 10 K min−1. In situ DRIFTS measurements
were carried by using a JASCO FT/IR-6100 spectrometer equipped
with MCT  detector. IR spectra were measured from 100 ◦C to 400 ◦C
under He flow.

The current–voltage characteristics were measured at a cell
temperature of 1000 ◦C on Autolab30-MF-SP by using General Pur-
pose Electrochemical System for Windows version 4.9 (Autolab Eco
Chemie B.V.). Before measurement, pure H2 was fed to anode to
reduce NiO at 1000 ◦C. After reduction of NiO, a gas mixture of 97%
H2 and 3% H2O was supplied as anode gas to Ni/8YSZ and O2 was fed
to the La0.6Sr0.4MnO3 cathode at a flow rate of 100 STP ml min−1. For
IR-SOFC measurement, a gas mixture of 10% CH4, 20% H2O and 70%
N2 was supplied as anode gas to Ni/8YSZ. The AC impedances were
measured at a cell temperature of 1000 ◦C on Autolab30-MF-SP by
using Frequency Response Analyser Windows version 4.9 (Autolab
Eco Chemie B.V.) at open circuit voltage in the frequency range from
0.1 Hz to 10 kHz with signal amplitude of 10 mV.

3. Results and discussion

3.1. Structural analysis (XRD)

Fig. 1 shows XRD patterns for 8YSZ-non, 8YSZ-600 and 8YSZ-
1000. The peaks of 8YSZ-non and 8YSZ-600 were broad, indicating
that the formed powders were composed of fine crystallites. The
crystallite sizes of 8YSZ-non, 8YSZ-600 and 8YSZ-1000 were 3,
5 and 20 nm,  respectively. The XRD patterns indicated that the
formed powders were composed of mixed oxides having tetrag-
onal or cubic structures. The peak width for the mixed oxides for
8YSZ-non and 8YSZ-600 was too large to distinguish tetragonal and
cubic structures. The peaks of 8YSZ-1000 were much sharper than
Fig. 1. XRD patterns of 8YSZ after glycothermal treatment (a) 8YSZ-non, (b) 8YSZ-
600, and (c) 8YSZ-1000.
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as shown in Table 1 and the amount of active site is almost same
among catalysts. Therefore, crystallite site of Ni/8YSZ did not affect
the difference of carbon deposition reaction. Also, the crystallite
size of Ni in Ni/8YSZ was enough to occur carbon deposition.
ig. 2. XRD patterns of Ni/8YSZ after calcination at 1400 ◦C (a) Ni/8YSZ-non-1400,
b) Ni/8YSZ-600-1400, and (c) Ni/8YSZ-1000-1400.

Fig. 2 shows XRD patterns for Ni/8YSZ-non-1400, Ni/8YSZ-600-
400 and Ni/8YSZ-1000-1400. There was no structural difference
mong the anodes. Table 1 shows the crystallite sizes of NiO and
YSZ in Ni/8YSZ calculated from Sherrer’s equations. The crystallite
ize of NiO ranged from 45 to 48 nm,  and that of 8YSZ ranged from
9 to 32 nm.  The crystallite sizes of NiO for anodes were almost
ame regardless of crystallite sizes of 8YSZ.

.2. Carbon deposition on anode catalysts

The rate of carbon deposition for steam reforming of methane
as measured on a thermobalance. Many researchers have agreed

hat the rate of steam reforming of methane on Ni/Al2O3 catalysts
s proportional to partial pressure of methane and that the rate is
ndependent of partial pressure of water [19–21].

H4 → C + 2H2 Rate of,  CH4 decomposition :R1

he above CH4 decomposition is the rate-determining step.

 + H2O → CO + H2 Rate of C removal :R2

he rate of coke deposition depends on the combination of the
bove reactions.

(coke formation) = R1 − R2.

or practical generation in an IR-SOFC, the H2O/CH4 (steam/carbon,
/C) ratio is usually over 2 under a pressurized condition. These val-
es are far from a thermodynamically carbon deposition condition.
owever, deactivation by coke deposition is a serious problem for

ong-time operation even under this TCDC. Therefore, it is impor-
ant to evaluate the rate of carbon deposition under a TCDC, which
s similar to a practical generation condition for an IR-SOFC.

We  calculated thermodynamics of carbon deposition. The rela-
ion between H2O/CH4 and CH4 conversion is shown in Fig. 3.

hen CH4 is decomposed at a high rate with a low H2O/CH4 ratio,

t is thermodynamically impossible to remove all of the carbon
eposited. The rate of CH4 decomposition was fixed (CH4 con-
ersion: 35%) by changing the catalyst weight. This means that
he rate of CH4 decomposition, R1, was fixed. Calculation showed

able 1
rystallite size of NiO and 8YSZ in Ni/8YSZ after calcination at 1400 ◦C.

Anode Crystallite size of NiO/nm Crystallite size of 8YSZ/nm

Ni/8YSZ-non-1400 48.1 29.2
Ni/8YSZ-600-1400 45.4 31.8
Ni/8YSZ-1000-1400 45.2 29.2
Fig. 3. Relation between H2O/CH4 and CH4 conversion obtained by thermodynamic
calculation.

that coke is not thermodynamically formed when H2O concentra-
tion is more than 9.4%, (H2O/CH4 > 0.49). When H2O was 10.6%,
(H2O/CH4 > 0.55), the rate of coke formation was  kinetically con-
trolled, not thermodynamically.

Fig. 4 shows carbon deposition rates of various Ni cermet anode
catalysts. Ni/8YSZ-1000-1400 showed the highest rate of carbon
deposition. Since commercial 8YSZ is close to 8YSZ-1000, Ni/8YSZ-
1000-1400 is the closest to a conventional Ni cermet anode catalyst.
The carbon deposition rate decreased with a decrease in crystallite
size of 8YSZ. This difference in carbon deposition rate among Ni
cermet anode catalysts might be caused by the difference in inter-
action between Ni and YSZ. At the same time, crystallite size may
be another reason, because the reaction for coke formation needs
more active sites. In our case, Ni/8YSZ anode catalysts were pre-
pared from 8YSZ with different crystallite size. However, crystallite
size of all catalysts used was the same after calcination at 1400 ◦C
Fig. 4. Effect of carbon deposition rate for the first 10 min on steam reforming of
methane on various Ni-anodes under a thermodynamically coke deposition-free
condition. Gas composition: 19.3% CH4, 10.6% H2O, balance N2; Total flow rate: 60
STP ml  min−1; Reaction temperature: 1000 ◦C. Conversions of all samples were fixed
to  about 35% (a) Ni/8YSZ-non-1400, (b) Ni/8YSZ-600-1400, and (c) Ni/8YSZ-1000-
1400.
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anode catalysts functioned as anode catalysts. When Ni/8YSZ-non-
1400 was  used as the anode catalyst, maximum power density was
200 mW cm−2 at 500 mA cm−2. However, Ni/8YSZ-600-1400 and
ig. 5. TPR profiles of Ni cermet anode catalysts (a) 8YSZ calcined at 1400 ◦C, (b)
i/8YSZ-non-1400, (c) Ni/8YSZ-600-1400, and (d) Ni/8YSZ-1000-1400.

.3. Interaction between Ni and YSZ (TPR)

Temperature-programmed reduction (TPR) profiles of Ni/8YSZ
nder flowing 5% H2–Ar are shown in Fig. 5. Reduction of nickel
xide in the cermet was initiated at ca. 300–400 ◦C for each sam-
le, and two reduction peaks were observed at low temperature
ca. 400–500 ◦C) and high temperature (>550 ◦C). The former peak
an be attributed to reduction of NiO free from influence of the sup-
ort, whereas the latter one indicates strong interaction between
iO and the support [3,22,23]. For Ni/8YSZ-non-1400, only a small
mount of Ni was isolated from 8YSZ because the peak at lower
emperature was  small. The interaction between Ni and 8YSZ-non
as the strongest because there were some reduction peaks of NiO

t high temperature. For Ni/8YSZ-600-1400, there were two peaks
t low temperature and intermediate temperature. This means that
he Ni isolated from 8YSZ and Ni having interaction with 8YSZ coex-
st in the cermet. Ni/8YSZ-1000-1400 showed a main peak at low
emperature, indicating weak interaction between Ni and 8YSZ-
000. Therefore, the order of interaction is as follows.

i/8YSZ-non-1400 > Ni/8YSZ-600-1400 > Ni/8YSZ-1000-1400

his order corresponds to the order of carbon deposition rate. The
nteraction between Ni and 8YSZ increased with a decrease in car-
on deposition rate. Therefore, it was indicated that the interaction
etween Ni and the support is closely related to carbon deposition
ate.

.4. Surface analysis (DRIFTS)

The interaction between Ni and 8YSZ prepared by the glycother-
al  method was changed by changing the calcination temperature

efore impregnating Ni. Therefore, the surface properties of 8YSZ
efore and after calcination were analyzed. The support prepared
y the glycothermal method consists of superfine particles, and
here are many surface hydroxide groups on 8YSZ. The surface
ydroxide groups were analyzed by in situ FT-IR. Inset in Fig. 6
hows the IR spectra of 8YSZ calcined at various temperatures,
hich were referenced to non-calcined YSZ. Thus peaks to a down-
ard direction show decrease in reflectance (�I). Peaks attributed
o surface hydroxide groups were observed at 503 and 602 cm−1

24]. Therefore, increase in �I  at 503 and 602 cm−1 means the
ecrease in the amount of hydroxide groups. Fig. 6 shows the rela-
ion between �I  and calcination temperature for 8YSZ. The amount
Fig. 6. Decrease in reflectance at 503 (�) and 602 cm (�) at various temperatures
(inset) in situ IR spectra of YSZ calcined at (a) 100 ◦C, (b) 200 ◦C, (c) 300 ◦C and (d)
400 ◦C. All spectra were referenced to non-calcined YSZ.

of the surface hydroxide group decreased with increase in calcina-
tion temperature. A surface hydroxide group causes formation of
solid solution partially. Then interaction between the supported
metal and support material becomes strong. As a result, the inter-
action between Ni and 8YSZ decreased with increase in calcination
temperature before impregnating Ni because the amount of the
surface hydroxide group was decreased by calcination.

3.5. Electrochemical performance test

The current–voltage characteristics for SOFCs with Ni cermet
anode catalysts on 8YSZ were examined in an H2 stream as a fuel
gas. The results are shown in Fig. 7. The open circuit voltage was
around 1.09 V regardless of calcination temperature. The Ni cermet
Fig. 7. Performances of cells with various Ni anodes for H2 oxidation. (�) Ni/8YSZ-
non-1400, (�) Ni/8YSZ-600-1400, (�) Ni/8YSZ-1000-1400. Anode gas: H2 (3% H2O),
flow rate: 100 STP ml  min−1, Cathode gas: O2; flow rate: 100 STP ml  min−1, reaction
temperature: 1000 ◦C.
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tream. (�) Ni/8YSZ-non-1400, (�) Ni/8YSZ-600-1400, (�) Ni/8YSZ-1000-1400.
node gas: 10% CH4, 20% H2O, 70% N2 (balance); flow rate: 150 STP ml min−1,
athode gas: O2, flow rate: 150 STP ml  min−1; reaction temperature: 1000 ◦C.

i/8YSZ-1000-1400 showed almost the same performance as that
f Ni/8YSZ-non-1400. Crystallite sizes of 8YSZ before impregnating
i did not affect electrochemical performance for H2 oxidation.

In a CH4–H2O stream as a fuel gas, the current–voltage charac-
eristics for the IR-SOFC with Ni cermet anode catalysts on 8YSZ
ere examined. The results are shown in Fig. 8. The open circuit

oltage of the cell with Ni cermet was around 1.0 V regardless
f calcination temperature. Also, all anodes showed almost the
ame electrochemical performance for CH4. There were no effects
f calcination of 8YSZ before impregnating Ni on electrochemical
erformance for CH4 oxidation.

.6. Electrochemical impedance analysis
AC impedance analysis was carried out for cells with Ni cer-
ets as shown in Fig. 9. Ohmic resistance was determined by

he high-frequency intercept with the abscissa, and non-ohmic
esistance was determined from the distance between low- and

ig. 9. AC impedance of cells with various Ni anodes for SOFC at OCV for H2 oxidation
t  1000 ◦C.
alysis A: Chemical 350 (2011) 69– 74 73

high-frequency intercepts with the abscissa [14,25–27].  Anode
interface resistance, RA, corresponds to non-ohmic resistance
because a common electrolyte, YSZ, is used. The ohmic resistance
and RA of all cells was 1.3–1.5 � and about 4.8 �, respectively. All
anodes showed almost the same resistance regardless of calcina-
tion temperature. These results are in agreement with results for
electrochemical performance.

Although Ni/8YSZ-1000-1400, Ni/8YSZ-600-1400 and Ni/8YSZ-
non-1400 showed almost the same electrochemical performance,
the effect of suppression of carbon deposition was clearly observed
for Ni/8YSZ-non-1400 as shown in Fig. 4. Ni/8YSZ-non-1400
showed strong interaction between Ni and 8YSZ. This strong inter-
action was caused by the presence of surface hydroxide groups.
8YSZ prepared by the glycothermal method has many surface
hydroxide groups. The strong interaction between Ni and 8YSZ
suppresses agglomeration of Ni particles. Thus, carbon deposition
was inhibited. Matsui et al. [3] reported earlier that the interac-
tion between Ni and ScSZ strongly influences the carbon deposition
rate. In this literature, Ni–ScSZ treated at 1400 ◦C showed low
carbon resistivity. The main reason for this result was  Ni agglomera-
tion. Another reason was  strong interaction between NiO and ScSZ
because this interaction indicated partial solid solution between
NiO and ScSZ, which caused the decrease in ionic conductivity of
ScSZ. These results conflicts with our results. In our cases, there is a
possibility that solid solution has occurred partially as described
in Section 3.4.  However, since all anodes showed rather similar
electrochemical activity, we thought that the strong interaction
between Ni and YSZ did not affect the ionic conductivity as shown
in Figs. 7 and 8, and improved carbon resistivity. Also, there is a pos-
sibility that the support material reduces carbon deposition on the
catalyst. We have reported that deposited carbon can be reduced by
reaction with O2−, which is sourced from CeO2 in the anode layer
[27]. Fumoto et al. reported that ZrO2 exhibits activity to produce
active oxygen species from H2O [28]. Defects of oxygen in CeO2
can be supplied by active oxygen species. For Ni/8YSZ-1000-1400,
there is a large amount of Ni isolated from 8YSZ. Therefore, it is
difficult to remove carbon deposited on the Ni catalyst, because
the lattice oxygen cannot react with carbon. On the other hand,
Ni/8YSZ-non-1400 having Ni that strongly interacted with 8YSZ
inhibited carbon deposition. Carbon deposited near Ni and 8YSZ
can react with lattice oxygen in 8YSZ. Therefore, the Ni/8YSZ-non-
1400 anode is a candidate for a long-time operation IR-SOFC anode
catalyst. When this material is used as an SOFC anode catalyst for
steam reforming of methane, it is possible to reduce the amount of
water in the reactor. Reduction of water theoretically contributes
to an increase in total efficiency of the SOFC [8,29].  Therefore, a cell
with a carbon deposition-resistance anode is expected to exhibit
high performance for electrochemical oxidation using CH4 as the
fuel gas.

4. Conclusions

We  prepared Ni cermet anodes from nanoparticle 8YSZ cal-
cined at various temperatures. The electrochemical performances
of the anodes were almost same regardless of calcination temper-
ature. However, a Ni cermet anode prepared from 8YSZ without
calcination inhibited carbon deposition during steam reforming of
methane. This high carbon deposition resistivity was  caused by
strong interaction between Ni and YSZ, which was enhanced by
the presence of surface hydroxide groups.
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