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A nickel and yttrium-stabilized zirconia (Ni-YSZ) composite is one of the most com-
monly used anode materials in solid oxide fuel cells (SOFCs). One of the drawbacks
of the Ni-YSZ anode is its susceptibility to deactivation due to the formation of carbo-
naceous species when hydrocarbons are used as fuel supplies. We therefore initiated
an electrochemical study of the influence of methane (CH4) on the performance of Ni-
YSZ anodes by examining the kinetics of the oxidation of CH4 and H2 over operating
temperatures of 600–800�C. Anode performance deterioration was then correlated
with the degree of carbonization observed on the anode using ex-situ X-ray powder
diffraction and scanning electron microscopy techniques. Results showed that carbona-
ceous species led to a significant deactivation of Ni-YSZ anode toward methane oxida-
tion. VVC 2009 American Institute of Chemical Engineers AIChE J, 56: 1651–1658, 2010

Keywords: composite, solid oxide fuel cell, coke formation, characterization,
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Introduction

Fuel cells are green energy resources that can spontane-
ously convert chemical energy into electrical energy, releasing
heat, and water during the electrochemical reaction.1–3 One
class of fuel cells is drawing significant attention: solid oxide
fuel cells (SOFCs), which can be thought of as having a ce-
ramic membrane composed of yttrium-stabilized zirconia
(YSZ), as the electrolyte; hydrogen or hydrocarbon (for exam-
ple CH4) as fuel supplies; and metal or metal ceramic com-
posite as the catalysts.4–7 SOFCs (Figure 1) provide direct

current for stationary and portable applications, such as to
power automotives, lights, or other electrical appliances.

The advantages of SOFCs are ultrahigh energy conversion
efficiency, ultralow emission of environmental pollutants,
simplicity in design and operation, and flexibility of fuel
supplies. However, the current SOFCs designs encounters
problematic issues, manufacturing expense, performance
degradation over prolonged use, heat retention, limited oper-
ating temperature ranges, and materials compatibility.8–10 In
an SOFC, the state-of-the-art electrolyte is yttrium-stabilized
zirconia (YSZ), a polycrystalline ceramic that allows oxide
ions (O2�) to conduct through the electrolyte from the cath-
ode to the anode compartment.11,12 The most-frequently used
anode materials in SOFC are porous metal and ceramic com-
posite composed of Ni and nickel and yttrium-stabilized

Correspondence concerning this article should be addressed to J. Liu at this
current address: MSC 161, 700 University Blvd., Kingsville, TX; e-mail:
kfjll00@tamuk.edu.

VVC 2009 American Institute of Chemical Engineers

AIChE Journal 1651June 2010 Vol. 56, No. 6



zirconia (Ni-YSZ), which have excellent catalytic properties
and conduct current efficiently, but are found to deteriorate
over prolonged time and become deactivated because of car-
bonaceous species formation (also defined as coke formation
when hydrocarbon are used as fuel supplies) at the an-
ode.13,14 Therefore, it is critical to clarify the mechanism of
coke formation on the surface of Ni-YSZ anodes by moni-
toring the electrochemical properties and by characterizing
the microstructure of the anodes with prolonged exposure to
CH4.

15–17 CH4 as the SOFCs fuel supply recently received
increasing attention as CH4 is electrochemically oxidized to
produce synthesis gas (syngas) and electricity with ultralow
environmental pollution.18–20 As mentioned earlier, coke for-
mation causes rapid degradation of anode performance. The
carbonaceous deposition takes place through catalytic dissocia-
tive adsorption of CH4 on the anode electrode surface, which
becomes problematic21–23 Coke formation is one of the main
causes of anode catalyst deactivation in catalytic reactions
involving hydrocarbon transformation.24,25 It is well-estab-
lished that surface carbonaceous species leading to coke for-
mation can also become major reaction intermediates in sev-
eral catalytic process like C8 and Ni3C formation.26,27 To
improve the performance of catalytic materials, it is important
to obtain in-depth insight into the surface chemistry of CH4

dissociative adsorption and the nature of the various carbona-
ceous species formed on the anode surface.28,29

In this study, the overall aim was to clarify the mechanism
of coke formation on the surface of Ni-YSZ anodes by
measuring the electrochemical properties and characterizing
the microstructure as complementary techniques when the
anode is exposed to a CH4 fuel supply. An electrochemical
method for monitoring coke accumulated on the surface of
Ni-YSZ anode is to measure the charge-transfer resistance
(Rct) and exchange-current density (io) before and after expo-
sure to CH4. Ex-situ X-ray powder diffraction (XRD) and
scanning electron microscopy (SEM) were employed to
determine the structural, morphological, and elemental
changes of the Ni-YSZ anode. The novelties of this research
are: (1) combining electrochemical technique and state-of-
the-art instrumentation to understand coke formation mecha-
nism; and (2) using cost-effective green chemistry to derive

the nanostructured composites to act as anode materials. The
contributions of this article are: (1) providing fundamental
study on coke formation; combining (2) offering guidance
for SOFC performance improvement; and (3) optimizing the
green fabrication variables for the SOFC anode materials.

Experimental

All chemicals, unless otherwise specified, were obtained
from Sigma-Aldrich (St. Louis, MO), and solvents were
obtained from VWR International (West Chester, PA). The
reagents were reagent grade and were used without further
purification. Doubly distilled and 0.2 micron-filtered (Milli-
Q) water was used in the dissolution of our compounds.

Anode construction

The anode materials were fabricated using cost-effective
Sol-Gel (SG) method followed by heat-treatment (Figure 2).
The starting materials 0.044 mol nickel chloride (NiCl2) and
0.00488 mol yttrium nitrate Y(NO3)3 were dissolved in 50
ml 50% aqueous ethanol (v/v). The alkoxide 0.056 mol zir-
conium butoxide Zr(OBu)4 was dispersed in 20 ml 1-butanol
and then incrementally added into the above solution. The
reducing agent ascorbic acid was added in excess, and dis-
solved in water to form an aqueous solution which was
incrementally added into the above solution to reduce Ni2þ

cation to metallic Ni. The sol-precursor was obtained on agi-
tation under 1000 revolutions per minute (rpm) and refluxing
for 2 h, and its viscosity was adjusted at 10.5 centistokes via
evaporating ethanol carefully. This Ni-YSZ sol-precursor
was screen-printed onto the YSZ electrolyte substrate. After
deposition of each layer, the anode wafer was preheated at
110�C for 30 min to remove the solvent. In total, five layers
were deposited on the YSZ substrate. The layered Ni-YSZ/
YSZ wafers heated at temperatures ranging from 600 to
900�C with heating rate of 5�C/min. The increment in tem-
perature was controlled at 50�C and each temperature was
maintained for 4 h to obtain highly crystalline composite
and to increase adhesion between the anode and electrolyte
support. It was found that heating temperature at 900�C was

Figure 2. The flowchart of anode materials fabrication.

Figure 1. Simplified schematic design of SOFCs.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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the optimal. The Ni-YSZ/YSZ anode was then placed in the
electrochemical half-cell configuration by heating the assem-
bly from 25 to 800�C under reducing atmosphere (H2 or
CH4). The surface area of anode was kept between 0.2 to
0.3 cm2, which was used as the working electrode (WE).
The reference electrode (RE) with a small surface area
(approximately 0.05 cm2) was deposited on the same side as
WE. On the opposite side, the Ni-YSZ was used as the
counter electrode (CE) with an area larger than that of the
WE to remove the electrons promptly.

The YSZ substrate was fabricated using commercially
available YSZ powder. The YSZ powder was pressed into a
disc with diameter 1.5 cm. This disk was heated at 1350�C
for 4 h to obtain the half fuel cell with sufficient mechanical
strength. The current collectors, made of platinum (Pt)
gauze, were then attached to the RE, CE, and WE using con-
ductive Pt paste.

Electrochemical analysis

Half-cell experiments were carried out at temperatures
ranging from 600 to 800�C (in increments of 50�C) in a
tube furnace using water-saturated H2 or CH4 as the fuels.
The H2 flow rate was set at 20 ml/min and CH4 flow rate at
2.2 ml/min. The low flow rate for CH4 was used to obtain
highly distributed carbonaceous deposition. For the electro-
chemical impedance (EIS) analyses, a Solartron 1255 fre-
quency response analyzer coupled with the potentiostat was
used. The frequency varied from 100,000 Hz to 0.05 Hz,
and the measurements were carried out using a 10 mV per-
turbation amplitude at the open circuit potential (OCP). The
impedance measurements and fitting analyses were carried
out with commercial software (ZPLOT). Cyclic voltammetry
(CV) experiments were performed using an Solartron 1287
interface. The sweep rates range from 2 to 400 mV/s with
data collection handled by Corrware softwareTM. The cur-
rent-resistance (IR) drop originating from the electrolyte re-
sistance was compensated using positive feedback or current
interruption techniques to establish the resistance-free
exchange current and applied potential (i/g) characteristics.30

All of the electrochemical experiments were carried out in
the fuel cell set-up shown in Figures 3a, b. To reduce the
electrical noise during the experiments, a nichrome coil (not
shown in the figure) was placed around the quartz tube. In
this three-electrode CV and impedance experiments, Pt
gauze, attached to a Pt wire, was press-contacted to the Ni-
YSZ and Pt paste electrodes with the aid of a spring loaded
ceramic cap, thus serving as current collectors. A coke for-
mation study was conducted with CH4 flowing into the
SOFC compartment at open circuit for various periods of
time (0.5 to 4 h) at temperatures ranging from 600 to 800�C
in increment of 50�C. The carbonaceous deposits were
removed by heating the SOFC in air to reuse the Ni-YSZ
anode.31,32

Microstructural analysis

X-ray Diffraction (XRD) technique was employed to
determine the crystalline phase and average crystallite size
of the Ni-YSZ anode. The XRD patterns were collected
using a Rigaku multiflex diffractometer (Department of Ge-

ology and Geophysics, University of Calgary), equipped
with a copper (Cu) source. Operating voltage and current
were controlled at 40 kV and 40 mA, respectively. The scan-
ning range was varied between 20� and 80� at a rate of 2
degree/min and high-resolution XRD was employed at scan-
ning rate of 0.05 degree/min. The average crystallite size
and lattice constant variables were calculated using the Jade
7.0 software. The surface morphology, the cross-sectional
images, and the thickness of the Ni-YSZ anode layer were
determined using a Philips environmental scanning electron
microscope (FEI ESEM) equipped with X-ray energy disper-
sive spectroscope (EDS, Health Sciences Center, University
of Calgary). An accelerating voltage of 20 kV and high vac-
uum of ca. 1.0 � 10�5 mbar were generally employed. The
Ni-YSZ anode wafers were mechanically fractured using a
diamond blade, enabling an easier estimation of the film
thickness. The samples were attached to aluminum (Al)
stubs using conducting carbon tape (E. T. Enterprises) and
then sputter-coated with a thin layer of gold (Au)/palladium
(Pd) to improve the surface conductivity. A Tecnai F20 G2

transmission electron microscope (TEM) (Imaging and
Microscope Center, Texas A&M University-College Station)

Figure 3. (a) The Experimental set-up of electrochemi-
cal analysis via three-electrode technique:
high temperature design; (b) the Experimental
set-up of electrochemical analysis: sample
holder and supporting rod.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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equipped with postcolumn Gatan Image Filter was used to
characterize the nanostructured SOFC particles. Magnifica-
tions were calibrated using standards of commercial cross-
line grating replica and SiC lattice images.33,34

Results and Discussion

Determination of H2 oxidation kinetics

The kinetics of H2 oxidation reaction is defined by the
exchange current density (io), which can be measured using
three-electrode techniques. One of the approaches, electro-
chemical impedance spectroscopy (EIS) commonly known as
alternating current (AC) impedance was carried out on the
Ni-YSZ/YSZ anode, as shown in Figure 4a. High frequency
noise and inductance were sometimes observed during the
measurements, generally attributed to the instrument and the
leads. At intermediate and low frequencies, only one reason-
ably established semicircle was observed for hydrogen oxi-
dation reaction (HOR) on Ni-YSZ/YSZ anodes at all temper-
atures. Thus, HOR has been modeled using a simple Rs,
charge transfer resistance/constant phase element (Rct/CPE)
circuit, as shown in the insert of Figure 4a. R1 (also denoted
as Rs) corresponded to the series resistance, arising from the
contacts, leads, and the resistance of the electrolyte and/or
between the working electrode (WE) and reference electrode
(RE). R2 is also denoted as Rct to represent charge transfer
resistance. With increasing temperature, both Rs and Rct (Ta-
ble 1) are observed to decrease exponentially, which indi-
cated faster kinetics at higher temperature due to the faster
ionic conduction.

For a simple system, io can be obtained from the diameter
(charge transfer resistance, Rct) of the Nyquist plot35 and cal-
culated using Eq. 1,

io ¼ R� T

n� F
Rct (1)

where R is the ideal gas constant, 8.314 J/(mol K); T is the
operating temperature in Kelvin; n is the total number of
electrons transferred for the HOR (n ¼ 4); and F is the Faraday
constant 96,485 C/mol, respectively.36 The low-field and high-
field cyclic voltammetry (CV) results shown in Figures 4b, c
also indicate an exponential dependence of exchange current
density on operating temperatures when different overpotential
were applied. All CVs’ plots shown in this article are corrected
for the IR drop using Rs obtained from the EIS measurements.
All current densities refer to the geometric WE surface area.
At low applied potentials (low field Figure 4b) io was also
determined by using Eq. 2 of the low-field approximation,31

Figure 4. (a) EIS data of HOR on a Ni-YSZ anode (0.11
cm2) taken at temperatures indicated (3 vol
% H2O saturated H2 at flow rate of 20 mL/
min. Data taken from 105 to 0.05 Hz). (b)
Low-field CV data of HOR on a Ni-YSZ anode
(0.11 cm2) taken at temperatures indicated (3
vol % H2O saturated H2 at flow rate of 20
mL/min, applied anodic potential of 0.0 to 0.7
V). (c) High-field CV data of HOR on a Ni-YSZ
anode (0.11 cm2) taken at temperatures indi-
cated (3 vol % H2O saturated H2 at flow rate
of 20 mL/min. Data taken from 0.0 to 0.7 V).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Table 1. The Exchange Current Density of HOR on Ni-YSZ/
YSZ Anode at Various Operating Temperatures (Three

Techniques Used)

Temperature
(K)

Rs

(W/cm2)
Rct

(W/cm2)

io (mA/cm2)

EIS LF HF

873 4.83 26.31 1.43 3.20 6.37
923 2.49 12.34 3.22 5.99 11.49
973 1.70 6.81 6.16 9.49 16.79
1023 1.07 3.96 11.14 14.78 29.09
1073 0.66 2.38 19.42 21.22 41.10

1654 DOI 10.1002/aic Published on behalf of the AIChE June 2010 Vol. 56, No. 6 AIChE Journal



io ¼ R � T � v
n � F slope (2)

where m is the number of occurrence of the rate determining
step and slope is derived from the plot of current density as a
function of anodic potential (g) in the low-field region
(generally from �0.1 to 0.2 V).

For the high-field approximation, io can be obtained from
the y-intercept of the log i/g plot (Figure 4c) and calculated
using equation of high-field approximation (3),

io ¼ 10y�intercept (3)

The value of y-intercept is derived from the intersection
of the ordinate and tangent of the logarithms of current den-
sity as a function of anodic potential. Values for io obtained
from the three techniques (AC impedance, low-field, and
high-field CV) are tabulated in Table 1. It is observed that
the io from the low-field method increases from 1.4 mA/cm2

to 20 mA/cm2 by increasing the cell temperature from 600
to 800�C. AC impedance i0 values essentially correspond to
the IR-compensated low-field CV data. However, the io
obtained from the high-field CV results deviate from these
values. This may indicate that the polarization potentials are
not sufficiently positive, which is mainly limited by the
instrument capacity.

Deactivation of anode reactivity due to coke formation

To study coke formation, H2O-saturated CH4, with flow
rate of 2.2 ml/min, was supplied to the SG-derived Ni-YSZ
anode compartment. The activity of a Ni-YSZ anode
decreased dramatically with the introduction of CH4. Figure
5 displays the AC impedance data collected at the OCP and
operating temperature is controlled at 700�C. It can be read-
ily seen that the diameter of the impedance is increased
from 6.8 X/cm2 to 12.1 X/cm2 (30 min exposure to CH4)
and then further down 20 (45 min), 25 X/cm2 (60 min), indi-
cating that carbonaceous species were deposited onto the
surface of anode, which diminished the activity of the Ni
catalyst. Polarization resistance increases with prolonged ex-
posure to CH4 and eventually, the Ni-YSZ anode deteriorates
completely. It is reasonable to assume that the carbonaceous
deposition accompanies pore closure and/or encapsulation

of the electrochemically active sites, causing the anode
activity to decrease continuously with the cycling time.10

Correspondingly, the exchange current density decreased
from 6.16 to 1.36 and eventually to 0 mA/cm2 as shown in
Table 2.

Structural studies by X-ray powder diffraction

XRD was employed to identify the crystalline phase of
the Ni, YSZ, and carbonaceous species caused by the coke

Figure 5. HOR on a Ni-YSZ anode (0.11 cm2) taken at
700�C, OCP, 10 mVrms, and 105 to 0.05, CH4:
2.2 mL/min, water saturated, exposure to
CH4 for various time period).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Table 2. The Charge Transfer Resistance (Rp) and Exchange
Current Density (io) Upon Exposure of Ni-YSZ/YSZ Anode
to CH4 (Data Collected at 700�C, OCP, 10 mVrms, and 105

to 0.05 Hz, Exposure to CH4 for Various Time Period)

Exposure
Time (min) Rct (W/cm2)

Exchange Current
Density (mA/cm2)

0 6.81 6.16
30 12.10 3.49
45 20.02 2.10
60 25.42 1.66
120 28.24 1.48
180 30.52 1.36

Figure 6. (a) XRD analysis of Ni-YSZ anode: three
specimens finely overlap with each other; (b)
XRD analysis of Ni-YSZ with preformed coke
on the surface: C and Ni3C are shown as the
inserts.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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formation. It can be seen that YSZ patterns are very well-
aligned with the standard (PDF 77-2215 for YSZ and 87-
0712 for Ni) as expected (see Figure 6a). Quantitatively, d-
spacing of Ni ranged from 0.125 to 0.204 nm, with a negli-
gible change after coke formation. It was found that the av-
erage Ni crystallite size for the [220] plane slightly increased
from 22.9 to 24.5 nm after coke formed. This observation
may also result from crystal growth under high operating
temperatures.

The carbonaceous species which were formed on the
surface of the Ni-YSZ anode were studied by EIS during
first 4 h exposure to CH4. To detect the carbonaceous spe-

cies, the scan range varies from 51.5 to 52.5� and 44 to 45�

for C8 and Ni3C with slow scanning rate of 0.05 degree/min.
The CH4 oxidation reaction and formation of C and Ni3C
are shown in Eqs. (4), (5), and (6).34,37,38

CH4 ðgÞ ¼ O2� ! CO ðgÞ þ 2H2 ðgÞ þ 2e� (4)

CH4 ðgÞ ! CgrðsÞ þ 2H2 ðgÞ (5)

2CO ðgÞ þ 3NiðsÞ ! CO2 ðgÞ þ Ni3CðsÞ (6)

From the high resolution of XRD study, it was seen C and
Ni3C species, which were well-indexed with the standard
PDF 82-0619 and 72-1467 (Figure 6 and inserts), respec-
tively. It is important to indicate that the trace amount of C
and Ni3C species can be detected if high resolution XRD
scanning is not applied.

In addition, there exists some peak overlap of C and Ni3C
with Ni. Therefore, slow scanning is critical to obtain high
resolution data to interpret these spectra. From the major
peak for carbon at 2y ¼ 52.145�, its phase composition was
determined to be of 0.4 % from the [211] plane compared
with the highest intensity from YSZ patterns. The d-spacing
of C [211] is 0.175 nm. In addition, a trace amount of Ni3C,

Table 3. The Phase Percent of Anode Component and
Carbonaceous Species

Species

Phase %
(Compared
with YSZ)

d-Spacing of
Major Peak (nm)

Ni 33.6 [111] 0.204 [111]
Ni3C 1.3 [104] 0.252 [104]

0.4 [012] 0.336 [012]
C8 0.4 [211] 0.175 [211]

Figure 7. (a) SEM images of the outer surface of the Ni-YSZ anode: coke after exposure to 2.2 mL/min of H2O sat.
CH4 at 800�C for 100 min; (b) TEM image of SG-derived SOFC anode nanoparticles; (c) EDS elemental
composition of SG-derived Ni-YSZ/YSZ anode.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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with a phase composition of 1.3% for the [104] plane and
0.4% for the [012] plane was seen after exposure of CH4 to
Ni-YSZ anodes. The interplanar distances of the [116],
[104], and [012] planes of Ni3C were 0.157, 0.257, and
0.336 nm, respectively. The phase percentage is shown in
Table 3. Formation of Ni carbide can be explained in terms
of an electronic band structure modification at the Fermi
level. Carbon insertion into the Ni lattice causes a contrac-
tion of the d band width and, therefore, the lattice of cubic
Ni will distort to maintain minimum lattice energy.37

Morphological studies by scanning electron microscope

The microstructure of the Ni-YSZ plays an important role
in the performance and the stability of the electrocatalyst.
Figure 7a showed that a Ni-YSZ/YSZ anode (at no coke for-
mation) has a particle size of Ni and YSZ ranging from 0.6
to 1.5 lm. Also seen is a closely packed Ni skeleton with
well-connected YSZ grains that are finely distributed over
the Ni grain surfaces. The Ni-YSZ porous electrode allows
gas molecules to diffuse readily. The presence of Ni-YSZ
composite enhanced the triple phase boundary, resulting in
the increase of electrochemically active sites.35,38,39

The surface morphology (Figure 7b) of a Ni-YSZ anode

with coke formation generated via exposing 2.2 ml/min pure

CH4 at 800�C for 100 min was characterized. It was found

that a filamentous carbonaceous product had completely

coated the Ni-YSZ composite anode surface. Scanning elec-

tron microscopy (SEM) images show that a variety of carbon

structures are distributed on the surface of the Ni-YSZ.

Larger fibers seem to have grown from the Ni metal par-

ticles, whereas finer, spongier carbonaceous deposits tend to

be distributed everywhere, in a random fashion. These

growth patterns reflect the autocatalytic dehydrogenation of

CH4 on Ni to form the larger carbon fiber deposits, whereas

the formation mechanism of the spongier material is less

clear. The cross-sectional image of the electrolyte-supported

anode allows the thickness and uniformity to be estimated. It

is found that the anode is highly uniform with the thickness

20 lm as designed, which provided sufficient mechanical

strength.
For the Ni-YSZ anode, covered with electrochemically de-

posited coke, SEM image depicted that distinguished grain
boundaries were present, which favors CH4 gas chemisorp-
tions. However, it was also seen that the particles grow sig-
nificantly when high temperature is applied. The SG-derived
particles were highly monodispersed with an average size of
22.9 nm (Figure 7c), which was determined using high-reso-
lution TEM. The ring pattern from the Ni polycrystal indi-
cates that highly crystalline metal was obtained. However,
the YSZ stays amorphous without being sintered at high
temperatures, therefore, no ring pattern was obtained. The
particle growth results in a dramatic decrease in the porosity
and triple phase boundary, which hinders the gas diffusion
and eliminates chemisorptions sites. On the other hand, this
particle growth enhances the high stability of the mechanical
strength; which will benefit the performance of SOFC. In
other words, both electrochemical activity and mechanical
stability of the SOFC must be taken into consideration. Ele-
mental analysis (Figure 7d) performed by EDS showed that

the composition Ni-YSZ anode is essentially consistent with
the expected relative ratio of Ni and zirconium (Zr) to be
44:56 mass %. EDS showed that the carbon species content
ranged from 7 mass % to 12 mass % from spots to spots,
while the relative ratio of Ni vs. Zr slightly changed, imply-
ing lesser homogeneity, which may be another reason for the
lesser reproducibility. It is reasonable to assume that the
coke nucleation sites will decrease the surface temperature;
therefore, the local temperature of anode surface is lowered.
This is one of the reason resulting in exchange current den-
sity decreasing. On the other hand, the electrochemically
active sides will be diminished due to the coke deposition,
which is the major reason to cause the significant decrease
of anodic kinetics.

Conclusions

From the EIS and CV data, the exchange current density
for hydrogen oxidation at Ni-YSZ/YSZ anodes was found to
increase exponentially from ca. 1.5 to 19.5 mA/cm2 (low
field CV data) by increasing the operating temperature from
600 to 800�C. After exposure to CH4 for 4 h, the charge
transfer resistance increased by more than 50% and eventu-
ally anode performance deteriorates completely due to carbo-
naceous species deposition on the surface of Ni. From the
ex-situ XRD measurements, Ni and YSZ were well-indexed
with the standard PDF and small amounts of C (0.4% for
[211] plane) and nickel carbide (1.3% for [104] and 0.4%
for [012]) formed. Based on the SEM results, it was found
that a good distribution and connection between Ni and YSZ
were obtained, which enabled the Ni to form a closely
packed skeleton with well-connected YSZ grains that are
finely distributed over the Ni grain surfaces. An elemental
analysis by EDS showed the composition of the SG-derived
Ni-YSZ anode was consistent with the expected relative ratio
Ni:Zr ¼ 44:56 mass %. The electrochemically generated car-
bonaceous species on Ni-YSZ/YSZ diminished the active
sites, causing the anode deterioration.
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