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� Direct CH4 fueled SOFCs operated via
catalytic partial oxidation are
demonstrated.

� A high performance of 0.74 W cm�2

at 550 �C is achieved.
� Enhanced CH4 conversion suggests a
promising internal reforming by
CPOX.

� Adsorption dynamics on Ni catalysts
is elucidated.
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a b s t r a c t

Solid oxide fuel cells (SOFCs) can oxidize diverse fuels by harnessing oxygen ions. Benefited by this
feature, direct utilization of hydrocarbon fuels without external reformers allows for cost-effective
realization of SOFC systems. Superior hydrocarbon reforming catalysts such as nickel are required for
this application. However, carbon coking on nickel-based anodes and the low efficiency associated with
hydrocarbon fueling relegate these systems to immature technologies. Herein, we present methane-
fueled SOFCs operated under conditions of catalytic partial oxidation (CPOX). Utilizing CPOX elimi-
nates carbon coking on Ni and facilitates the oxidation of methane. Ni-gadolinium-doped ceria (GDC)
anode-based cells exhibit exceptional power densities of 1.35 W cm�2 at 650 �C and 0.74 W cm�2 at
550 �C, with stable operation over 500 h, while the similarly prepared Ni-yttria stabilized zirconia anode-
based cells exhibit a power density of 0.27 W cm�2 at 650 �C, showing gradual degradation. Chemical
analyses suggest that combining GDC with the Ni anode prevents the oxidation of Ni due to the oxygen
exchange ability of GDC. In addition, CPOX operation allows the usage of stainless steel current collectors.
Our results demonstrate that high-performance SOFCs utilizing methane CPOX can be realized without
deterioration of Ni-based anodes using cost-effective current collectors.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Mitigating greenhouse gas emissions in view of the increasing
global energy demands has become a major priority for our society
[1]. A hydrogen economy solely utilizingwater-derived hydrogen as
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a universal energy carrier has been regarded as a promising sus-
tainable model. However, the current technologies of hydrogen
production using renewable energy sources are not mature enough
to provide the required amount of hydrogen [2,3]. In this respect,
utilization of the currently available hydrocarbon fuels is still
necessary to meet the current and forecast energy demands [3,4].
Specifically, methane (CH4), as a major constituent of the widely
dispersed natural gas, has attracted considerable attention due to
its relative abundance and low emission profile [5,6]. However, the
exploitation of CH4 via conventional combustion restricts its con-
version efficiency to well below the Carnot efficiency, being
accompanied by significant CO2 emission per unit energy [7,8]. In
this respect, the efficient conversion of CH4 into usable energy is an
important prerequisite to satisfy the requirements of both energy
demand and low emission.

Solid oxide fuel cells (SOFCs) can help in the clean and efficient
utilization of CH4 due to their unique fuel flexibility [2,4,6]. SOFCs
feature oxygen ion conductors as an electrolyte, mediating the
oxidation of any fuels, from hydrogen to hydrocarbons, by oxygen
ions. In this way, direct utilization of CH4 in SOFCs without an
external reformer can help achieve a maximum theoretical effi-
ciency above 90% and an actual system efficiency of above 65% [2,6],
which becomes even higher with combined heat and power (CHP)
applications. This can dramatically reduce the CO2 emission per
unit of produced energy without concomitant NOx generation.
Furthermore, the conversion system can be significantly simplified
and made more affordable due to the absence of an external
reformer, which is a pivotal factor, particularly for small grids or
housing systems [4]. Thus, direct CH4-fueled SOFCs can be an
interim system for efficient and low-emission utilization of CH4
while fully exploiting its current production and transportation
infrastructures.

The catalytic and/or electrocatalytic oxidation of CH4 occurs at
the anode of SOFCs composed of a Ni-yttria stabilized zirconia (YSZ)
composite, where Ni serves as an (electro)catalyst and an electronic
conductor, while YSZ acts as a catalyst support and an oxygen ion
conductor. At a typical SOFC operation temperature (600e1000 �C),
Ni is capable of reforming CH4 into syngas (a mixture of H2 and CO)
via catalytic oxidation (i.e., steam reforming, carbon dioxide
reforming, or partial oxidation). A mixture of CH4 and steam is
usually fed to the Ni-based anodes, producing syngas that un-
dergoes further electrochemical oxidation, which is known as in-
ternal steam reforming [9e11]. However, the deposition of
carbonaceous compounds during internal reforming inevitably
deactivates the Ni catalyst [11,12]. In particular, CH4 cracking on the
Ni catalyst actively takes place above 700 �C, leading to carbon
coking-induced catastrophic failure and restricting long-term
operation [13,14]. Moreover, internal steam reforming requires
considerable amounts of water to be supplied with fuel to reduce
carbon coking, which causes an open circuit voltage (OCV) loss due
to fuel dilution [15e17]. In this regard, preventing carbon coking in
CH4-fueled SOFCs has been a major obstacle for their full
exploitation.

Significant efforts have been made to address the coking-
induced anode deactivation during the internal reforming of CH4
[6,17e25]. Incorporating CeO2 or doped CeO2 into Ni-based anodes
helped to oxidize the carbonaceous adsorbates on Ni surfaces
owing to the oxygen exchange capability of CeO2. Since the first
demonstration of yttrium-doped ceria (YDC) as a surface carbon
oxidation catalyst [26], this approach was combined with a precise
control of the CH4 flow rate to minimize carbon coking, resulting in
a further improved power density [27e30]. Similarly, the intro-
duction of a diffusion barrier consisting of partially stabilized ZrO2
and CeO2 at the inlet side of the anodes was also suggested to
reduce the CH4 concentration at the anode and increase the
reforming rate [31,32]. In addition, the Ni-doped ceria composites
have been utilized the anodes for direct utilization of CH4 in the
form of nano-composites or additional metal (Sn, Ru or W)-
incorporated composites improving the cell stability and perfor-
mance [29,33e37]. Despite these efforts, it is generally accepted
that Ni-based anodes catalyze CH4 cracking, inevitably leading to
the carbon coking problem, especially in large-scale applications.

In this regard, Ni-free anodes have been developed to avoid the
use of the Ni catalyst. Although CeO2 was suggested as a sole
catalyst for CH4 oxidation, utilizing its lattice oxygen, it suffered
from low CH4 conversion [38,39]. The electrochemical oxidation of
CH4 was demonstrated to electrochemically furnish oxygen ions via
Faradaic control of the reaction rate to compensate for the insuf-
ficient oxygen supply [17,28,40]. Perovskite-type mixed ionic-
electronic conducting oxides such as La1exSrxCr0.5Mn0.5O3ed,
Sr2MgMoO6ed, and La1exSrxTiO3 have been developed for this
purpose, demonstrating good tolerance toward carbon coking at a
high current load condition at which sufficient oxygen ions were
provided [41e43]. Despite the remarkable improvements of oxide
catalysts, complete CH4 conversion using this methodology is
hardly achievable without the Ni catalyst, considering the low po-
wer densities of 0.2e0.44 W cm�2 at 800e900 �C obtained for
oxide catalyst systems.

From this perspective, the catalytic partial oxidation (CPOX) of
CH4 on a Ni catalyst can be an alternative approach to address the
carbon coking issue and simultaneously achieve a high conver-
sion of CH4. Although there is no consensus on the atomistic
mechanism of CH4 reforming on supported metal catalysts, it is
accepted that the carbonaceous adsorbates are readily oxidized
by the chemisorbed oxygen species on the metal surface, which
are generated from either co-fed oxidants (including H2O, CO2,
and O2) or the lattice oxygen supplied by oxide supports [44e46].
Since the surface oxygen is mainly responsible for the elimination
of adsorbed carbon, it can be inferred that O2 should be more
effective than other oxidants due to its ease of dissociation. Thus,
the CPOX of CH4, in which half a mole of the O2 oxidant is sup-
plied to CH4 for a stoichiometric reaction, can possibly prevent
carbon coking. However, the CPOX approach has rarely been
applied to SOFC anodes, since the partial pressure of oxygen in
the chamber should be maintained below 10�18 atm to develop
an electrochemical potential gradient that triggers SOFC opera-
tion. In addition, the introduction of high concentrations of O2
into the anode chamber may induce Ni oxidation [47,48]. We
have recently demonstrated the optimum microstructures for the
CPOX operation of Ni-YSZ anodes [49]. Our work suggested a
quantitative evaluation of composite anodes, which was used to
study the requirements for continuous and stable operation of
the Ni-based anodes under CPOX conditions, representing the
possibility of robust CPOX operation without carbon coking and
Ni oxidation.

Herein, we demonstrate robust CPOX-based SOFCs fueled by
CH4, circumventing carbon coking and Ni oxidation. The presence
of gaseous oxygen in the anode chamber fundamentally prevents
carbon coking, while the oxidation of Ni is prevented with the aid
of (electro)catalytic reaction controls and oxygen ionic conductors.
The resistance of a stainless steel current collector to carbon
coking is also demonstrated under CPOX operation, which is
essential for the cost-effective design of large-scale SOFC stacks.
Electrochemical evaluations in conjunction with ex situ surface
analyses prove the feasibility of coking-free and oxidation-
resistant Ni-based anodes, enabling durable methane-fueled
SOFCs. To the best of our knowledge, our novel approach allows
us to achieve direct CH4-fueled SOFCs with long-term stability and
the highest performance.
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2. Experimental

2.1. Fabrication of unit cells

Anode-supported unit cells consisting of Ni-YSZ
(Y0.16Zr0.84O1.92)jYSZjLSM (La0.8Sr0.2MnO3)-YSZ and Ni-GDC
(Gd0.2Ce0.8O1.9-d)jGDCjLSCF (La0.6Sr0.4Co0.8Fe0.2O3-d)-GDC were
fabricated for electrochemical characterization. Ni-YSZ or Ni-GDC
(10 wt% of carbon black) anode supports were fabricated by uni-
axial pressing and burned-out at 1250 �C for 3 h. The YSZ (TZ8Y,
Tosoh Co., Tokyo, Japan) or GDC (Fuel Cell Materials Co., Lewis
Center, OH, USA) electrolyte was deposited by dip-coating and
sintering at 1400 �C for 3 h. The produced co-sintered pellet was
about 19 mm in diameter. The LSM-YSZ or LSCF-GDC cathode
(LSM:YSZ ¼ 50:50 w/w, LSCF:GDC ¼ 50:50 w/w) was fabricated by
screen printing with a paste of LSM (Fuel Cell Materials Co., Lewis
Center, OH, USA) and YSZ powders, or LSCF (Fuel Cell Materials Co.,
Lewis Center, OH, USA) and GDC powders, respectively, followed by
sintering at 950 �C for 4 h. The cell active area was defined as the
area of the cathodes, which equaled 1 cm2.

2.2. Electrochemical characterization

The cell I-V characteristics were measured in a four-probe
configuration using a potentiostat (Solartron 1287A, Durham,
UK). Platinum or SUS 304 mesh and platinum paste (5542, ESL
Electroscience, PA, USA) were employed as a current collector.
Electrochemical impedance spectroscopy was conducted at a fre-
quency range of 100 kHze0.1 Hz for all electrochemical charac-
terizations using a potentiostat and frequency analyzer (Solartron
1252, Durham, UK). The anodes were exposed to a 280-sccm total
flow rate [STP] of a CH4/O2/N2 mixture (CH4:O2:N2 ¼ 2:1:4, v/v) and
a CH4/O2 mixture (CH4:O2 ¼ 2:1, v/v) at 800 and 650 �C, respec-
tively, while artificial air (O2:N2 ¼ 21:79, v/v) was supplied to the
cathodes during all measurements. The actual cell temperature
during the measurements was calibrated by monitoring an addi-
tional thermocouple (K-type) located inside the reaction chamber
near the cells as shown in Fig. S1 (Supplementary Content).

2.3. Other characterizations

For ex situ surface and chemical characterizations, the cells were
cooled to room temperature under a flow of Ar. Conductive atomic
force microscopy (c-AFM, SPA400, SII, Tokyo, Japan) was performed
for a scan area of 50 mm � 50 mm. The conductive area and its
perimeter were identified by an image analysis program (ImageJ,
National Institutes of Health, Bethesda, MD, USA). X-ray photo-
electron spectroscopy (XPS, K-alpha, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) and elemental analysis (2400 Series II CHNS/O,
PerkinElmer, Waltham, MA, USA) were used to characterize the Ni
oxidation and carbon deposition behavior of Ni-YSZ and Ni-GDC
anodes.

Thin-film Ni samples for X-ray absorption spectroscopy (XAS)
experiments were prepared via thermal evaporation (SNTEK,
Gyeonggi-do, Republic of Korea) either on the YSZ (001) substrate
(Princeton Scientific Co., Princeton, NJ, USA) or GDC film deposited
on YSZ (001) by DC magnetron sputtering (SNTEK, Gyeonggi-do,
Republic of Korea). During sputtering, the vacuum was main-
tained at 5 mTorr, with Ar and O2 supplied to the chamber at flow
rates of 30 and 3 cc/min, respectively. XAS experiments were per-
formed in the fluorescence mode at the 10D beamline of PLS II
(Pohang Light Sources, Pohang, Republic of Korea). The photon
energy was calibrated using the first inflection point of the Ni L3
edge at 852.7 eV, and the adsorption spectra were subsequently
normalized to the adsorption edge jumps.
The composition of effluent gases was analyzed by a gas chro-
matography (GC) system (Acme 2200, Younglin, Gyeonggi-do, Re-
public of Korea) equipped with Molesieve 13X and Porapak N
columns and a thermal conductivity detector (TCD). The TCD sig-
nals were calibrated employing an Ar-balanced (filled) standard gas
mixture of CH4, H2, CO, CO2, and N2 and air. All GC analyses were
conducted under a constant total flow rate of the supplied gases.

3. Results and discussion

SOFCs for all electrochemical characterizations were fabricated
with an anode-supported cell configuration. LSM-YSZ composite
cathodes were utilized for the Ni-YSZ anode-supported cell and
LSCF-GDC cathodes were used for the Ni-GDC-supported cell, with
the fabrication details described in the Experimental Section.
Electrochemical characterization of Ni-YSZjYSZjLSM-YSZ cells was
performed as a function of feeding gas composition, as shown in
Fig. 1. Operation in a flow of mixed gas (CH4/O2/N2,
CH4:O2:N2 ¼ 2:1:4, v/v) results in a maximum power density of
0.91 W cm�2 at 800 �C, while using H2 and CH4 gases lead to values
of 1.06 and 0.78W cm�2, respectively, as shown in Fig. 1a. Although
a slight OCV oscillation is observed (Fig. S2a), stable operation is
possible under a flow of mixed gas, with the obtained power
density being comparable to the one achieved under H2 flow and
exceeding that produced by feeding CH4. Electrochemical imped-
ance spectroscopy (EIS) measurements display clear differences in
polarization as a function of gas composition (Fig. 1b). EIS spectra
recorded under mixed gas conditions reveal a polarization resis-
tance of 0.205 U cm2, while those recorded for H2 and CH4 are 0.146
and 0.418 U cm2, respectively. It should be noted that the ohmic
resistances (determined by the high-frequency intercept of the
polarization arc) obtained at three operation conditions are almost
identical: 0.158, 0.153, and 0.150 U cm2 for H2, mixed gas, and CH4
feeds, respectively. The major contributor to ohmic resistance is
electrolyte resistance, which is dependent only on temperature
when the same electrolyte is employed. The similarity of ohmic
resistances obtained for three different conditions indicates that
the corresponding temperature variation was negligible (even in
the case of exothermic CPOX) due to dilution of the mixed gas and
the relatively small CPOX enthalpy of CH4 (DH298 ¼ �36 kJ/mol). It
should be noted that the mixture of CH4 and O2 used for CPOX is
outside the explosion region, which requires 5e15 vol% CH4 in air
above 650 �C, while typical CPOX conditions feature a CH4 to O2
ratio of around two [50]. This safety issue has been addressed by
numerous previous works on single-chamber SOFCs [51,52]. Thus,
it can be stated that our CPOX operation is safe, as only CH4 is
fueled.

On the other hand, the dependence of polarization resistance on
operation conditions can be attributed to the differences in anode
polarizations, since the cathodic polarization of LSM-YSZ is con-
stant. The dependence of anodic polarization on gas composition
can be attributed to the differences in electrochemical oxidation
kinetics arising when the fuel is altered. The electrochemical
oxidation of H2 on metal catalysts is known to exhibit the fastest
kinetics among various fuels, resulting in the lowest polarization
resistance and the highest power density. On the other hand, the
utilization of CH4 results in distinct polarization responses, irre-
spective of whether oxygen gas is co-fed into the anode chamber.
When only CH4 is fed to the anode, it undergoes direct electro-
chemical oxidation by oxygen ions, as expressed in Equation (1)
[17,21]:

CH4 þ 4O2� / CO2 þ 2H2O þ 8e� (1)

This reaction hardly reaches completion, since the



Fig. 1. Electrochemical characterization of Ni-YSZjYSZjLSM-YSZ cells at 800 �C as a function of operation conditions. (a) I-V characteristics, (b) EIS spectra. Legends in the figure
describe the operation conditions: H2 denotes the feeding of humidified hydrogen gas (80 sccm); CH4 denotes the feeding of dry methane only (80 sccm); CH4 þ O2 þ N2 denotes
operation using a mixture of dry methane, oxygen, and nitrogen (CH4 80 sccm, O2 40 sccm, and N2 160 sccm).

Fig. 2. GC analysis results for effluent gases extracted during operation of Ni-YSZjYSZj
LSM-YSZ cells at 800 �C. (a) Variation of gas compositions, and (b) electrochemical
conversion rate of CO as functions of current loading.
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corresponding active sites are restricted to three-phase boundaries
(3PBs) that extend ~20 mm from the electrolyte [16]. Therefore, the
desorption of surface adsorbates such as CHx and C in the anode
support can be reduced, disturbing the continuous adsorption of
CH4 gas and eventually poisoning the Ni catalyst [53]. Conse-
quently, the direct electrochemical oxidation of CH4 exhibits rela-
tively sluggish kinetics, which is manifested in the large cell
polarization. Conversely, the simultaneous supply of oxygen to Ni
anodes leads to the CPOX of CH4 by the co-adsorbed oxygen atoms
as follows:

CH4 þ 1/2 O2 / 2H2 þ CO (2)

The dissociated oxygen atoms generate strong oxidants on Ni
surfaces, which easily oxidize the adsorbed CH4 and other in-
termediates [46,54]. These reactions readily produce electro-
chemically active products such as H2 and CO that lower the anodic
polarization.

GC analysis of effluent gases revealed that the chemical
reforming occurring when oxygen gas is co-fed into the anode
chamber indeed took place via the CPOX of CH4. The exhaust gas
composition under OCV conditions represent exclusively the CPOX
of CH4, while that obtained by varying the applied current loads
reflects the steady-state levels of CPOX reaction products. The OCV
(i.e., zero current load) conversion of CH4 equaled 54%, with the
volume fractions of CH4 and O2 being 15.83% and 8.33%, respec-
tively, as shown in Fig. 2a. The ratio of CH4 to O2 was 1.90, and was
maintained as close as possible to the CPOX stoichiometric ratio
(~2), even at increased current loads. This clearly suggests that the
conversion of CH4 occurs via CPOX and stays constant irrespective
of the applied current, i.e., it can be regarded as a chemical
reforming process. It should be noted that no formation of CO2 was
detected at OCV, implying that CH4 is converted into syngas via
CPOX. In contrast, CO2 was detected only under an applied current
load, indicating the electrochemical utilization of CO. Increasing the
applied current load decreases the content of H2 and CO, while that
of CO2 increases. Such compositional variation of the effluent gases
with the applied current can be attributed to the electrochemical
consumption of syngas, resulting in the generation of CO2. The
electrochemical conversion was calculated based on the composi-
tions of CO and CO2 in the effulent gas ([XCO2/(XCO þ XCO2)]%) and
the results were plotted in Fig. 2b. As expected, the electrochemical
conversion of CO is enhanced at increased current loadings. These
observations confirm that CPOX can efficiently convert CH4 into



Fig. 3. Electrochemical performance of cells with Ni-GDC and Ni-YSZ anodes at 650 �C. (a) I-V characteristics of Ni-YSZjYSZjLSM-YSZ cells and (b) Ni-GDCjGDCjLSCF-GDC cells as a
function of fuel gas composition. (c) EIS spectra of Ni-GDC cells as a function of fuel gas composition. (d) OCV variation of Ni-GDC cells as a function of fuel gas (CH4 80 sccm, O2 40
sccm) exposure at 650 �C.
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syngas irrespective of the applied current, making it possible to
utilize CH4 as a fuel in the form of syngas. It should be noted that
CPOX is the dominant reforming reaction, as expressed by the
constant ratio of CH4/O2 ¼ 1.9, even when substantial amounts of
water vapor are generated by the electrochemical oxidation of H2
under high current loadings. Operation based on the CPOX of CH4 at
low temperatures (550e650 �C) was evaluated (Fig. 3). Ni-YSZ cells
exhibited a maximum power density of 0.27 W cm�2 at 650 �C
under the CPOX conditions, with the corresponding values of 0.33
and 0.26 W cm�2 measured for H2 and CH4 feeds, respectively
(Fig. 3a). Although the CPOX operation of Ni-YSZ at 650 �C reveals a
power density comparable to that initially obtained for H2, the I-V
characteristics are completely deteriorated. This phenomenon can
be ascribed to the oxidation of Ni by adsorbed oxygen, which de-
teriorates the catalytic activity and electronic conductivity of the Ni
anode [49]. Stable operation under CPOX conditions is achieved by
using GDC as an ionic conducting oxide in the composite anode.
Maximum power densities of 1.35, 1.10, and 0.74 W cm�2 are
observed for CPOX operation at 650, 600, and 550 �C, respectively,
whereas H2 operation shows power densities of 1.25, 1.06, and
0.70 W cm�2 at 650, 600, and 550 �C, respectively (Fig. 3b). These
maximum power densities for the CPOX operation are remarkably
higher than those reported previously as compared in Fig. S3.
Previous studies have revealed that doped or undoped ceria can
catalyze the (electro)chemical oxidation of fuels, with its excellent
catalytic activity resulting from the fast transport of ions and
electrons [26,39,55,56]. This property and the superior ionic
conductivity of GDC are responsible for the remarkable power
density achieved under CPOX operation, surpassing that obtained
under H2 operation. On the other hand, the superior performance of
the CPOX operation for the Ni-GDC cells may be due to the higher
actual flow of fuels during the CPOX operation than the H2 opera-
tion, which is originated from the reason that 1 mol of CH4 is
reformed to 3mol of fuel gas, i.e. COþ 2H2 upon the CPOX resulting
in the accelerated mass transport to the active sites as compare to
the supply of 1 mol of H2. The EIS spectra are consistent with this
interpretation, as shown in Fig. 3c. Lower polarization resistances
are obtained under CPOX operation (0.072, 0.169, and 0.475 U cm2

at 650, 600, and 550 �C, respectively) than under H2 operation
(0.087, 0.177, and 0.515 U cm2 at 650, 600, and 550 �C, respectively).
Notably, the overall arc shapes and peak frequencies of CPOX and
H2 operation are almost identical, indicating that the actual fuel
gases utilized in the electrochemically active region might be quite
similar. It is generally accepted that the electrochemical oxidation
of CH4 is much more difficult than that of H2 or CO. Therefore, the
similar arc shapes and peak frequencies imply that the atmosphere
in the vicinity of the anode active region during CPOX operation
consists mainly of H2 and CO. This observation can be ascribed to
the active reforming occurring during CPOX. GC analyses of effluent
gases confirm this speculation, as shown in Fig. S4. The conversion
of CH4 is quantified as a function of operation conditions, i.e., CPOX
or CH4-only. It is reasonable to exclude the effect of carbon coking
during CPOX, which is nearly zero, as shown in Fig. 4a. The CH4
conversion ratios during CPOX operation are much higher than



Fig. 4. (a) Carbon content of cells after electrochemical measurements for 5 h, (b)
photographs of cells after exposure to the fuel gas denoted in the legend.

Fig. 5. Photographs of Ni-GDC cells and SUS meshes. (a) Cell and mesh exposed to the
mixed gas for 100 h at 650 �C, with individual flow rates as follows: CH4, 100 sccm; O2,
50 sccm; and N2, 200 sccm. (b) Cell and mesh totally disrupted after exposure to the
mixture of CH4 and N2 (flow rates of 100 and 200 sccm, respectively) for 100 h at
650 �C due to significant carbon coking on the cell and mesh.
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those obtained during CH4-only operation: 48.5% and 45.5% of CH4
are converted during CPOX operation at 650 and 600 �C, respec-
tively, as shown in Fig. S4a, while only 37.0% and 20.1% of CH4 are
converted under CH4-only conditions at 650 and 600 �C, respec-
tively (Fig. S4b). Furthermore, a deteriorated CH4 conversion is
observed during CH4-only operation at 600 �C, accompanied by a
gradual OCV drop, as shown in Fig. S4c. This degradation can be
ascribed to significant carbon coking during the CH4-only operation
in absence of O2. These observations allow us to conclude that the
low polarization during CPOX operation originates from the high
CH4 reforming rate under CPOX conditions.

A long-term CPOXoperation stability testwas performed using a
Ni-GDC cell (Fig. 3d). An OCV degradation of ~0.91% is observed
after 530 h of operation. Note that the long-term stability of the
CH4-fueled SOFCs can be further improved by applying the higher
polarization current [40], therefore, the observed stability of the
CPOX operation in this study can be regarded as the best perfor-
mance as compared with previous works in Table S1. In contrast,
operation under CH4 feeding conditions shows a drastic OCV
degradation after 5 h, caused by carbon coking (Fig. S2b). After the
measurements, the cells were subjected to elemental analysis to
characterize the deposition of carbon, as shown in Fig. 4a and
Table S2. The carbon content of the CPOX-operated cell equals
0.02 wt%, while that of the CH4-operated one is 10.49 wt%. The
deposition of carbon on Ni surfaces can result in the formation of
nickel carbides, which is accompanied by volume expansion and
the generation of cracks (Fig. 4b). The small amount of carbon
detected for the CPOX-operated cell indicates the efficient pre-
vention of carbon deposition by the presence of oxygen under
CPOX conditions. To additionally confirm the absence of carbon
coking on CPOX-operated current collectors, stainless steel (SUS)
304 mesh was employed as a current collector for Ni-GDC cells and
was aged under both CH4-only and CH4-O2 mixed gas conditions.
The SUSmesheswere attached to the anode side using Ag paste and
were subsequently exposed to the same flow rate of CH4 (100 sccm)
at 650 �C for 100 h. The SUS mesh aged under CH4-O2 mixed gas
conditions shows insignificant carbon coking, resulting in a weight
gain of 2.03%, as shown in Fig. 5a. However, substantial carbon
coking of the SUS 304mesh is observed for the cell aged under CH4-
only conditions, leading to total cell and mesh disruption due to the
formation of carbides, as shown in Fig. 5b. The SUS mesh micro-
structures aged under CPOX conditions exhibit no significant
deformation or pitting, with particulate carbons observed only at
the surface region, as shown in Figs. S5a and S5b. Energy dispersive
X-ray spectroscopy (EDX) mapping of the corresponding cross-
section reveals that particulate carbons are generated only at the
surfaces, while the bulk SUS mesh retains its metallic character, as
depicted in Fig. S5d. Note that filamentous growth of carbon



Fig. 6. Ex situ surface analysis results for Ni-GDC and Ni-YSZ anodes exposed to the mixture of CH4, O2, and N2 at different temperatures. c-AFMmaps of (a) Ni-GDC anode at 650 �C,
(b) Ni-YSZ anode at 800 �C, and (c) Ni-YSZ anode at 650 �C. (d) XPS spectra of Ni-GDC and Ni-YSZ anodes after operation.
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generally leads to catastrophic deformation of metals; however, the
carbons generated under CPOX conditions exhibit particulate
growth, implying retarded surface diffusion and carbon species
growth, thereby preventing SUS mesh failure. On the other hand,
partial oxidation of metals is observed in the surface region, which
may cause the small cracks shown in Fig. S5c. Previously, we have
demonstrated stable long-term 500-h operation with dry CH4 fuel
in the absence of additional oxidant gas, achieved with the help of
the synthesized nanocomposite Ni-GDC/GDC powders [29]. Simi-
larly, long-term 120-h operation with a CH4-CO2 mixture has been
reported for alumina-modified Ni-YSZ powders [57], and a
samarium-doped ceria (SDC)-infiltrated Ni-YSZ anode allowed a
long-term operation of 450 h using CH4 [30]. Despite these suc-
cessful demonstrations, stable long-term operation was possible
only with a precisely controlled low CH4 flow rate and a gold cur-
rent collector for preventing carbon coking, which is difficult to
achieve in practical applications utilizing large-area cell stacks. Our
observations of the SUS 304mesh clearly show that CPOX operation
allows to employ stainless steel as a cost-effective current collector
without significant carbon coking, which otherwise leads to the
catastrophic failure of SOFCs [58].

To understand the origin of the long-term stability of the Ni-
GDC anode, ex situ surface analyses by c-AFM and XPS were per-
formed for CPOX-operated cells, including Ni-GDC at 650 �C, Ni-YSZ
at 800 �C, and Ni-YSZ at 650 �C. The conductive anode surface areas
measured by c-AFM are displayed in Fig. 6aec. The bright areas of
the images represent conductive areas, with conductivity scaling
with brightness. The conductive maps of Ni-GDC at 650 �C and Ni-
YSZ at 800 �C show distinctive conductive areas with maximum
brightness, ascribed to metallic Ni, while these areas exhibit lower
conductivity for Ni-YSZ at 650 �C, as expressed by darker regions.
This result indicates that Ni in the Ni-YSZ anode undergoes signif-
icant oxidation during CPOX operation at 650 �C. Therefore, the
drastic degradation of power density at 650 �C can be attributed to
the deactivation of Ni catalysts by oxidation. On the other hand, Ni-
YSZ CPOX operated at 800 �C is only partially oxidized, while Ni-
GDC operated at 650 �C remains as metallic Ni. The area fraction
of conductive regions (17.63 ± 0.72%) is higher for Ni-GDC at 650 �C
than for Ni-YSZ at 800 �C (10.30 ± 1.06%). This variable extent of Ni
oxidation accounts for different cell stabilities, with Ni-GDC
showing stable operation without little degradation and Ni-YSZ
exhibiting a slight oscillation of OCV. Ni 2p3/2 XPS spectra shows
consistent trends in the oxidation states of Ni, as plotted in Fig. 6d.
The peaks observed in Ni 2p3/2 spectra at binding energies of 852.6,
854.6, and 856.1 eV can be assigned to Ni0, Ni2þ, and Ni3þ,
respectively [59,60]. The fraction of the Ni0 peak of Ni-GDC at
650 �C is 32.26%, whereas those of Ni-YSZ at 800 �C and Ni-YSZ at
650 �C are 15.30% and 1.20%, respectively. These observations imply
that Ni exists predominantly in its metallic state in Ni-GDC at
650 �C, while it is partially oxidized at 800 �C in Ni-YSZ and un-
dergoes significant oxidation when the operation temperature is
lowered to 650 �C.

The partial oxidation of Ni in Ni-YSZ at 800 �C can be explained
in terms of the 3PB/two-phase boundary (2PB) ratios of electrodes,
with 2PBs determined by the bright areas and 3PBs defined as the
perimeter of these areas. This ratio equaled 0.97 m�1 for Ni-YSZ, as
determined by image analysis (Fig. 7aec). In our previous work
[49], the 3PB/2PB ratio played a key role in determining the CPOX



Fig. 7. c-AFM images and image analyses procedures for Ni-GDC and Ni-YSZ anodes exposed to the mixture of CH4, O2, and N2 gases. Analysis of the c-AFM images using the ImageJ
program provided the conductive area and its perimeter, corresponding to the 2PB region and 3PB length, respectively. (a) c-AFM image of the Ni-GDC anode after exposure at
650 �C, (b) area fraction of bright regions for the Ni-GDC anode, (c) perimeter of bright regions, (d) c-AFM image of the Ni-YSZ anode after exposure at 800 �C, (e) area fraction of
bright regions for the Ni-YSZ anode, and (f) perimeter of bright regions. All images are at the same scale.
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kinetics, with CPOX activity maintained by the prompt elimination
of surface adsorbates such as CHx, C, and O in accordance with the
electrochemical oxidation of syngas. Sufficient 3PB/2PB ratios
above ~1.08 m�1 could accelerate the consumption of adsorbates,
leading to a continuous CPOX reaction without carbon coking or Ni
oxidation [49]. The ratio of Ni-YSZ (0.97 m�1) is close to the value at
which the repetitive oxidation and reduction of Ni occur
(0.99 m�1), leading to the OCV oscillation depicted in Fig. S2a.
Therefore, some parts of Ni in Ni-YSZ at 800 �C are oxidized, as
detected by XPS and c-AFM analyses. Ni-GDC anodes show a 3PB/
2PB ratio of 1.12 m�1 (Fig. 7d and e), fulfilling the minimum crite-
rion of stable CPOX operation without Ni oxidation and carbon
coking.

On the other hand, the utter failure of Ni-YSZ at an operation
temperature of 650 �C cannot be explained solely by the 3PB/2PB
ratio, since complete disruption occurs only at a much lower 3PB/
2PB ratio of ~0.7 m�1 [49]. In other words, the deterioration of Ni-
YSZ cells due to Ni oxidation cannot be explained in terms of
electrodemicrostructures. This consideration suggests that the ion-
conducting oxides in the composite electrode, i.e., GDC and YSZ,
play a role in determining the oxidation stability of Ni during the
CPOX of CH4. In this regard, the influence of the ion-conducting
oxide type in the composite electrode on Ni oxidation was stud-
ied by XAS. For transition metal elements, the pre-edge structures
provide detailed information on the d-band structure. Two or three
pre-edge sub-peaks (denoted Ai) appear at energies well below that
of the main edge (usually 15 eV below) and are assigned to a 1s /
3d(n þ 1) transition, where n is the initial number of d-orbital
electrons and (n þ 1) represents the number of excited electrons in
the final state [61]. Since nickel oxidation is sensitive to the struc-
ture of its d-level, which hosts electrons interacting with oxygen 2p
levels, it is necessary to determine whether the electronic struc-
tures of Ni/GDC and Ni/YSZ are different. Thin Ni films fabricated on
either YSZ or GDC by thermal evaporation were employed for XAS
studies to exclude geometrical irregularity such as porosity and
tortuosity. The corresponding Ni K-edge spectra are plotted in
Fig. 8a, with Ni on YSZ or GDC exhibiting identical structures. Soft
X-ray total electron yield studies of Ni L3,2 edges also show a similar
structure for both Ni/YSZ and Ni/GDC, as shown in Fig. 8b. Ni L3,2
edge structures for both YSZ and GDC are similar to that of Ni foil. In
contrast, the oxidation of Ni is accompanied by the appearance of
the L3 edge shoulder and the splitting of the L2 edge, as seen for the
NiO reference sample. Therefore, we conclude that Ni-YSZ and Ni-
GDC composites exhibit no difference in the chemical state of Ni,
which is present in its metallic state in both samples.

This XAS result emphasizes another example of how the type of
the ion-conducting oxide in the Ni composite anode is responsible
for the robust CPOX operation. GDC not only exhibits better ionic
conductivity than YSZ, but also shows remarkable (electro)catalytic
activity due to the facile transport of oxygen ions and electrons,
particularly under the reducing atmosphere of the anode chamber.
The excellent catalytic activity of doped and undoped ceria has
been reported in previous studies, where ceria showed a catalytic
activity exceeding that of conventional metal catalysts such as Pt
and Ni [55,56]. Due to the superior (electro)catalytic activity of
ceria, it has been suggested for use as a CPOX catalyst to achieve
stable conversion kinetics without metal catalyst poisoning by
carbon coking [26,39,62]. Based on these considerations, the



Fig. 8. XAS spectra of Ni thin films grown on either YSZ (100) single crystals or GDC thin film which was epitaxially grown on YSZ (100) single crystals, and the oxidation
mechanisms proposed for CPOX operation. (a) Ni K edge spectra of Ni on YSZ and GDC. (b) Ni L3,2 edge spectra of various Ni samples. (c) Schematic illustrations of surface reactions
on Ni-GDC and Ni-YSZ anodes. For the Ni-YSZ anode, both CH4 and O2 are favorably adsorbed on Ni surfaces, with the adsorbed oxygen oxidizing Ni, whereas O2 is preferentially
adsorbed on GDC surfaces and CH4 is predominantly adsorbed on Ni surfaces, maintaining the metallic nature of Ni surfaces.
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proposed surface reaction models of the Ni-GDC and Ni-YSZ anodes
are illustrated in Fig. 8c. During the CPOX of CH4 on the Ni-GDC
anode surface, CH4 is predominantly adsorbed on Ni surfaces,
while oxygen prefers GDC surfaces due to the partial reduction of
ceria under the reducing conditions of the anode chamber. Subse-
quently, the adsorbed carbon species are easily oxidized by the
oxygen readily supplied by ceria, so that the anode 3PBs act as
active sites for CH4 oxidation, regardless of the presence of elec-
trochemically replenished oxygen ions from the electrolyte. If the
Ni-GDC anode has sufficiently large 3PBs, CPOX occurs continu-
ously, effectively removing adsorbates and products and prevent-
ing the oxidation of Ni. On the contrary, in case of the YSZ support
for Ni, O2 is preferentially adsorbed on Ni surfaces due to its
inherently high electronegativity. This leads to the oxidation of Ni
surfaces by the surface-bound oxygen, gradually degrading the
(electro)catalytic activity even when a high 3PB/2PB ratio is
maintained. Our results highlight the critical role of the ion-
conducting oxide in composite anodes for preventing catalytic ac-
tivity degradation due to oxidation or carbon coking.
4. Conclusions

In this study, durable high-performance direct CH4 SOFCs were
successfully demonstrated. The presence of oxidants during the
CPOX of CH4 hindered the deposition of carbon on the nickel
catalyst and facilitated the oxidation of CH4 fuel, which reduced
polarization resistance and increased CH4 conversion, as
compared to the CH4-only case. Ni-GDC cells exhibited maximum
power densities of 1.35 and 0.74 W cm�2 at 650 and 550 �C,
respectively, which were maintained for over 500 h without
degradation, while Ni-YSZ cells exhibited a value of 0.27W cm�2 at
650 �C, with subsequent cell degradation. In addition, the stability
of a cost-effective stainless steel current collector under CPOX
conditions was confirmed. Surface and electronic structure ana-
lyses of the Ni catalyst were performed as a function of the ion-
conducting oxide type in the composite anode, utilizing XPS, c-
AFM, and XAS. The obtained results suggested that the use of GDC
as an ion-conducting oxide in the composite electrode prevented
the deactivation of Ni catalysts owing to its excellent oxygen ex-
change capability, which ensured that the activity of the CPOX
reaction sites was preserved and excluded the oxidation or carbon
coking-induced poisoning of Ni. This novel strategy utilizing CH4
co-fed with oxygen demonstrates the outstanding performance of
CH4-fueled SOFCs, which can help to realize readily available
alternative power generation systems using the current in-
frastructures for CH4. Our findings also provide the design rules for
ensuring stable long-term operation under CPOX conditions at
low temperatures.
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