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cient in situ dry reforming of H2S
contaminated methane in solid oxide fuel cells via
incorporating a coke/sulfur resistant bimetallic
catalyst layer†

Bin Hua,a Ning Yan,b Meng Li,c Yi-Fei Sun,a Jian Chen,d Ya-Qian Zhang,a Jian Li,c

Thomas Etsell,a Partha Sarkare and Jing-Li Luo*a

The escalating global warming effects are a reason for immediate measures to reduce the level of

greenhouse gases. In this context, dry reforming of methane (DRM), an old yet both scientifically and

industrially important process, is making a comeback in contributing to the utilization of CO2. However,

catalyst deactivation (sulfur poisoning and coke formation) and the associated high energy consumption

remain technological hurdles to its practical implementation. Here we demonstrated that dry reforming

of H2S-containing CH4 can be efficiently conducted in conventional solid oxide fuel cells via

incorporating a coke/sulfur resistant catalyst layer. The add-on layer, composed of tailored Ce0.8Zr0.2O2

supported NiCu nanoclusters, demonstrated outstanding in situ reforming activity while possessing

reasonable coke/sulfur resistance. At 800 �C and in a 50 ppm H2S containing CH4–CO2 mixture, the cell

had a maximum power density of 1.05 W cm�2, a value high enough for practical application. Through

H2 selective oxidation, the energy required for DRM was partially compensated for and the produced

water greatly suppressed the carbon deposition. This study offers a new dimension in cogenerating

CO2-derived synthesis gas and electrical power in the context of increasing interests in efficient

utilization of H2S-containing CH4 and CO2.
1. Introduction

Synthesis gas or briey, syngas, is a mixture of carbonmonoxide
and hydrogen, which is normally referred to as a “chemical
intermediate” that could be readily transformed into numerous
value-added chemicals or fuels by Fischer–Tropsch processes.1–3

For over a century, much attention from both academia and
industries has been paid to syngas production towards more
efficient, sustainable, and environmentally benign conversion
of fossil fuel feedstocks.4–8 Due to the large reserves of natural
gas worldwide along with the recent boom of shale gas/biogas,
methane becomes an ideal “precursor” of syngas not just for
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today but also for the foreseeable future.9–11 There are typically
three routes for methane-syngas conversion to date, namely,
partial oxidation of methane (POM), steam reforming of
methane (SRM) and dry reforming of methane (DRM).
Notwithstanding the fact that SRM prevails over the rest in
industry, DRM shows advantages over SRM, combining syngas
production and greenhouse gas (GHG) utilization.

Unfortunately, the practical implementation of DRM still
faces several technical challenges:12–22 the rst one is coke
formation which deactivates almost every type of commercial
catalyst for DRM (e.g., Ni).13–17 DRM is thermodynamically more
prone to coking than other reforming reactions, albeit abun-
dant achievements have been made regarding the development
of coke-resistant catalysts, e.g., Ni and its alloys, during the past
decades.14–17,23,24 This is logical since if excess CO2 is introduced
to alleviate carbon deposition, it will remain as the main
impurity in the effluent (excess H2O in SRM can be removed
easily), decreasing the efficiency of the entire process. Secondly,
the DRM reaction is extremely endothermic, requiring high
temperatures to attain a reasonable yield of syngas. This huge
energy input is also a matter of concern for the commerciali-
zation of DRM. The third challenge is associated with sulfur
poisoning, because H2S is one of the components of methane
sources. Once the commonly known H2S poison is present in
This journal is © The Royal Society of Chemistry 2016
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the raw feedstock, the reforming efficiency will decrease
substantially as a result of sulfur deactivation.21,22 Fortunately,
much research activity has been dedicated to developing
sulfur tolerant DRM catalysts which show promising
performances.12,25–27

Solid oxide fuel cells (SOFCs), which typically operate at
higher temperatures (above 500 �C) compared to other types of
fuel cells, have received particular attention in recent years not
only for power generation28–30 but also for the potential of
performing simultaneous DRM reactions in their anode
compartments.31–33 A high operation temperature is favored by
DRM, and at the same time, the heat released during the
electro-oxidation process can partially compensate the
energy required for DRM. Nonetheless, the conventional
Ni–Y2O3-stabilized-ZrO2 (YSZ) electro-catalyst shows neither
good in situ dry reforming activity nor an excellent electro-
chemical performance in a CH4–CO2 mixture,34–36 not to
mention that sulfur impurities always signicantly deactivate
its reforming capability. On one hand, the recent advancement
of coke-sulfur resistant DRM catalysts is not fully utilized in
SOFC research due to many practical barriers, e.g., the >1300 �C
sintering temperature of SOFC fabrication. On the other hand,
a typical Ni–YSZ supported cell usually shows a much decreased
performance when being directly fed with equal amounts of
CH4 and CO2,33 although performance can be improved by
introducing noble metal catalysts37,38 or using novel fabrication
methods.39,40 To combine the advantages of both hands, we
herein design a novel SOFC reactor equipped with a highly
coke/sulfur resistant triple-layer anode (TA-SOFC). The so-called
electrochemical dry reforming (EDRM) process efficiently
converts the H2S-containing (sour) CH4–CO2 into syngas and
electricity.
2. Experimental
2.1. Material preparation and cell fabrication

Ni0.8M0.2 (NiM: M ¼ none, Co, Cu, Fe)–Ce0.8Zr0.2O2 (ZDC)
catalysts were prepared using a glycine–nitrate combustion
process (GNP). The button cell (f 13 � 1 mm) of the conven-
tional SOFC (C-SOFC) is composed of a Ni–YSZ support layer,
Ni–YSZ functional layer, YSZ electrolyte, Ce0.9Gd0.1O1.9 (GDC)
buffer-layer and a 0.5 cm2 La0.6Sr0.4Co0.2Fe0.8O3�d (LSCF)-GDC
cathode. The triple anode layer SOFC (TA-SOFC) was con-
structed by coating the Ni0.8Cu0.2O (NiCuO)–ZDC slurry onto the
surface of the Ni–YSZ support, followed by calcination at 900 �C
for 2 h in air. Fabrication details of the cell can be found in
the ESI.†
2.2. Evaluation of catalyst performance in DRM process

Catalytic activity measurements for the DRM reaction were
performed at atmospheric pressure from 550 to 800 �C using
a xed bed reactor (details are described in the ESI†). With
regard to the assessments of sulfur tolerance, we performed an
accelerated poisoning test via aging the catalysts in a H2S-con-
taining feed stream (H2-500 ppm H2S) at 850 �C for 5 h. During
the DRM, the gas mixtures of sweet (H2S-free) CH4–CO2
This journal is © The Royal Society of Chemistry 2016
(mole ratio ¼ 1 : 1) or sour (H2S-containing) CH4–CO2

(mole ratio¼ 1 : 1, with 50 ppmH2S) were fed into the reactor at
a ow rate of 20 ml min�1. Compositional analysis of the
effluent gases was performed with a gas chromatograph (GC,
Hewlett Packard Series two). The percentages of CH4 conversion
and CO selectivity were calculated according to eqn (1) and (2),
respectively.

CH4 conversion ¼ 1=2½CO�
1=2½CO� þ ½CH4� � 100% (1)

CO selectivity ¼ ½CO�
½CO� þ ½CO2� � 100% (2)
2.3. EDRM process measurements

A detailed description and explanation of EDRM are presented
in Section 3.1 (vide infra). In the experiment, an Au paste
current collecting layer was painted on both sides of the elec-
trode surface and baked in air at 800 �C for 2 h. Pt mesh and
wire were used as the current collector and the measuring lead,
respectively. Button cells were sealed on an alumina tube using
a Ceramabond® glass sealant (Type 552) and reduced in pure
H2 atmosphere at 800 �C for 2 h. Prior to electrochemical
evaluation, the anode was polarized in H2 or H2-500 ppm H2S
(denoted as H2S treated cell below) at 850 �C and 0.8 V constant
voltage for 5 h. Aer reduction and stabilization, I–V polari-
zation curves and electrochemical impedance spectra (EIS) in
H2 (40 ml min�1), CO (40 ml min�1), CO–H2 (mole ratio¼ 1 : 1,
40 ml min�1) and sweet CH4–CO2 (20 ml min�1, the gas hourly
space velocity was �9041 h�1) were collected. The performance
stability and corresponding effluent gas composition were also
measured under constant current with sweet or sour CH4–CO2

(with 50 ppm H2S) as the feeds, and the ow rates were
both 20 ml min�1. The air ow rate in the cathode was xed at
500 ml min�1.
3. Results and discussions
3.1. Electrochemical dry reforming of methane (EDRM)

Fig. 1 shows a schematic of the electrochemical dry reforming of
methane in TA-SOFC. In this design, an additional coke/sulfur
resistant layer, composed of ZDC supported bimetallic alloys,
was attached to the surface of the anode support to perform dry
reforming. Prior to entering the Ni–YSZ anode, the sour
CH4–CO2 feedstream is therefore effectively reformed, yielding
syngas. Sequentially, the acquired syngas reaches the triple-
phase boundaries (TPBs) where H2 is preferentially oxidized
with negligible CO2 formation, pertaining to H2 conversion in
SOFCs being several fold faster than that of CO (vide infra). This
unique behavior became more prominent when sulfur was
present, which might be attributable to the sulfur–nickel
synergetic effect,41–43 as the sulfur poisoning suppressed the
oxidation of CO much more signicantly. In addition, the H2O
generated from the H2 electrochemical reaction suppresses
coke formation, and the heat released during the energy
J. Mater. Chem. A, 2016, 4, 9080–9087 | 9081
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Fig. 1 A schematic drawing of the electrochemical dry reforming of
methane in SOFC.
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conversion process can partially compensate for that required
for DRM.
3.2. Screening sulfur/coke resistant DRM catalyst

The prepared NiM (M ¼ none, Co, Cu, Fe) bimetallic alloys on
ZDC were initially characterized via X-ray diffraction (XRD). The
results showed that single metallic phases formed in all of the
Fig. 2 (a) XRD patterns of the as-synthesized and reduced NiCuO–ZDC
TEM bright field image of NiCu–ZDC and EDX elemental mappings of N

9082 | J. Mater. Chem. A, 2016, 4, 9080–9087
catalysts (Fig. S2†). For example, Fig. 2a displays the XRD
patterns of the as-synthesized and reduced NiCuO–ZDC, con-
rming that the ZDC crystal remained stable in both the
reducing and oxidizing atmospheres, whereas NiCuO was fully
reduced to NiCu bimetallic alloy. The broad diffraction peak of
NiCu also implied its ne particle size, ensuring high catalytic
activity for the DRM reaction. The reduction behaviors of these
catalysts were characterized using thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) performed in
10% H2 (see Fig. 2b and S3†). As pure ZDC demonstrated good
weight stability, we concluded that the two exothermic peaks
(250.80 �C and 383.64 �C) of NiCuO–ZDC came from the
reduction of NiCuO. Transmission electron microscopy (TEM)
analysis was performed to further investigate both the compo-
sitional and morphological characteristics of the NiCu–ZDC
catalyst. The bright eld (BF) image in Fig. 2c shows the good
dispersion of the bimetallic nanoparticles (NPs). The energy
dispersive X-ray spectroscopy (EDX) elemental mappings
further conrmed the formation of the bimetallic NiCu phase
(cf. XRD data above). The high resolution TEM (HRTEM)
micrographs in Fig. S4 †reveal that the NiCu NPs are spherical,
10 to 25 nm in size, and well dispersed over the cube-like ZDC
(Fig. S5†).

The performances of the NiM–ZDC catalysts, regarding their
catalytic activity and coke/sulfur resistance, for the DRM reac-
tion were evaluated prior to EDRM application. The state-of-the-
; (b) TGA–DSC curves of ZDC and NiCuO–ZDC catalysts in 10% H2; (c)
i, Co, Ce and Zr.

This journal is © The Royal Society of Chemistry 2016
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art Ni–YSZ electro-catalyst (calcined at 1390 �C to simulate the
sintered state of the SOFC anode) was also included as
a control. Fig. 3a to e compare the CH4 conversion, CO selec-
tivity and the effluent composition when different catalysts
were applied in sweet CH4–CO2 from 550 to 800 �C. Apparently,
CH4 conversion and syngas yield increased rapidly with an
increase of temperature. NiM–ZDC catalysts showed excellent
activities, and >90% methane conversion was recorded at
temperatures higher than 750 �C. Conversely, the performance
of Ni–YSZ was rather poor, most likely as a result of the
sintering effect causing severe agglomerations of Ni particles.
In fact, this observation was in accordance with those docu-
mented in the literature, showing that the conventional Ni–YSZ
anode of SOFCs was not capable of achieving effective internal
DRM under SOFC conditions.44–46 Its inferior performances
were also reected in the measured low power density and high
polarization resistance.39,44,45

Sulfur tolerance was evaluated by initially exposing the
catalyst to H2-500 ppm H2S at 850 �C for 5 h prior to the DRM
test. Although the H2S treatment deactivated all the catalysts
regarding the DRM reaction, the bimetallic catalyst showed
a much enhanced sulfur tolerance.47,48 The methane conversion
on H2S treated Ni alloys could reach 91%, approximately 4-fold
higher than that of Ni–YSZ (see Fig. 3c). In particular, NiCu
seemed to outperform the controls. The poisoned NiCu catalyst
showed a roughly identical CH4 conversion and syngas yield in
comparison with the pristine at temperatures above 750 �C.
This is because the alloying elements, such as Cu and Co, have
lower affinities to H2S and are thus thermodynamically more
stable in a H2S environment.47,48
Fig. 3 (a and c) CH4 conversion and (b and d) CO selectivity in the DRM p
ppm H2S–H2 pretreated catalysts in a fixed bed reactor; (e) the effluent c
YSZ and (4) H2S treated NiCu–ZDC catalysts; (f) Raman spectra and R va
800 �C for 30 min.

This journal is © The Royal Society of Chemistry 2016
Coke resistance is another pivotal parameter to consider
when designing DRM catalysts. Therefore, we further evaluated
their carbon resistance via exposing them to pure CH4 for
30 min at 800 �C. Such a coking test under extreme conditions
(in pure CH4 rather than 50% CO2 + CH4) could accelerate the
carbon deposition rate.35,36,39,40 The Raman spectra in Fig. 3f and
S6† compare the carbon peak of the Ni–YSZ, pristine and sulfur
poisoned NiM–ZDC catalysts. Two intense bands related to the
deposited carbon appeared in the spectra, i.e., the D (defect)
band associated with the disordered structure of carbon, and
the G (graphite) band featuring the graphitic layers and the
tangential vibration of carbon atoms. Usually, the amorphous
carbon can be easily removed when oxidants are present (e.g.,
CO2, H2O or O2�).39,40,49 The intensity ratio R(ID/IG) reects the
graphitization degree. A higher value of R here implies that the
material might be more coke resistant under DRM conditions
(cf. the quantitative coke deposition study via TGA
below).35,36,39,40 The NiCu–ZDC catalyst yielded the highest
R value (0.662) compared with the other bimetallic catalysts in
pure methane. This graphitization degree decreased further on
the poisoned catalyst, NiCu–ZDC, yet it exhibited the highest
R value (0.760). In fact, copper is commonly documented as an
excellent “coke-suppressing” alloying element, as it dilutes the
active site on the surface of nickel, restraining carbon–carbon
bond formation.12,23,24

Aer screening a series of DRM catalysts, we concluded that
the conventional Ni–YSZ electro-catalyst was not appropriate for
in situ dry reforming of methane, particularly due to its low
activity and poor sulfur resistance. Alternatively, NiM–ZDC
bimetallics exhibited a greatly improved catalytic performance,
rocess at various temperatures using (a and b) pristine and (c and d) 500
ompositions when using (1) Ni–YSZ, (2) NiCu–ZDC, (3) H2S treated Ni–
lues of carbon deposits on the catalysts after being exposed to CH4 at

J. Mater. Chem. A, 2016, 4, 9080–9087 | 9083

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ta02809h


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ay
 2

01
6.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 1
2:

45
:3

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
among which NiCu behaved complementarily in reference to its
activity and coke/sulfur resistance. It was thus selected as the
catalyst in the EDRM process.
3.3. Designing SOFCs with a triple anode layer for the EDRM
process

Despite the excellent performances of the NiCu bimetallic
catalyst towards the DRM reaction, applying it to the SOFC
anode remains a challenging task. This was simply due to the
low melting points of both copper and copper oxide which
can sublimate during the co-ring step of SOFC fabrication
(>1300 �C). To cope with this difficulty, we designed a triple-
layer anode in SOFCs (denoted as TA-SOFC) as shown in
Fig. 4a. The extra layer on the anode, containing nanosized
NiCu bimetallic catalyst, was fabricated using a 900 �C calci-
nation process. No delamination of this layer from the anode
support was observed aerward (Fig. S7†), which could be
ascribed to the addition of a Zr doping element that increased
the compatibility at the YSZ and ZDC interface (also to the
adoption of a Ni based alloy). Meanwhile, this seamless
integration led to efficient electron transfers during electro-
chemical reactions.
Fig. 4 (a) Cross-section microstructure of the reduced TA-SOFC; (b an
pretreated C-SOFC and TA-SOFC in CH4–CO2 and CO–H2 at 800 �C; (d
with sweet CH4–CO2 after H2S pretreatment.

9084 | J. Mater. Chem. A, 2016, 4, 9080–9087
The addition of the bimetallic layer did not deteriorate the
SOFC performance, and the TA-SOFC and conventional SOFC
(denoted as C-SOFC) demonstrated essentially identical
performances in H2, CO and syngas (see Fig. 4 and S8–S10†).
For instance, the peak power densities (PPDs) in H2 were
�1.4 W cm�2 for both C-SOFC and TA-SOFC, whereas they
decreased to �1.0 W cm�2 in sour atmospheres. We used the
cell performance in syngas as a descriptor to evaluate the degree
of internal reforming when feeding the cell with CH4–CO2. This
is because when methane was completely dry reformed in situ,
the actual feed of the SOFC became exactly the same as CO–H2.
Intuitively, similar SOFC performances should be therefore
recorded. Hence, Fig. 4b compares the I–V and power density
proles in various fuels at 800 �C. Though the PPDs of C-SOFC
and TA-SOFC were close in CO–H2 (�1.2 W cm�2), the PPD of
TA-SOFC in CH4–CO2 was roughly 12.5% higher than that ob-
tained in C-SOFC (1.26 W cm�2 vs. 1.12W cm�2). Since TA-SOFC
indeed exhibited an almost identical performance in both
feedstreams, it became reasonable to speculate that the addi-
tional catalyst layer, NiCu–ZDC, fostered the conversion of
methane. This was in good agreement with our catalyst
screening tests (vide supra). Conversely, the noticeable PPD
d c) the I–V and I–P curves of (b) pristine and (c) 500 ppm H2S–H2

) the current-dependent anode exhaust composition of TA-SOFC fed

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (a) Time dependent CH4 conversion of the DRM process at 800 �C; (b) time dependence voltage of H2S-pretreated TA-SOFC in sour
CH4–CO2, containing 50 ppmH2S, at 800 �C and at 1.5 A cm�2, and the corresponding variations of anode exhaust composition; (c) TGA signals
in air of various fresh and used catalysts, and the weight loss quantitatively reflects the burning of coke; (d) thermodynamic calculation of
equilibrium carbon content vs. fuel utilization during the EDRM process.
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decrease of C-SOFC in CH4–CO2 in comparison with that in
syngas was related to the weak reforming capability of the
conventional Ni–YSZ anode.

More importantly, aer H2S pretreatment, the TA-SOFC
showed much better performances. Albeit both TA-SOFC and
C-SOFC demonstrated satisfactory performances in syngas (see
Fig. 4c), the PPD of C-SOFC dropped drastically to 0.29 W cm�2

when the feed was switched to CH4–CO2. In contrast, a high
PPD, equal to 0.96 W cm�2, was preserved in TA-SOFC. This
privileged feature was likely to relate to the excellent sulfur
tolerance of NiCu–ZDC regarding the methane reforming
reaction.

This instinctive conjecture regarding the reforming activity
of the catalyst in SOFCs was then re-assessed quantitatively via
analyzing the gas composition of the anode effluent (see Fig. 4d
and S11†). Obviously, a high content of both CH4 and CO2

remained in the effluent of the C-SOFC under all current
conditions. In the TA-SOFC, the percentages of CO2 and CH4

were both�3% at the open-circuit, affirming the previous claim
that CO2 and CH4 were almost completely converted to syngas
(cf. Fig. 3e). Interestingly, as the applied current rose up, CO
concentration increased whereas that of H2 decreased; in the
meantime, a negligible amount of CO2 was produced from
CO electrochemical conversion when the current was below
1.5 A cm�2. Such a “selective” oxidation of H2 contributed to the
power generation, leading to nearly zero GHG emission. This
This journal is © The Royal Society of Chemistry 2016
effect is benecial in terms of GHG control/chemical copro-
duction, and has been rarely reported in hydrocarbon fueled
SOFCs.50–52

In fact, both the C-SOFC and TA-SOFC were employed with
oxygen-conducting electrolytes. Theoretically, O2� can readily
oxidize both CO and H2 when the SOFC is biased. The selective
oxidation of H2 observed above can be explained from two
perspectives. On one hand, intrinsically, the electro-oxidation of
H2 in SOFCs proceeds more rapidly, and its rate is believed to be
several fold faster than that of CO.53,54 Our measurements in
Fig. S8† also proved this. On the other hand, such a rate
difference became more prominent in the sour feed stream,
mainly due to the extremely poor electrochemical performance
of the TA-SOFC in CO. Its PPD decreased to merely 0.30 W cm�2

(1.06 W cm�2 in H2, see Fig. S9†). In the electrochemical EIS in
Fig. S10,† the polarization resistance (RP) in H2 decreased to
0.17 U cm2 when the cell was biased at �0.5 V (relative to OCV),
but RP reached 2 U cm2 in CO under the same conditions. From
the thermodynamic calculation55 and our former XPS data,42 we
ensured that the adsorbed sulfur species were formed on Ni in
this study, alternating the chemisorption geometry of CO on
Ni.43 This might have possibly prevented the diffusion of CO to
the TPB, consequently restraining its electrochemical oxidation.

We also performed stability tests on the NiM–ZDC catalyst.
Fig. 5a displays the time dependent CH4 conversion of the
NiCu–ZDC catalyst at 800 �C under open circuit conditions. It
J. Mater. Chem. A, 2016, 4, 9080–9087 | 9085
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decreased as a function of time in sweet CH4–CO2, presumably
due to coke formation.17,18 Such degradation was suppressed on
the poisoned catalyst. Under EDRM conditions when TA-SOFC
was biased at 1.5 A cm�2 (50 ppm H2S contained CH4–CO2), the
output voltage was stable at�0.68 V whereas the corresponding
power density attained 1.02 W cm�2 during the entire 48 h test
(see Fig. 5b). This signicantly surpassed most reports in the
literature, particularly considering the sour feed conditions of
this work (see Table S2† for details). Meanwhile, the effluent gas
composition prole shows high conversions of CH4 and CO2

during this period of time yet the produced CO was barely
oxidized (see the CO2 concentration under OCV condition in
Fig. 4d). This strongly indicates that EDRM in TA-SOFC is
a promising process with little CO2 emission.

We thus quantitatively investigated the coke formation in
the NiCu–ZDC reforming layer of the TA-SOFC aer the 48 h
stability test using a temperature programmed oxidation tech-
nique (TPO via coupled TGA-MS, shown in Fig. 5c and S14†).
The as-reduced NiCu–ZDC was oxidized, showing a weight-
increase at �400 �C. However, aer DRM in either sour or fresh
feeds, huge weight losses were recorded at �500 �C, correlating
with the oxidation of deposited carbon. Particularly for that
without H2S pre-treatment, the weight loss reached 55%. In the
catalysts aer the EDRM process (J ¼ 1.5 A cm�2), much less
carbon was found. Such suppressed carbon deposition
was further alleviated by H2S treatment and/or feeding sour
CH4–CO2, pertaining to the possible sulfur passivation
effects.56,57 The higher grade of coke tolerance in EDRM was
ascribed to the steam generated during the preferential oxida-
tion of H2. Fig. 5d compares the equilibrium carbon content
(ECC) as a function of H2 (CO) utilization in SOFCs, calculated
using HSC Chemistry 5.1. At 825 �C, the ECC was more than
14%, making DRM (0% fuel utilization) extremely prone to
graphitization. In the EDRM process, however, when the fuel
utilization reached 50% (note that our fuel utilization in the
experiment was �45% at 1.5 A cm�2), the tendency of coking
was substantially reduced by �60%, giving 6.5% ECC. Hence,
the EDRM process in the TA-SOFC suppressed coke formation
both kinetically (via the NiCu catalyst) and thermodynamically.

4. Conclusions

We conclude that electrochemical dry reforming of sour
methane in SOFCs consisting of a triple-layer anode enables the
co-production of syngas and electricity. The applied NiCu
bimetallic catalyst layer was well-incorporated into the anode of
the SOFC and possessed an excellent reforming capability and
coke/sulfur resistance. The in situ produced H2 is selectively
oxidized, resulting in fairly low CO2 emission. The energy
required for DRM was partially compensated for and the cop-
roduced steam greatly suppressed the carbon deposition.
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