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a b s t r a c t

Whereas Ce0.9Sr0.1Cr0.5V0.5O3 is an active fuel cell anode catalyst for conversion of only the H2S content
of 0.5% H2S–CH4 at 850 ◦C, inclusion of 5 wt% NiO to form a composite catalyst enabled concurrent elec-
trochemical conversion of CH4. A fuel cell with a 0.3 mm thick YSZ membrane and Ce0.9Sr0.1Cr0.5V0.5O3

as anode catalyst had a maximum power density of 85 mW cm−2 in 0.5% H2S–CH4 at 850 ◦C, arising only
from the electro-oxidation of H S. Using a same thick membrane, promotion of the anode with 5 wt% NiO
eywords:
olid oxide fuel cell
ydrogen sulfide
ethane

node catalyst

2

increased the total anode electro-oxidation activity to afford maximum power density of 100 mW cm−2

in 0.5% H2S–CH4. The same membrane provided 30 mW cm−2 in pure CH4, showing that the incremen-
tal improvement arose substantially from CH4 conversion. Performance of each anode was stable for
over 12 h at maximum power output. XPS and XRD analyses showed that an increase in conductivity of
Ce0.9Sr0.1Cr0.5V0.5O3 in H2S-containing environments resulted from a change in composition and structure

to m
erovskite from the tetragonal oxide

. Introduction

Solid oxide fuel cells (SOFCs) are high temperature electro-
hemical devices that electrochemically oxidize a fuel to produce
lectrical power with high potential efficiency [1]. A recognized
dvantage of SOFCs is fuel flexibility. SOFCs can be fuelled using
variety of fuels, including hydrogen, methane (both directly and
ith reformed methane), alcohols, and syngas (coal gas) [2–8]. The
referred anode material currently used for SOFCs consists of a cer-
et of Ni and YSZ. However, when using an impure H2 fuel such as

eformed methane, the cermet is poisoned by H2S and catalyzes
oking reactions, both of which are detrimental to operation of
he SOFC [9–16]. Reforming methane, preventing carbon deposi-
ion from carbon containing fuels, and removing sulfur impurities
rom the fuel to below 5 ppm levels, each add to capital and operat-
ng costs of the SOFC stack. The additional plant required both adds
o costs and increases the footprint of the SOFC powerplant, and so
ignificantly limits the widespread application of SOFC technology.
or these reasons, solid oxide fuel cells research is being directed

o investigation and development of fuel cells capable of utiliz-
ng fuels containing impure H2, CO and even sulfur-based fuels,
nstead of requiring very expensive pure H2 [15–24]. To this end,
here is interest in finding alternative anodes, including compos-
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ite materials, that will catalyze methane oxidation but not carbon
growth, and that are both active and stable in the presence of H2S
[15–24].

Recently we showed that Ce0.9Sr0.1VO3 (CSV) is a potential anode
catalyst for the direct oxidation of 0.5% H2S-containing CH4 [25], a
model fuel for sulfur containing natural gas which is abundant in
several locations including western Canada. In particular, the H2S
content is similar to that found in coal gas and reformed diesel fuels
such as JP-8 [14]. However, we found that even though the mate-
rial had exceptional conductivity and produced a significant power
density of 140 mW cm−2 from the electrocatalytic oxidation of up
to 5% H2S–N2, it was not active towards methane electro-oxidation.
The CSV catalyst was fully active only on partial sulfidation, which
resulted in a structure change from a tetragonal to a monoclinic
perovskite structure with partial anion site occupation by both S2−

and O2−.
Chromium oxide, Cr2O3, is a known hydrocarbon oxidation cata-

lyst and it has a wide oxidation state stability range from Po2 = 1 atm
to Po2 = 10−20 atm [26,27]. We now will show that partial substitu-
tion of Cr for V in CSV to form Ce0.9Sr0.1Cr0.5V0.5O3 (CSCV) improves
redox stability of the catalyst, but by itself does not confer signifi-
cant activity for methane conversion. Ni is also a well known CH4

oxidation catalyst [28]. Hence we used a combination of CSCV and
Ni for electro-oxidation of a feed having both H2S and methane.
In addition, we showed that a cermet comprising a combination
of CSCV, Ni and YSZ had enhanced activity for methane electro-
oxidation.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:Jingli.Luo@ualberta.ca
dx.doi.org/10.1016/j.jpowsour.2009.04.051
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Fig. 1. XRD patterns of (a) Ce0.9Sr0.1V0.5Cr0.5O3 (vertical lines indicate PDF# 25-0307)
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For H2S stability tests an accurately weighed ca. 20 mg powder
nd (b) sulfided Ce0.9Sr0.1V0.5Cr0.5O3 formed after conductivity test (vertical lines
ndicate PDF# 47-1039.) (*Indicates a small CeO2 signal, × indicates an unknown
hase.)

. Experimental

.1. Catalyst preparation

Ce0.9Sr0.1VO3 (CSV) and Ce0.9Sr0.1Cr0.5V0.5O3 (CSCV) were pre-
ared by solid state synthesis from the powdered oxide precursors:
rO2 (Alfa Aesar), CeO2 (Sigma–Aldrich, 99.9%), V2O5 (Alfa Aeser,
8%) and Cr2O3 (Alfa Aesar, 99%). The powders were mixed in a
all mill for 24 h, sintered in alumina boats at 1100 ◦C in 1% H2–Ar
or 6 h. This procedure was repeated until the desired phase was
ormed as the single or predominant material, as shown by XRD
nalysis (Fig. 1). For CSCV fuel cell anodes, a nanopowder was
repared by the gel combustion synthesis method. Briefly, the pro-
edure commenced by dissolving V2O5 in nitric acid, then admixing
toichiometric amounts of the nitrate salts Ce(NO3)·6H2O (Acros
rganics, 99.5%), Sr(NO3)2 (Alfa Aesar, 99%) and Cr(NO3)3·9H2O

Acros Organics, 99%). The mixture was stirred continuously on a
ot plate at ∼90 ◦C. Citric acid was added to form a 2:1 ratio of
etal ions to acid. Ammonium hydroxide (Fisher Scientific) was

dded to balance the pH to ∼7. The mixture was stirred further on

he hot plate at 90 ◦C for several hours until the water had evapo-
ated. The temperature was increased to 100 ◦C to form the sol–gel,
ollowed by an increase to 300 ◦C to combust the gel. The porous
oam formed after combustion was finely ground, then calcined in
Sources 194 (2009) 252–262 253

air at 900 ◦C for 2 h. The mixture subsequently was reduced in 1%
H2–Ar at 1100 ◦C for 2 h to form the required phase.

NiO was synthesized as a nanopowder by the same combustion
synthesis method using Ni(NO3)2·6H2O (Alfa Aesar, 99.9985%), the
gel from which was combusted and heated to 900 ◦C for 2 h.

NiO, CSCV and YSZ (Inframat Advanced Materials, 99.9%) were
ball milled in a weight ratio of 5:47.5:47.5 for 24 h to form an inti-
mately mixed composite anode cermet NiO–CSCV–YSZ (NCY).

2.2. Fuel cell testing

The anode catalyst (CSCV or NCY) powder was ground using a
mortar and pestle, dispersed in �-terpineol to form a paste, and a
1 cm2 area anode was screen printed onto a YSZ disk (8 mol% Y2O3,
Intertec Southwest, 25.4 mm OD, 0.3 mm thick) electrolyte. The disk
was pre-sintered in 1% H2–Ar for 2 h at 1000 ◦C. Prior to testing, the
cathode was prepared by painting platinum paste (Hereus, 1 cm2)
onto the cathode side of the button cell, and the membrane assem-
bly (MEA) was fired in situ during the fuel cell test ramp-up. Typical
anode thicknesses were ca. 50 �m, while the cathode thickness was
5–10 �m.

The MEA was installed in the fuel cell testing apparatus as shown
and described in Ref. [25]. The anode and cathode chamber gas flow
rates were each 100 mL min−1, and the chamber volume was close
to 80 cm3, so the LHSV was about 75 h−1.

Fuel cell tests were conducted using standard DC and AC elec-
trochemical techniques with a two electrode set-up, a Solartron
1287A Potentiostat/Galvanostat (5 mV s−1 sweep rate was used for
potentiodynamic tests) and a Solartron 1252A FRA (electrochem-
ical impedance was analyzed from 1 MHz to 0.5 Hz, at OCV and
±20 mV). The wire resistance was manually compensated by exter-
nally measuring the wire resistance at testing temperature.

2.3. Conductivity testing

Conductivity measurements were conducted in a commercial
NorECs Probostat electrochemical measurement cell using gold cur-
rent collectors (two probes) in a single gas environment. Cylindrical
pellets were prepared by pressing powdered catalyst at 2 tonnes in
a 1 cm ID die, and the pellet so formed was fired at 1250 ◦C in 1%
H2–N2 for 2 h. Gold paste was painted on both sides of the pellet
and fired at 800 ◦C in 1% H2–N2 for 1 h. The combinations of gases
used during the tests were 10% H2–N2 and 5% H2S–N2, each flow-
ing at 50 mL min−1. The samples were heated at 2 ◦C min−1 and tests
were performed at selected temperatures in the range 500–950 ◦C.
Measurements were made using the two-point DC conductivity
method. The samples were held at testing temperature until a sta-
ble conductivity value was reached. Typically, in H2 atmosphere
stable values were obtained 2 h after stabilization of the testing
temperature. Under a H2S-containing environment the sample typ-
ically was held at 925 ◦C for 24 h before constant conductivity was
achieved, whereas at lower temperatures stable conductivity values
were achieved within 2 h.

2.4. Thermo-chemical characterization

Simultaneous differential scanning calorimetry–thermo-
gravimetric analysis (DSC–TGA) was performed using a TA Instru-
ments SDT Q600. The instrument has a horizontal balance which
reduces buoyancy effects of the gas and prevents damage to the
balance housing from reducing or corrosive gases.
sample was placed in an alumina cup (90 �L). The chamber was
purged for 1 h. The sample was heated in a gas mixture comprising
100 mL min−1 N2 and 1 mL min−1 of H2 (1% H2) at 20 ◦C min−1 to
850 ◦C at which temperature it was held for 30 min until the sig-
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Table 1
Summary of BET surface areas of prepared catalysts.

Material

CSV CSCV NCY
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reparation Conventional Conventional Sol–gel Sol–gel
ET (m2/g) 1.2 1.1 5.9 38.1

al stabilized. A feed comprising 500 ppm of H2S (in N2) flowing at
00 mL min−1 was then introduced to the chamber and maintained
or 20–30 min. The sample was subsequently cooled in flowing

2.
For oxidation–reduction measurements the samples, an accu-

ately measured sample of about 10 mg of powder was placed in an
lumina cup (90 �L), then the system was purged for 30 min using
00 mL min−1 flowing N2 prior to testing. The samples were then
eated to 1100 ◦C at 10 ◦C min−1 separately in each of the test gases:
2, air and 1% H2–N2, flowing at 100 mL min−1.

.5. Materials characterization

A Rigaku RU200 powder X-ray diffraction (XRD) system with
rotating anode and a Co target was used for analysis of all syn-

hesized powders, with a scan rate of 2◦� min−1. The commercially
vailable software Jade® was used for identifying phases present in
he samples.

A Hitachi S-4800 field emission scanning electron microscope
SEM) was used for characterizing the cross-sections of MEAs.

X-ray photoelectron spectroscopy (XPS) was performed on the
amples in a Kratos Analytical AXIS 165. A monochromated Al
� (h� = 1486.6 eV) source was used at a power of 210 W, with a
ase pressure of 3 × 10−8 Pa in the analytical chamber. Fixed anal-
ser transmission (FAT) mode was applied with a resolution of
.55 eV for Ag 3d and 0.70 eV for Au 4f peaks. The analysis spot
as 700 �m × 300 �m. Charge neutralization (current 1.7 A, bal-

nce 1.8 V, bias 1.1 V) was applied to compensate for photoelectrons
eaving the sample surface. After degassing, survey scans between
100 and 0 eV were collected at a pass energy of 160, 0.35 eV step
ize and a dwell time of 200 ms, and data were merged over three
cans. Narrow scans of Ce, V, Cr, O and S were collected at 20 eV pass
nergy, 0.1 eV step size and 200 ms dwell time and 10–20 scans per
ample. Spectra were referenced to C 1s biding energy of 283.26 eV,
nd were fitted using Gaussian–Lorentzian peak shapes and Shirley
aselines.

Quantachrome Instruments Autosorb I was used for BET surface
rea determinations of freshly prepared reduced catalysts.

. Results

.1. Characterization of anode materials

The XRD pattern of freshly prepared CSCV (PDF# 25-0307)
howed the previously reported perovskite type structure for CSV,
ith a tetragonal unit cell and lattice parameters a = 5.52 Å and
= 7.81 Å (Fig. 1a) [25]. To form this structure Ce is present in the 3+
xidation state, Cr as 3+, V as 3+ and Sr as 2+.

The BET surface areas of the prepared powders are summarized
n Table 1. The high BET surface area of the NCY composite was
ue to the addition of nanoparticle YSZ. CSCV and the composite
CY each had good thermal expansion coefficient (TEC) matches

ith YSZ and so adhered well to the electrolyte. SEM images of
repared cross-sections of CSCV and NCY MEAs (Figs. 2 and 3)
howed that both anodes adhered well to the YSZ electrolyte after
intering. CSCV catalyst particles were well dispersed, well inter-
onnected, and the structure had good porosity. The NCY anode
Fig. 2. SEM image of: (a) cross-section of CSCV MEA and (b) high magnification of
Ce0.9Sr0.1Cr0.5V0.5O3 anode.

had well distributed phases YSZ, CSCV and Ni and a porous struc-
ture.

3.2. Thermal analysis

The thermal stabilities of CSV and CSCV under oxidizing, inert
and reducing environments were investigated using appropriate
flowing gases in a DSC/TGA.

The TGA and DSC results for CSV are presented in Figs. 4 and 5,
respectively. Fig. 4 shows a 7% total weight gain when the CSV
oxidized from Ce0.9Sr0.1VO3 to Ce0.9Sr0.1VO4. Ce0.9Sr0.1VO4 has a
zircon-type tetragonal unit cell, with lattice parameters a = 7.36 Å
and c = 6.49 Å (PDF# 12-0757) [25]. For this structure Ce must be
in the 3+ oxidation state, V predominantly as 5+; again, and sub-
stituent Sr is 2+. The oxidation reaction occurred in two stages
with an initial small weight increase that started about 300 ◦C, fol-
lowed by a second major weight gain that started at 400 ◦C and
was complete at 500 ◦C. The weight gain is due to incorporation
of additional O, the first peak possibly attributable to oxidation of
V3+ to V4+ and the second to oxidation to V5+. During reduction
there was a 6% weight loss, when Ce0.9Sr0.1VO4 was reduced to
Ce0.9Sr0.1VO3, showing that the redox process was fully reversible.
Reduction occurred much less readily than the oxidation reaction,
as it started at 800 ◦C and finished at 950 ◦C. When Ce0.9Sr0.1VO3

was heated under N2 there was no weight change, and so there
was no change in composition; however there was a phase change
close to 400 ◦C. The DSC curves under reduction and oxidation con-
ditions did not show any phase changes occurring independently
of the oxidation and reduction reactions. Thus the reduction reac-
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Fig. 5. DSC curves for (a) oxidation of Ce0.9Sr0.1VO3 in air, (b) Ce0.9Sr0.1VO3 in N2 and
(c) reduction of Ce0.9Sr0.1VO4 in 1% H2–N2.
ig. 3. SEM image of: (a) cross-section of NCY MEA and (b) high magnification of
i–CSCV–YSZ anode.

ion may have been slower than oxidation as a consequence of the
elative rates of the associated phase changes.
The TGA and DSC data for CSCV are presented in Figs. 6 and 7,
espectively. CSCV gained 4% weight during oxidation, in a two-
tep process that started about 400 ◦C and was completed about
00 ◦C. The 4 wt% gain corresponds to an uptake of oxygen of only
alf (Ce0.9Sr0.1Cr0.5V0.5O3.5) of what is required to fully oxidize

ig. 4. TGA curves for (a) oxidation of Ce0.9Sr0.1VO3 in air, (b) Ce0.9Sr0.1VO3 in N2 and
c) reduction of Ce0.9Sr0.1VO4 in 1% H2–N2.

Fig. 6. TGA curves for (a) partial oxidation of Ce0.9Sr0.1Cr0.5V0.5O3 in air, (b)
Ce0.9Sr0.1Cr0.5V0.5O3 in N2 and (c) reduction of Ce0.9Sr0.1Cr0.5V0.5O3+ı in 1% H2–N2.

Fig. 7. DSC curves for (a) partial oxidation of Ce0.9Sr0.1Cr0.5V0.5O3 in air, (b)
Ce0.9Sr0.1Cr0.5V0.5O3 in N2 and (c) reduction of Ce0.9Sr0.1Cr0.5V0.5O3+ı in 1% H2–N2.
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tance did not change as a result of the change in anode gas. Hence
there was a shift in mechanism of the reaction from only a H2S
electrochemical reaction to inclusion of a CH4 reaction. When pure
CH4 was used as the fuel RP1 was 9 � cm2, and the value of RP1
decreased when CH4 and H2S competed for adsorption sites. The
ig. 8. Potentiodynamic curves for sulfided Ce0.9Sr0.1Cr0.5V0.5O3|YSZ|Pt at 850 ◦C in:
a) 0.5% H2S–N2, and (b) 0.5% H2S–CH4.

he entire structure to Ce0.9Sr0.1Cr0.5V0.5O4. Physically, this corre-
ponds to oxidation of either half the V3+ to V5+ or all V3+ to V4+, with
consequently greater oxygen coordination around the V cations.
he process was reversible, as reduction of the oxidized CSCV also
as 4 wt%, and occurred between 800 and 900 ◦C. No mass changes
ccurred under inert gas conditions, although there was a simi-
ar phase change at 400 ◦C, which was half as energetic as the one
hat occurred for CSV. Again, the DSC curves under reduction and
xidation conditions did not show any phase changes occurring
ndependently of the oxidation and reduction reactions.

.3. Electrochemical properties

Potentiodynamic tests were conducted to determine the elec-
rochemical activity of the anode materials CSCV and NCY towards
ach of methane and H2S. The MEAs were tested at 850 ◦C, in simu-
ated sour gas comprising 0.5% H2S–CH4, 0.5% H2S–N2, 5% H2S–N2,
nd pure CH4. Fig. 8 shows the IV and IP curves for CSCV|YSZ|Pt, in
.5% H2S–CH4. With this feed the cell produced maximum power
ensity 85 mW cm−2, while in 0.5% H2S–N2 it was slightly lower,
5 mW cm−2. In either pure CH4 or H2 the cell did not produce any
easurable level of power.
In the methane containing fuel the open circuit voltage (OCV)

as elevated to 1.1 V compared to about 1.0 V in N2 containing H2S,
howing that CH4 contributed to anode performance. Thus the dif-
erence in activity of the anode catalyst between feeds pure CH4,
.5% H2S–CH4 and 0.5% H2S–N2 did not arise from conversion of
H4 over the unsulfided catalyst, but in the presence of H2S the
atalyst was partially sulfided, and this appeared to confer some
apability to convert CH4.
Fig. 9 shows impedance curves for CSCV under the conditions
bove, and performance data are compared in Table 2. The high
requency intercept, RS, did not change significantly between the
pectra when using different fuel feeds, and the value for RP1 (com-
ined cathode and electrolyte resistance) was also similar in each

able 2
ummary of impedance data.

CSCV Ni–CSCV–YSZ

0.5% H2S–N2

(� cm2)
0.5%H2S–CH4

(� cm2)
CH4

(� cm2)
0.5%H2S–CH4

(� cm2)

S 1.7 1.7 2.3 1.4
P1 3.1 3.8 9.3 4.7
P2 1.2 3.3 2.0 1.2
Fig. 9. Impedance spectra for sulfided Ce0.9Sr0.1Cr0.5V0.5O3|YSZ|Pt at 850 ◦C in: (a)
0.5% H2S–CH4, and (b) 0.5% H2S–N2. (Frequency decades 1 × 105 to 1 × 10−1 are
labelled with open symbols.)

case. In contrast, the value for RP2 (anode resistance) increased
two-fold when using 0.5% H2S–CH4 and 0.5% H2S–N2.

For the MEA having the composite anode, NCY|YSZ|Pt MEA, the
potentiodynamic curves obtained using CH4 and 0.5% H2S–CH4 feed
gases are shown in Fig. 10. The addition of Ni increased the activity
of the anode for conversion of pure CH4 and the maximum power
density was 30 mW cm−2. The power density using 0.5% H2S–CH4 as
anode feed increased to 100 mW cm−2

. Impedance curves (Fig. 11)
showed that the presence of H2S in the gas improved the ohmic
resistance, and also decreased the secondary polarization process.
The high frequency intercept, RS, was affected when the fuel was
changed from pure methane to 0.5% H2S–CH4, as the CSCV portion
of the composite anode was activated, thus reducing the resistance.
The change in value for RP1, the first electrode polarization resis-
tance which is ascribed to the cathode in the CSCV case, represented
an anode process in the composite NCY because the cathode resis-
Fig. 10. Potentiodynamic curves for Ni–Ce0.9Sr0.1Cr0.5V0.5O3–YSZ|YSZ|Pt at 850 ◦C
in: (a) 0.5% H2S–CH4, and (b) CH4.



N. Danilovic et al. / Journal of Power Sources 194 (2009) 252–262 257

F
C
o

s
b
i
o

f
4
u
i
s
p
S

3

c
o
i

F
N

ig. 11. Impedance spectra for Ni–Ce0.9Sr0.1Cr0.5V0.5O3–YSZ|YSZ|Pt at 850 ◦C in: (a)
H4, and (b) 0.5% H2S–CH4. (Frequency decades 1 × 105 to 1 × 10−1 are labelled with
pen symbols.)

econd semicircle, representing the anode process, RP2, decreased
y about half when using 0.5% H2S–CH4 instead of pure CH4, show-
ng that the partially sulfided catalyst had lower resistance than the
xide form.

Fig. 12 compares the sustainability over 15 h of galvanostatic per-
ormance of the catalysts CSCV and NCY, with fuel cell output 75 and
0 mA cm−2, respectively. The NCY anode was less stable than CSCV
nder galvanostatic conditions, as can be seen by the slight increase

n overpotential from −0.65 to −0.6 V. This was most likely a con-
equence of one of two processes: sintering of the Ni particles, and
oisoning of Ni sites by H2S. Both processes are known to occur in
OFC systems containing Ni [9–16,29].

.4. Total conductivity
The total conductivity of CSCV was determined under a range of
onditions to determine the effects of atmosphere and temperature
n its electrochemical properties. The conductivity of CSCV in H2
ncreased with temperature, behaviour typical of semiconductors

ig. 12. Long-term galvanostatic test of sulfided Ce0.9Sr0.1Cr0.5V0.5O3|YSZ|Pt and
i–Ce0.9Sr0.1Cr0.5V0.5O3–YSZ|YSZ|Pt at 850 ◦C.
Fig. 13. Conductivity of Ce0.9Sr0.1Cr0.5V0.5O3 in: (a) 10% H2–N2, and (b) sulfided
catalyst in 5% H2S–N2.

and ionic conductors (Fig. 13a). The activation energy was 0.1 eV.
The conductivity of CSCV in H2S-containing gas (Fig. 13b) increased
slightly with increasing temperature, behaviour which indicated
occurrence of two competitive processes arising from the combina-
tion of Cr and V. Without Cr addition, pure CSV showed conductivity
behaviour typical of metallic conductors [25]. In H2S the conduc-
tivity increased two orders of magnitude from 0.64 to 4.34 S cm−1

(at 900 ◦C), in contrast to behaviour in the H2 environment, and the
activation energy was much lower, −0.03 eV.

XRD and XPS analyses were conducted on both fresh and used
pellets to determine whether the change in conductivity was asso-
ciated with changes in the composition and/or structure of the
material, which were not evident visually. The gold electrode paste
was removed, and the pellet was ground to a fine powder. XRD
analysis of the powder showed that the material had undergone a
chemical reaction with H2S, to form a material having a structure
similar to that of fully sulfided Ce0.9Sr0.1V0.5Cr0.5S3. However, the
XRD pattern is not fully consistent with that of Ce0.9Sr0.1V0.5Cr0.5S3,
as seen by comparing the peak positions and intensities with those
of the fully sulfided compound (PDF# 47-1039) (Fig. 1b), and sup-
ported by the XPS results below. These findings are consistent with
partial substitution of O by S in the oxide, which results in a phase
change of the structure from tertragonal perovskite to monoclinic
perovskite, resulting in the product Ce0.9Sr0.1Cr0.5V0.5(O,S)3 [25].

3.5. H2S stability

The CSCV and NCY anodes were also tested for H2S reactivity at
850 ◦C. Both CSCV and NCY reacted with H2S; the uptake of H2S is
shown in Figs. 14 and 15.

The weight and heat flow change were monitored before
and during the reaction and TGA and DSC signals are shown in
Fig. 14a and b, respectively. The signal was allowed to stabilize
for ∼30 min upon reaching the reaction temperature, during which
reduction of the sample was still occurring. There was an initial
increase in weight and an exothermic heat flow. The weight gain
was 0.07475 mg which, assuming that it was totally ascribable to

18 −6
adsorbed H2S, constituted 2.5 × 10 molecules (4.15 × 10 mol).
Assuming that chemisorbed H2S dissociated to form a monolayer
of adsorbed S atoms, and that the catalyst particle geometry was
approximately spherical, this constituted about 14% partial surface
coverage. The DSC signal also showed an exothermic peak followed
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Fig. 14. Effect of 500 ppm of H2S on: (a) TG, a

y an increased heat capacity, which was indicative of adsorption
nd a change in the phase of the material. After 15 min the H2S
ow was stopped and pure H2 allowed to flow, which was followed,
tarting essentially immediately, by a gradual return to the origi-
al weight as the adsorbed S was desorbed as it reacted with H2 to
eform H2S. Trace amounts of SO2 were also detected in the efflu-
nt, attributed to continuing reaction of sulfur with oxygen anions
o form SO2. Since the DSC/TGA instrument used horizontal beams

o position the samples in the reactive gas flow, buoyancy effects
ere minimized. Blank trials using empty alumina cups did not

how the same response as those shown in Figs. 14 and 15, signify-
ng that the reaction measured was dissociative adsorption of H2S
nto the catalyst sample.

Fig. 15. Effect of 500 ppm of H2S on: (a) TG, and (b) DSC
) DSC signal of Ce0.9Sr0.1Cr0.5V0.5O3 at 850 ◦C.

The behaviour of the composite anode NCY differed from that of
the component pure CSCV. In this case the material continuously
adsorbed H2S throughout the period of exposure, and when the
supply of H2S was terminated the adsorbed gas slowly desorbed
from the material. During the 30 min of exposure to the gas, the
weight of the material increased by 0.1047 mg or 5.82 × 10−6 mol
H2S.
3.6. XPS analyses

XPS was employed to determine the near-surface composition
and near-surface ion electronic states of fresh CSCV, sulfided NCY,
and sulfided Ce0.9Sr0.1V0.5Cr0.5(O,S)3 which was formed after con-

signal of Ni–Ce0.9Sr0.1Cr0.5V0.5O3–YSZ at 850 ◦C.
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Fig. 16. XPS spectra for different elements of: (a) fresh, and (b) sulfided Ce0.9Sr0.1Cr0.5V0.5O3.
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ductivity measurements in 5% H2S-containing atmosphere. Fig. 16
shows high resolution sweeps of the main ionic components in the
two materials. The compositions and peak locations are summa-
rized in Table 3.

Ce had five peaks attributed to d5/2 and d3/2 orbitals in the fresh
sample while there were only four peaks in the spectrum of the
sulfided material. The highest energy peak for Ce, at 914.8 eV, was
not present after sulfidation. The remaining four peaks all shifted to
higher energies after sulfidation. The 880.5 and 883.8 eV peaks were
shifted by about 0.5 eV, while the 897.2 and 901.5 eV peaks shifted
by 1 eV to higher energies. The increase in binding energy may be
related to an increase in oxidation state of a portion of Ce from
Ce3+ to Ce4+ with sulfidation, since a more electropositive bond
with S would decrease the binding energy. However, we will show
below that the ratio of surface total anions/cations did not change
by more than a small fraction, and so any partial change in oxida-
tion state was small. It may therefore be that the change in peak
position was attributable to a change in the anion bonded to the Ce
cations.

The bond energy of the V peaks also had shifted following sulfi-
dation. A new peak formed at 512.3 eV, which was at 3 eV lower
than any V peak in the fresh CSCV sample. The 2p3/2 peaks at
515.1 and second peak 516.3 merged together to form one peak
at 515.6 eV after sulfidation. A second peak was formed from the
2p1/2 peaks in the fresh sample at 521.4 and 522.9 eV merged into
one peak at 520.7 eV after sulfidation. The decrease in binding
energy of all of the peaks is consistent with V–S bonding replac-
ing V–O bonding. The appearance of the 512.3 eV peak may have
resulted from formation of a new, lower valence V species, possibly
V2+.

Bond energy shifts of the Cr peaks were similar to those of V
after sulfidation. Three peaks from the fresh sample at 574.6, 584.2
and 587.2 eV each were shifted by about 1–1.5 eV to lower energies.
One peak from the fresh sample at 577.2 was no longer present
after sulfidation. The decrease in binding energy of all of the peaks
signified formation of Cr–S bonding, similar to V.

Both O peaks shifted to higher binding energy by about
0.5 eV. The relative concentrations of the two peaks changed
after sulfidation. Each binding energy representing a differ-
ent bonding state for oxygen, as also occurred for sulfur as
shown below, the first being a bridging O2− between metal
ions, the second being a terminal O2− bonded to one metal
ion.

There were four fitted peaks for sulfur on CSCV, which indi-
cated bonding to each type of cation site. The spectrum for sulfur
showed two pairs of overlapping peaks. The lower energy peak was
attributed to a lattice sulfur, S2−, while the higher energy peak was
attributed to a bridging surface sulfur. These differed from the S
adsorbed on NCY which showed only one peak centered at 167.2 eV
(Fig. 17). It seemed that the surface predominantly consisted of pri-
marily Ni and S, instead of a mixture of O and S in the case of pure
CSCV.

Thus there was a change in the composition of the surface of the
oxide which may have been, for example, from M–O–M(O)–O–M to
either M–O–M(S)–O–M or M–S–M(O)–O–M, either of which would
change the ratio of terminal surface O to bridging O, where M indi-
cates a cation, –O– and –S– indicate bridging anions, and (O) and
(S) indicate terminal O and S.

The oxygen to metal cation ratio (O/cat) at the surface of
fresh CSCV was 2.45, whereas the sulfided CSCV had an O/cat
ratio of 1.71 and a sulfur to cation ratio (S/cat) of 0.74. Thus

the formulation of the sulfided materials is best represented
by the formula Ce0.9Sr0.1V0.5Cr0.5(S,O)3, for which the ratio of
O/S was 2.33 and the surface (O+S)/cat ratio was 2.44. Hence
the ratio of total surface anions/cations was the same in each
case.
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ig. 17. XPS spectra for S region of Ni–Ce0.9Sr0.1Cr0.5V0.5O3–YSZ after exposure to
2S.

. Discussion

The intimate combining of CeVO3 with CeCrO3 provided a sub-
tituted perovskite with better redox stability than the pure oxide
eVO3, as shown by DSC/TGA. The perovskite parent lattice had the
apability of accommodating both Cr and V cations at B-sites, due
o their similar sizes. The Cr3+ ion is much more stable, as shown
y Cr2O3 stability over a wide oxygen partial pressure range, and
t appeared to stabilize the structure and stabilize V3+ at higher
xygen partial pressure conditions, as shown by the increased
emperature required for oxidation and the lower weight increase
uring oxidation. The substitution of Cr at B-sites also almost dou-
led the total conductivity of the material compared to pure CSV

n H2 containing gas, from 0.33 to 0.57 S cm−1 at 850 ◦C [25]. Sr-
r Ca-substituted LaCrO3 is known to be a good electronic conduc-
or, and it is used as a current collector material in SOFCs [30]. In
he CSCV composite, the incorporation of Cr and the Cr3+/4+ cou-
le formed as a result of doping the structure with Sr imparts
igher electronic conductivity compared to that of the V oxide,
SV.

In H2S-containing gas the conductivity of CSCV drastically
ncreased, from 0.57 to 42.27 S cm−1 at 850 ◦C. This drastic increase
ccompanied a phase change that occurred in the material, which
RD spectra showed to be formation of a partly sulfided phase
f similar structure to tetragonal Ce0.9Sr0.1V0.5Cr0.5S3. Texturing in
he XRD spectra as well as the XPS results showing a O/S atomic
atio of 2.4 led to the conclusion that the material was an oxy-
ulfide which had partial occupation of S2− in O2− sites in the
etragonal oxide perovskite. The ratio of total surface anions/cations
as the same in each case, and so there was no oxidation. The

hange in structure accompanying partial sulfidation was similar
o that found previously for Ce0.9Sr0.1V(O,S)3 [25]. The continu-
ng presence of O2− in the structure enabled the fuel cell activity
s the anode material must be electronically and ionically con-
uctive, and no additional oxide ion conductor was added to the
node.

Potentiodynamic tests for CSCV showed that the anode was
ssentially inactive towards pure CH4 and H2. Upon heating the

uel cell to reaction temperature in H2 environment the ohmic
esistance of the cell was high, typically about 10 � cm2 or greater.

ith the introduction of H2S as a component of the fuel the resis-
ance dropped and the altered catalyst, Ce0.9Sr0.1V0.5Cr0.5(O,S)3,
Sources 194 (2009) 252–262 261

was highly active towards H2S, although still not highly active to
H2 and CH4. This is clearly seen in Fig. 8, where the fuel cell pro-
duced similar amounts of power with H2S balanced with either
CH4 or N2. If the anode catalyst was significantly active for con-
version of CH4, the activity would show a pronounced increase in
performance in the presence of a high concentration of CH4. This
interpretation was supported by the impedance spectra shown in
Fig. 9. The polarization resistance, as characterized by the second
semicircle (the first semicircle is ascribed to the reaction at the Pt
cathode), was higher in either N2 or CH4 alone. The anode was active
for H2S electro-oxidation in feeds containing either diluent, but the
H2S electro-oxidation reaction was impeded by either competitive
adsorption (in the case of methane) or gas diffusion. The evidence
for competitive adsorption of methane was that the OCV was higher
when methane was used, consistent with have adsorption onto the
surface under OCV conditions.

Substitution of transition metal cation Cr3+, into the perovskite
catalyst B-site of Ce0.9Sr0.1VO3 resulted in an improvement in
performance in 0.5% H2S–N2 in comparison to unsubstituted
Ce0.9Sr0.1VO3 [25]. The potentially active sites for H2S oxidation
were Ce, V and Cr cations. The mechanism was different from
that for low temperature oxidation of H2S over CeVO4, where only
Ce3+/4+ was found to participate in the reaction [31], and similar to
electrochemical activity of Ce0.9Sr0.1VO3 were both Ce and V were
found to participate in the H2S electro-oxidation reaction over [25].
The evidence for participating cations in the reaction was found
in the XPS data for sulfided CSCV: changes in bonding energies of
the cations indicated their participation in the reaction mechanism.
There was a peak associated with Ce4+ in the fresh oxide which dis-
appeared after sulfidation, attributed to complete reduction of the
Ce4+ cations during formation of the sulfided material. All the V and
Cr peaks underwent shifts after sulfidation, and their binding ener-
gies were changed by at least 0.5 eV. In addition, two high energy
peaks for both of Cr and V merged to form one peak.

The conductivity change resulting from the conversion of the
oxide to sulfide was consistent with the high ohmic resistance of
the material in non-H2S-containing gases. The stability of CSCV
towards carbon deposition and sulfur poisoning, as opposed to acti-
vation as a result of sulfidation, was confirmed by the long-term
electrochemical tests in which performance did not degrade.

Ni and YSZ were added to CSCV to form a composite cata-
lyst with the intent to improving methane oxidation kinetics of
the anode. It was hypothesized that the presence of highly active
oxide/sulfide around the Ni would prevent it from sulfiding in the
sour gas, whereas, typically, 5 ppm of H2S would poison Ni–YSZ
anodes [9]. It was also recognized that the high H2S concentration
could enable favourable NiS formation [17–19]. The potentiody-
namic and impedance data in Figs. 10 and 11 showed that the
composite catalyst was active for methane conversion. Overall the
composite produced 18% more power in sour gas, which was due to
a combination of lower ohmic resistance and lower electrode polar-
ization and gas diffusion impedance. A 15 h galvanostatic stability
test at 40 mA cm−2 showed slight degradation of the potential from
−0.66 to −0.6 V. This may have been a consequence of any one or
combination of carbon deposition on the Ni particles, sulfur poi-
soning of the Ni, and agglomeration of Ni particles. Both DSC/TGA
data and XPS data showed evidence of sulfidation of the anode.
Under DSC/TGA conditions which simulated the atmosphere of the
fuel cell, but without the potential gradient the anode adsorbed S
continuously over 30 min. This differed from the uptake of H2S on
the CSCV anode alone for which the increase in weight ceased after
from those for CSCV, in that there was evidence of primarily Ni–S
bonds meaning that, even though H2S-active CSCV sites were near
the Ni sites, the H2S still preferentially adsorbed onto Ni under fuel
cell conditions.
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. Conclusions

Cr3+ addition into CSV to form CSCV led to improved redox sta-
bility, and improved conductivity in reducing environments.
CSCV had improved electrocatalytic activity towards H2S oxi-
dation compared to CSV; however Cr addition did not improve
methane conversion activity. CSCV underwent a solid–gas
reaction with H2S in which the materials reacted to form
Ce0.9Sr0.1Cr0.5V0.5(O,S)3. The oxide retained in the MEA allowed
continuing O2− conduction.
Admixing of NiO with CSCV increased methane oxidation activ-
ity, but the performance of Ni was not stable under the testing
conditions.
Ni–YSZ–CSCV and CSCV showed stable performance for 15 h
under polarization conditions using H2S–CH4 as fuel.
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