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Use of Metal Sulfides as Anode Catalysts in H2S-Air SOFCs
Man Liu, Guolin Wei, Jingli Luo, * ,z Alan R. Sanger, and Karl T. Chuang

Department of Chemical and Materials Engineering, University of Alberta, Edmonton,
Alberta T6G 2G6, Canada

Anode catalysts comprising MoS2 and composite metal sulfides have been investigated for electrochemical oxidation of hydroge
sulfide in solid oxide fuel cells~SOFCs!at temperatures up to 850°C. All catalysts exhibited good electrical conductivity and
catalytic activity at all temperatures. MoS2 and composite catalysts were found to be more active than Pt, an established cataly
for high-temperature H2S-air fuel cells at 650-830°C. However, MoS2 itself sublimes above 450°C. In contrast, composite
catalysts~M-Mo-S! derived from a mixture of sulfides of Mo and other transition metals~Fe, Co, Ni!have been shown to be stable
and effective for electrochemical conversion of H2S in SOFCs up to 850°C. Electrical contact is poor between platinum current
collecting layers and metal sulfide anode catalysts. This problem has been overcome by mechanically mixing conductive
powder into the anode layer, instead of applying a thin layer of platinum to the anode.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1583715# All rights reserved.
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Hydrogen sulfide is often present in petroleum and natural g
and is a by-product of processing operations such as hydrotrea
The concentration of H2S present in natural gas ranges from trac
amounts to more than 80%. Disposal and treatment of H2S is re-
garded as a worldwide problem. Typically, gas processing pla
convert this toxic gas into elemental sulfur and water vapor via t
well-established Claus process.1 The reaction is highly exothermic.
Part of the energy can be recovered as low-grade energy in the
and steam produced. However, it is much more desirable to reco
this energy as electricity in a highly efficient manner, from bo
economic and environmental standpoints.

The feasibility for electrochemically oxidizing H2S in a fuel cell
was first demonstrated in the late 1980s.2 This led to the investiga-
tion of alternative electrolytes and anode electrocatalysts for H2S
solid oxide fuel cells~SOFC!.3-10 O22 conducting yttria-stabilized
zirconia ~YSZ! electrolytes were the most commonly used electr
lytes in H2S SOFC. More recently, ceria-based O22 conducting
electrolytes4,5 and H1 conducting electrolytes7,8 have been shown to
have some new advantages for H2S fuel cells operated at tempera
tures below 700°C. New active anode materials (Li2S/CoS1.035 and
WS2) were found to improve H2S fuel cell performance greatly.6 In
order to be a suitable candidate for the electrochemical oxidation
H2S, an anode material must possess good electrical conduct
and sulfur tolerance at high temperatures, in addition to good ca
lytic activity. Pt anode catalysts have good catalytic activity, b
degrade over time in H2S streams.9,10 Moreover, most metals and
metal oxides are severely corroded by H2S at elevated temperatures
It is therefore intuitive to consider metal sulfides as alternative p
tentially useful catalysts.

Metal sulfides are inexpensive when compared with precio
metals like Pt. Among them, MoS2 , a hexagonal layered n-type
semiconductor, is a widely used component in catalysts for a var
of hydrogenation/dehydrogenation and hydrodesulfurization p
cesses in the petroleum industry. Bimetallic sulfides of molybden
with cobalt, iron, and nickel are each active catalysts for hydrod
ulfurization processes.11-13 The activity is attributed in part to the
presence of MoS2-like aggregates. An important attribute of thes
catalysts is sulfur tolerance. MoS2 also has been shown to be a
effective catalyst for reversible decomposition of H2S above
600°C,14 which indicates that MoS2 is chemically stable in a high-
temperature H2S stream and is not poisoned. However, MoS2 sub-
limes over 450°C at atmospheric pressure. The electrical conduc
ity of MoS2 increases as the temperature approaches 400°15

Molybdenum disulfide supported on a conductive substrate is kno
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to be an active anode catalyst for H2S-O2 fuel cells operating at
atmospheric pressure and 20-90°C,16 and at 120-145°C and 235-510
kPa.17

The objective of the present work is to examine the effectivene
of several MoS2-based metal sulfides as anode catalysts in H2S-air
SOFC, by studying the electrochemical behavior of the cell. W
show that MoS2-based anode catalysts exhibit a combination
good electronic conductivity and better catalytic activity than Pt. W
also show that composite anode catalysts M-Mo-S, prepared fr
mixed metal sulfides MS-MoS2 (M 5 Fe,Co,Ni), have superior sta-
bility and activity up to 850°C. In order to overcome the poor ele
trical contact between the platinum current collecting layer and t
anode layer, Ag powder was mechanically admixed into the ano
material as the current collector instead of applying a platinum lay
We show that addition of Ag powder into the anode material C
Mo-S improves cell performance and that the composite anode
stable over an extended period of time.

Experimental

Preparation of anode catalysts.—The sources of metal sulfides
used as starting materials for preparation of anode catalysts w
MoS2 ~Aldrich, 99.9%!, CoS~Alfa Aesar, 99.9%!, FeS~Alfa Aesar,
99.9%!and NiS~Alfa Aesar, 99.9%!. Two-component metal sulfide
to be tested were made by initially mixing MoS2 with one of the
metal sulfides FeS, CoS, or NiS in 1:1 molar ratio. To get a unifor
mixture, ethanol was added to the combination to make a suspen
that was mixed thoroughly for several hours. Then ethanol was
lowed to evaporate slowly, to leave the binary metal sulfides
powders. The binary metal sulfides were heat-treated in N2 atmo-
sphere at 1050°C for 2 h and allowed to cool under N2 to room
temperature. The resulting powders were then used to prepare
anode catalysts.

Measurement of electrical resistivity of anode catalysts.—The
electrical resistivity of each anode catalyst was measured as m
branes having the structure Pt/anode catalyst/Pt under a flow of2
at temperatures between 25 and 850°C.

A wafer of each catalyst was made by pressing the catalyst po
der in a die at room temperature and a pressure of 47000 psi. E
catalyst disk so made was about 1 mm thick and 2.54 cm in dia
eter. Pt paste was painted onto both faces of the wafer, then e
face was connected to a Pt lead. The catalyst disk was sealed
tween two ceramic tubes using ceramic sealant. Both faces w
exposed to N2 streams. The total resistance of the electrochemic
apparatus, including that of the connecting wire, was determin
using a Keithley 199 digital multimeter.

Cell preparation and construction.—The electrolyte wafers con-
sisted of 8 mol % YSZ with a thickness of 0.2 mm and a diameter
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Table I. Electrical resistivities of anode catalysts, MoS2 or M-Mo-S.

Anode
catalyst

Resistivity ~V cm!

25°C 100°C 300°C 500°C 750°C 800°C 850°C

MoS2 210.17 198.02 178.78 63.31 9.12 8.10 7.60
Fe-Mo-S 96.22 53.68 11.14 8.61 8.61 6.08 4.56
Co-Mo-S 11.14 9.62 11.65 4.56 3.04 4.05 7.60
Ni-Mo-S 73.43 64.32 45.58 0.51 0.51 1.52 1.01
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2.54 cm. Platinum paste was screen printed on one side of the e
trolyte substrates as the cathode. After drying, the platinum film w
fired in air at 1050°C for 30 min. Anode catalysts were applied
viscous pastes formed by mixing the metal sulfide powder w
a-terpineol.

When the anode catalyst was MoS2 or M-Mo-S, a layer of the
paste~ca. 0.15 mm!was applied onto the other side of the YS
membrane using a screen printing technique. Then, the cell w
heated to 1050°C and held at that temperature for 30 min. T
sintering of the metal sulfides necessarily was performed in
oxygen-free atmosphere to avoid formation of volatile MoO3 .12 The
membrane was cooled under N2 . Then, for anode catalysts contain
ing no Ag powder, platinum paste was also painted on top of
sintered metal sulfides and dried. The porous Pt layer so formed
intended to serve as the current collector and improve electr
contact between the anode and the electrical lead.

When the anode catalyst was MoS2 or M-Mo-S admixed with
Ag, Ag powder~up to 10% by weight! was thoroughly mixed with
the metal sulfide powder, and the mixture was mixed wi
a-terpineol to make the paste. The paste was applied to the an
face of the YSZ membrane and sintered as before. No Pt paste
applied to the anode of these cells.

A sheet of Pt mesh connected to a Pt lead wire was placed ac
the surface of each electrode. The membrane electrode asse
~MEA! was sealed between two alumina tubes arranged horiz
tally, using ceramic adhesive~Ceramabond 503, Aremco! placed on
both sides of the electrolyte to seal the gas compartments. The
was placed in a tubular furnace. Air and nitrogen flowed throu
cathode and anode chamber, respectively. The cell was brou
slowly up to the operating temperature. Nitrogen was used as in
feed when the cell was not in use. Pure H2S was used as the fue
gas, and air was supplied as the oxidant during all tests.

Electrochemical characterization of MEA.—Impedance mea-
surements were carried out in the frequency range 0.5 Hz to
kHz using a Gamry EIS300 system. Potentiodynamic curre
potential measurements were performed using a Gamry elec
chemical measurement system~PC4-750!at a scan rate of 1 mV/s.
Current-potential curves were corrected for ohmic voltage losses

Figure 1. Comparison of potential-current relations obtained for MoS2 and
Pt at 800°C with and without IR correction.
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the system by subtracting ohmic drop~IR! from the measured po-
tential, where the ohmic resistances~R! were calculated from the
impedance spectra.

Volatility of catalyst materials.—The volatility of anode catalysts
was determined by the formation of a mirror comprising sublim
material downstream from the anode. When MoS2 alone was used
as the anode catalyst, a MoS2 mirror formed on the cell walls down-
stream from the anode. In contrast, when composite sulfi
M-Mo-S were used, no mirror was formed. Similarly, whe
M-Mo-S admixed with Ag was used as the anode catalyst, no mir
was formed.

Results and Discussion

Resistivity ofMoS2 and M-Mo-S.—The electrical resistivities o
anode catalyst samples with the structure Pt/anode catalyst/P
listed in Table I. The resistivity of MoS2 wafer decreased rapidly as
the temperature increased to 750°C, and was then approxima
constant to 850°C. The data are consistent with the decrease o
electronic resistance of MoS2 with increasing temperature.15,18

Above 750°C, the resistivity of MoS2 wafer decreased to less tha
10 V cm.

As shown in Table I, the electrical resistivities of the compos
catalyst pellets Pt/M-Mo-S/Pt (M5 Fe,Co,Ni) at the temperature
range of 25-500°C were much lower than that of MoS2 . At a fuel
cell operating temperature of 750-850°C, the resistivities of t
composite anode catalysts were in the range 0.51-8.61V cm. Thus
the present anode catalysts have good electrical conductivity for
as anode catalysts under high temperature operations.

Electrochemical characteristics of metal sulfide anode cataly
MoS2.—Figure 1 and 2 compare the performances of MoS2 and Pt
anode catalysts in H2S-air SOFC at 800°C. The polarization chara
teristics with and without IR correction are shown in Fig. 1. In th
low-current region, the MoS2 anode showed a higher current outp
when compared with that of the Pt anode at the same voltage, w
indicated that MoS2 had a greater catalytic activity.19 However, it
would be more desirable to have a good reference electrode,20 which

Figure 2. Relationship of current density to power density for H2S-air fuel
cell using MoS2 and Pt as anodes at 800°C.
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will enable identification of anode effects more accurately. T
maximum current density measured for Pt was 101 mA/cm2, which
was slightly higher than 98.3 mA/cm2 for MoS2 , because of the
lower ohmic resistance of the cell using Pt as anode. The oh
resistance determined from impedance measurements~Table II! was
2.77 V cm2 for Pt and 3.54V cm2 for MoS2 , from which the IR
compensatedI -V curves were derived. By comparing the actualI -V
curves with those after IR correction, it was seen that the poten
was reduced by as much as 384 mV for MoS2 . Thus it was neces-
sary to reduce the internal ohmic resistance of the cell to impr
cell performance.

In contrast to theI -V relations, the maximum power densitie
obtained for MoS2 were higher than those for Pt, with and witho
IR correction~Fig. 2!. After IR compensation, power densities
high as 40 mW/cm2 are achieved for MoS2 at 800°C. Although the
IR-corrected curves do not exhibit the real cell performance, t
show the potential value of MoS2 as active anode catalysts. How
ever, MoS2 is volatile above 450°C. Thus there was continuous l
of MoS2 in the anode stream, resulting in limited cell lifetime. Co
sequently, we have investigated M-Mo-S composite anode catal
as these materials are not volatile in the same temperature ran

Fe-Mo-S.—Figure 3 shows the current densityvs. voltage behavior
with Fe-Mo-S as the anode catalyst. In contrast to MoS2 and the Co
and Ni analogues, the maximum current density measured at 80
was considerably higher than that at 850°C. The cause of this
nomenon was the large increase in the ohmic resistance of the
from 3.65V cm2 at 800°C to 10.3V cm2 at 850°C~Table II!, which
exceeded the decrease in electrolyte resistance at higher tem
ture. The large increase in cell-area-specific ohmic resistance
mainly ascribed to detachment and/or poisoning of Pt thin film
H2S gas, caused by electrochemical polarization at 800°C. Pr
ously, we have shown that PtS was easily formed on the surface
Pt electrodes in high-temperature H2S streams, and that electro
chemical oxidation of H2S on Pt/YSZ interface severely accelerat
the formation of PtS and led to rapid detachment of the Pt an
from the YSZ.9,10Although herein Pt served as the current collec
and not as the catalyst, the large current flow had the same dama
effect. The failure of the contact between the Pt current collector

Table II. Cell area specific ohmic resistance„RA… using different
anode catalysts under different operating temperatures.

Temperature
~°C!

RA ~V cm2!

Pt MoS2 Co-Mo-S Fe-Mo-S Ni-Mo-S

800 2.77 3.54 3.10 3.65
850 4.01 10.28 8.85

Figure 3. Relationship between current density and voltage using Fe-M
as the anode.
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the catalyst may also have been affected by another cause, w
bonding of the Pt film to the anode Fe-Mo-S. The adverse effect
polarization on cell resistance can also be seen in Fig. 4, whi
shows how the cell resistance changed with polarization conditio
at 800°C. The impedance spectra were measured under these co
tions, open circuit, polarization at 0.5 V, and polarization at 0.4 V
The cell-area-specific ohmic resistance increased from 3.65V cm2

under open-circuit conditions to 9.39V cm2 at 0.5 V, then kept
rising up to 10.7Vcm2 at 0.4 V. However, when the temperature wa
increased to 850°C, the ohmic resistance dropped back to 10.3V
cm2, which was consistent with the decrease in the YSZ electroly
resistance at higher temperature. This indicated that the increase
operating temperature did not further deteriorate the electrical co
tact between the Pt current collector and the anode.

Figure 5 shows current density as a function of power density f
the use of Fe-Mo-S as anode catalyst. The IR-corrected power d
sity obtained at 800°C increased to 34 mW/cm2. However, it was
not possible to determine a maximum value for the IR-compensat
power density for this system due to the large internal resistance

Ni-Mo-S.—A bimetallic Ni-Mo-S anode catalyst has been tested
850°C only. Figure 6 shows the cell voltage and power density as
function of current density, with and without IR correction. The
maximum current density was 67.6 mA/cm2. The ohmic resistance
was 8.85V cm2, as determined by impedance spectroscopy~Table
II!. Consequently, IR corrections as high as 600 mV potential we
calculated at maximum current density. The large resistance fou
for fresh samples indicates that the original electrical contact b
tween the screen-printed Pt layer and this anode material was po
even before any effects resulting from polarization. Thus, as w
found for Fe-Mo-S, the maximum IR-corrected value for power den
sity at 850°C cannot be determined. Postmortem inspection of t
materials showed that the Pt film had become detached from t
anode during testing. Thus Pt film alone cannot be used as the c
rent collector on Ni-Mo-S anode catalysts.

Co-Mo-S.—Use of Co-Mo-S as the anode catalyst in H2S-air fuel
cell gave better cell performance than either Fe-Mo-S or Ni-Mo-S
Figure 7 shows the relationship of current density to cell voltage fo
Co-Mo-S anode at 800 and 850°C. The maximum current dens

-S

Figure 4. Impedance spectra for the cell using Fe-Mo-S as the anode ca
lyst at 800°C.

Figure 5. Relationship between power density and current density for th
cell using Fe-Mo-S as the anode at 800 and 850°C.
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was 83.3 mA/cm2 at 800°C, and was 142 mA/cm2 at 850°C. At
800°C, the current-voltage curve showed a steep drop in cell pot
tial in the high current range, which was characteristic of mas
transport limitation.19 However, this effect was greatly reduced
when the temperature was increased to 850°C. These observat
were consistent with a mechanism in which sulfur was genera
more rapidly at active sites than it was removed by desorption a
transport at 800°C, which limited the ability of H2S fuel to access
the triple-phase boundary, the reaction area. At 850°C, the rate
desorption and transport of sulfur from the vicinity of the activ
sites was increased, which thereby enhanced mass transport of2S
to the active sites.

As can be seen in Fig. 8, the ohmic resistance of the cell w
Co-Mo-S as the anode catalyst increased with polarization at 800
However, the adherence of Pt current collecting film to Co-Mo-
anode surface deteriorated less rapidly than for either Fe-Mo-S
Ni-Mo-S. Compared to the data acquired under open-circuit con
tions, the cell-area-specific ohmic resistance increased only 1.38V
cm2 for the condition of polarization at 0 V. In a similar manner to
Fe-Mo-S, the resistance of Co-Mo-S decreased with increasing te
perature, which suggested that the temperature change alone ha
deleterious effects on the interface between the Pt film and the
ode.

The power density characteristics at cell operating temperatu
of 800 and 850°C are shown in Fig. 9. The values of maximu
power density at 800 and 850°C were similar, 29.7 and 34
mW/cm2, respectively. However, the maximum IR-compensate
value at 850°C was over 80 mW/cm2, approximately double that at
800°C.

The excellent cell performance after IR compensation using ea
of Fe-Mo-S, Ni-Mo-S, and Co-Mo-S as anodes indicated that t

Figure 7. The relationship between cell voltage and current density for t
Co-Mo-S anode at 800 and 850°C.

Figure 6. Current-voltage and current-power relationships of H2S-air fuel
cell using Ni-Mo-S anode at 850°C.
 address. Redistribution85.26.234.146Downloaded on 2013-06-29 to IP 
n-
-

ns
d
d

of

.

r
i-

-
no

n-

s

6

h
e

above binary metal sulfides were active catalysts for the electr
chemical oxidation of H2S, but that improved contact was required.

The high activity of these catalysts is attributed to the propertie
of the M-Mo-S structure (M5 Fe,Co,Ni), a general feature previ-
ously recognized for MoS2-based HDS catalysts.11-13 This type of
structure is regarded as a MoS2-like phase with the promoter atoms
~Fe, Co, or Ni! located at the edges.21 These materials appear to
have been stable throughout the whole tests. No sublimation of t
binary anode catalysts was detected. The IR-corrected data sh
that it is necessary to improve electrical contact in order to realiz
the full potential for these anode catalysts. The major source of th
large ohmic resistance in the cell was the poor electrical conta
between the Pt film and the anode. Consequently, we have a
examined alternative compositions of the anode, with the objectiv
of improving electrical contact and reducing ohmic resistance.

Admixing Ag powder into Co-Mo-S anode catalyst.—In order to
overcome the weak bonding and poor electrical contact of the
current-collecting film with the anode, we have investigated alterna
tive anode compositions, in particular, composite anodes having
to 10% Ag powder admixed with Co-Mo-S, with the objective of
improving anode electrical conductance. It was found that, when A
powder was well distributed in the anode, the anode and mesh c
rent collector were in good electrical contact. Thus there was n
need to apply a Pt film, thereby avoiding the presence of an unstab
interface between the Pt film and the anode, and also increasing
intimate contact area.

Ag powder easily reacts with sulfur to form Ag2S. However,
Ag2S thermally decomposes to its elements above 200°C.22 As a
result, whereas formation of PtS increased resistance and cau
detachment of the current collector, there were no similar adver
effects resulting from use of Ag powder. Pt mesh spot-welded with
Pt lead made good electrical contact when placed directly across
surface of the anode.

The cell was operated at 750-850°C and at atmospheric press
~Fig. 10!. Curve 1, 2, and 3 were measured without IR compens
tion, while curve 1* , 2* and 3* were determined using the IR
compensation function of the Gamry system. The maximum curre
density increased with temperature, both with and without IR co

Figure 8. Impedance spectra for the cell using Co-Mo-S as the anode cat
lyst at different temperature and polarization conditions.

Figure 9. The relationship between current density and power density fo
the cell using Co-Mo-S as the anode at 800°C and 850°C.
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rection. The values without IR compensation were 90.5, 124, 15
mA/cm2 at 750, 800, and 850°C, respectively. With IR compensa
tion, the highest maximum current density of 450 mA/cm2 was
achieved at 850°C. TheI -V curve 3* in Fig. 10 indicated a slight
mass-transfer limitation in the high-current region. However, thi
characteristic was not observed at 750°C~curve 1* ) or 800°C
~curve 2* ), probably because sulfur produced at high reaction ra
at 850°C occupied the active sites and therefore limited the furth
reaction of H2S gas. The current-power density curves are present
in Fig. 11. The maximum power density increased with increasin
temperature. The initial parts of these curves overlapped, suggest
that the electrocatalytic activity of the anode was independent
temperature at low-current density. The maximum value for IR com
pensated power density was 115 mW/cm2 at 850°C. This value was
higher than the maximum value for a Pt film/Co-Mo-S anode sys
tem, and the performance was sustainable for a much longer tim
showing that the system had higher performance and integrity.

The cell was tested for a period of 5 days. The maximum curre
densities and power densities with IR compensation at 850°C f
each day are presented in Fig. 12. The current and power valu
were stable. Thus an anode catalyst comprising Co-Mo-S cataly
admixed with Ag powder has superior activity, superior longevity
and improved electrical contact characteristics when compared w
the same catalyst having an overlayer of Pt.

Conclusions

Four different metal sulfide catalysts have been shown to b
active H2S-air fuel cell anode catalysts in the range 750-850°C

Figure 10. The relationship between current and potential at 750, 800, an
850°C using (Co-Mo-S)1 5%Ag as the anode.

Figure 11. The relationship between current and power at 750, 800, an
850°C using (Co-Mo-S)1 5%Ag as the anode.
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MoS2 has a superior activity to Pt for oxidation of H2S to sulfur.
Binary metal sulfides M-Mo-S (M5Fe, Co, Ni!are not volatile, in
contrast to MoS2 alone, and have high activity. However, Pt film
deposited as a current collector across the metal sulfides does n
have good adherence to the anode surface, and its performance
compromised by PtS reversibly formed by reaction with H2S or
sulfur. Detachment of the Pt film from the anode resulted in a large
increase in contact resistance and reduction in cell performance
Anode catalyst comprising Co-Mo-S admixed with up to 10% Ag
powder were found to have superior performance and longevity, and
improved electrical contact when compared with Pt/M-Mo-S anode
systems.
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Figure 12. Maximum current density and power density of H2S-air fuel cell
as a function of time on stream at 850°C.
  ecsdl.org/site/terms_usesubject to ECS license or copyright; see 

http://ecsdl.org/site/terms_use

