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Use of Metal Sulfides as Anode Catalysts in §6-Air SOFCs
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Anode catalysts comprising Mg@&nd composite metal sulfides have been investigated for electrochemical oxidation of hydrogen
sulfide in solid oxide fuel cell§SOFCs)at temperatures up to 850°C. All catalysts exhibited good electrical conductivity and
catalytic activity at all temperatures. M@&nd composite catalysts were found to be more active than Pt, an established catalyst
for high-temperature §8-air fuel cells at 650-830°C. However, Mp$self sublimes above 450°C. In contrast, composite
catalystgM-Mo-S) derived from a mixture of sulfides of Mo and other transition mefagés Co, Ni)have been shown to be stable

and effective for electrochemical conversion of3+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 Ag
powder into the anode layer, instead of applying a thin layer of platinum to the anode.
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Hydrogen sulfide is often present in petroleum and natural gasto be an active anode catalyst forL$0, fuel cells operating at
and is a by-product of processing operations such as hydrotreatingatmospheric pressure and 20-90%@nd at 120-145°C and 235-510
The concentration of §§ present in natural gas ranges from trace kPal”
amounts to more than 80%. Disposal and treatment 48 I3 re- The objective of the present work is to examine the effectiveness
garded as a worldwide problem. Typically, gas processing plantsof several Mo$-based metal sulfides as anode catalysts 4i8-Bir
convert this toxic gas into elemental sulfur and water vapor via theSOFC, by studying the electrochemical behavior of the cell. We
well-established Claus proces3he reaction is highly exothermic. show that Mo$-based anode catalysts exhibit a combination of
Part of the energy can be recovered as low-grade energy in the hegbod electronic conductivity and better catalytic activity than Pt. We
and steam produced. However, it is much more desirable to recovesilso show that composite anode catalysts M-Mo-S, prepared from
this energy as electricity in a highly efficient manner, from both mixed metal sulfides MS-MoSM = Fe,Co,Ni), have superior sta-
economic and environmental standpoints. bility and activity up to 850°C. In order to overcome the poor elec-

The feasibility for electrochemically oxidizing4$ in a fuel cell trical contact between the platinum current collecting layer and the
was first demonstrated in the late 1980Ehis led to the investiga-  anode layer, Ag powder was mechanically admixed into the anode
tion of alternative electrolytes and anode electrocatalysts 8 H material as the current collector instead of applying a platinum layer.
solid oxide fuel cells(SSOFC)*® O?~ conducting yttria-stabilized ~We show that addition of Ag powder into the anode material Co-
zirconia (YSZ) electrolytes were the most commonly used electro- Mo-S improves cell performance and that the composite anode is
lytes in H,S SOFC. More recently, ceria-based Oconducting  Stable over an extended period of time.
electrolyte$® and H™ conducting electrolyté$ have been shown to
have some new advantages fogSHfuel cells operated at tempera- Experimental

tures below 700°C. New active anode materials,flC0S o35 and Preparation of anode catalysts-The sources of metal sulfides
WS;) were found to improve b6 fuel cell performance greatfyin used as starting materials for preparation of anode catalysts were:

order to be a suitable candidate for the electrochemical oxidation Oi\/losz (Aldrich, 99.9%), CoSAlfa Aesar, 99.9%), Fe$Alfa Aesar
H,S, an anode material must possess good electrical conductivitgg gos)and NiS(Alfa Aesar, 99.9%). Two-component metal sulfides
and sulfur tolerance at high temperatures, in addition to good catas; pe tested were made by initially mixing MeSiith one of the
lytic activity. Pt anode catalysts have good catalytic activity, but pe(q| sulfides FeS, CoS, or NiS in 1:1 molar ratio. To get a uniform

i i ,10 . L .
degrade over time in }$ streams:'® Moreover, most metals and mixture, ethanol was added to the combination to make a suspension
metal oxides are severely corroded byS-ht elevated temperatures. that was mixed thoroughly for several hours. Then ethanol was al-
It is therefore intuitive to consider metal sulfides as alternative po-jowed to evaporate slowly, to leave the binary metal sulfides as
tentially useful catalysts. _ _ ~ powders. The binary metal sulfides were heat-treated jratko-

Metal sulfides are inexpensive when compared with preciousgphere at 1050°C for 2 h and allowed to cool undertbl room

metals like Pt. Among them, Mq$S a hexagonal layered n-type temperature. The resulting powders were then used to prepare the
semiconductor, is a widely used component in catalysts for a varietyanode catalysts.

of hydrogenation/dehydrogenation and hydrodesulfurization pro- ) o

cesses in the petroleum industry. Bimetallic sulfides of molybdenum Measurement of electrical resistivity of anode catalystghe

with cobalt, iron, and nickel are each active catalysts for hydrodes-€lectrical resistivity of each anode catalyst was measured as mem-
ulfurization processe®*® The activity is attributed in part to the branes having the structure Pt/anode catalyst/Pt under a flow of N
presence of MoSlike aggregates. An important attribute of these at temperatures between 25 and 850°C. _

catalysts is sulfur tolerance. Mg%iso has been shown to be an A wafer of each catalyst was made by pressing the catalyst pow-
effective catalyst for reversible decomposition of,SH above der in a die at room temperature and a pressure of 47000 psi. Each
600°C14 which indicates that MoSis chemically stable in a high- catalyst disk so made was about 1 mm thick and 2.54 cm in diam-

temperature kS stream and is not poisoned. However, Ma8b- eter. Pt paste was painted onto both faces of the wafer, then each

limes over 450°C at atmospheric pressure. The electrical conductivface was connected to a Pt lead. The catalyst disk was sealed be-

. . tween two ceramic tubes using ceramic sealant. Both faces were
ity of MoS, increases as the temperature approaches 480°C. g

P . . exposed to M streams. The total resistance of the electrochemical
Molybdenum disulfide supported on a conductive substrate is knownapparatus, including that of the connecting wire, was determined

using a Keithley 199 digital multimeter.

* Electrochemical Society Active Member. Cell preparation and constructior-The electrolyte wafers con-
Z E-mail: jingli.luo@ualberta.ca sisted of 8 mol % YSZ with a thickness of 0.2 mm and a diameter of
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Table I. Electrical resistivities of anode catalysts, Mo$ or M-Mo-S.

Resistivity (2 cm)

Anode

catalyst 25°C 100°C 300°C 500°C 750°C 800°C 850°C
MoS, 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

2.54 cm. Platinum paste was screen printed on one side of the ele(ghe system by subtract_lng ohmlc dré) from the measured po-

trolyte substrates as the cathode. After drying, the platinum film wasent'al’ where the ohmic resistancg®) were calculated from the

fired in air at 1050°C for 30 min. Anode catalysts were applied aslmpedance spectra.

viscous pastes formed by mixing the metal sulfide powder with  \volatility of catalyst materials—The volatility of anode catalysts

a-terpineol. was determined by the formation of a mirror comprising sublimed
When the anode catalyst was Mo8r M-Mo-S, a layer of the  material downstream from the anode. When Ma®ne was used

paste(ca. 0.15 mm)was applied onto the other side of the YSZ a5 the anode catalyst, a MoSirror formed on the cell walls down-

membrane using a screen printing technique. Then, the cell wagtream from the anode. In contrast, when composite sulfides

heated to 1050°C and held at that temperature for 30 min. They-Mo-S were used, no mirror was formed. Similarly, when

sintering of the metal sulfides necessarily was performed in any-Mo-S admixed with Ag was used as the anode catalyst, no mirror

oxygen-free atmosphere to avoid formation of volatile MojéThe was formed.

membrane was cooled undeg NThen, for anode catalysts contain-

ing no Ag powder, platinum paste was also painted on top of the Results and Discussion

sintered metal sulfides and dried. The porous Pt layer so formed was e . T
intended to serve as the current collector and improve eIectricalanoRdees'Cs;';/a:ySct’ﬂ\s/'acl’ri‘2 Iae“;dw'\i/lthMtcr)\_es-s;IEtireeleF?I/rzlfr?(l)drgsgf\gluitle?f are
contact between the anode and the electrical lead. Y P Y

When the anode catalyst was MoSr M-Mo-S admixed with listed in Table I. The resistivity of MoSwafer decreased rapidly as

: ) h the temperature increased to 750°C, and was then approximately
0,
ﬁ‘%’ Arﬁept)glw 2?1%?12 tc;)gvt\)lf eP y z\;/lﬁg?F]Veya?nti?(?ur?eugvk\]/g/sm:ﬁ?xqe(\;v't\r/]vith constant to 850°C. The data are consistent with the decrease of the

; ; T ; ,18
a-terpineol to make the paste. The paste was applied to the anod%'ec”on'c resistance of Mg@Swith increasing temperaturé:

face of the YSZ membrane and sintered as before. No Pt paste wasPove 750°C, the resistivity of MoSwafer decreased to less than
applied to the anode of these cells. 100 cm. ) ] o ]

A sheet of Pt mesh connected to a Pt lead wire was placed across As shown in Table I, the electrical I’ESISI!VIIIES of the composite
the surface of each electrode. The membrane electrode assembfgtalyst pellets Pt/M-Mo-S/Pt (M Fe,Co,Ni) at the temperature
(MEA) was sealed between two alumina tubes arranged horizonrange of 25-500°C were much lower than that of Mo&t a fuel
tally, using ceramic adhesi€eramabond 503, Aremgplaced on  cell operating temperature of 750-850°C, the resistivities of the
both sides of the electrolyte to seal the gas compartments. The ceffomposite anode catalysts were in the range 0.51-8.6in. Thus
was placed in a tubular furnace. Air and nitrogen flowed throughthe present anode catalysts have good electrical conductivity for use
cathode and anode chamber, respectively. The cell was brougtas anode catalysts under high temperature operations.
slowly up to the operating temperature. Nitrogen was used as inert
feed when the cell was not in use. PureSHwas used as the fuel
gas, and air was supplied as the oxidant during all tests.

Electrochemical characteristics of metal sulfide anode catalysts
MoS,.—Figure 1 and 2 compare the performances of Ma&d Pt
anode catalysts in }$-air SOFC at 800°C. The polarization charac-
Electrochemical characterization of MEAlmpedance mea- teristics with and without IR correction are shown in Fig. 1. In the
surements were carried out in the frequency range 0.5 Hz to 10Qow-current region, the MoSanode showed a higher current output
kHz using a Gamry EIS300 system. Potentiodynamic current-when compared with that of the Pt anode at the same voltage, which
potential measurements were performed using a Gamry electropgicated that Mo$ had a greater catalytic activity. However, it

chemical measurement syst¢RC4-750)at a scan rate of 1 mV/s.  yoyld be more desirable to have a good reference electfodleich
Current-potential curves were corrected for ohmic voltage losses in
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Figure 1. Comparison of potential-current relations obtained for Ma8d Figure 2. Relationship of current density to power density fofS+air fuel
Pt at 800°C with and without IR correction. cell using Mo$ and Pt as anodes at 800°C.
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Table II. Cell area specific ohmic resistancgRA) using different T 1% ............... ] oot 1.00v
anode catalysts under different operating temperatures. & o8 PR 3 205V
N s %, N 2 .
g 04 :' s
RA (Q cn) = 2 H NI
Temperature 2 4 6 8 10 12 14 16 18 20
(°C) Pt MoS, Co-Mo-S Fe-Mo-S  Ni-Mo-S Re 2 (cvem)
ggg 217 3.:54 436:50 103'2%5 8.85 Figure 4. Impedance spectra for the cell using Fe-Mo-S as the anode cata-

lyst at 800°C.

will enable identification of anode effects more accurately. The
maximum current density measured for Pt was 101 mA/amich ~ the catalyst may also have been affected by another cause, weak
was slightly higher than 98.3 mA/drfor MoS,, because of the Ponding of the Pt film to the anode Fe-Mo-S. The adverse effect of
lower ohmic resistance of the cell using Pt as anode. The ohmideolarization on cell resistance can also be seen in Fig. 4, which
resistance determined from impedance measurenieatee 1) was showsohow the_ cell resistance changed with polarization condltlons_
2.77Q cm? for Pt and 3.54Q cr? for MoS,, from which the IR at 800°C. Tht_a |m_pedanc¢ spectra were measured _und_er these condi-
compensated-V curves were derived. By comparing the actudf EI'_?]nS' o”pen circuit, _]Eolaﬂza_tlon at t0.5 V,_and pol?jnfzanoré%tﬁ?zA V.
curves with those after IR correction, it was seen that the potentialungeﬁeobirr?i}fgi?(':gr? dim;ﬁsrﬁzlsgageclr?;g?%% \;Ort?]eh kept
e e S e o o 91O UP 1010 TEEY a1 0.4V However,when he emperature was
cell performance |ncreas¢d to 850°C, .the ohmlc resistance drgpped back t0(10.3
) . . . cn?, which was consistent with the decrease in the YSZ electrolyte

In contrast to thd -V relations, the maximum power densities |eqjstance at higher temperature. This indicated that the increase in
obtained for Mo$ were higher than those for Pt, with and without operating temperature did not further deteriorate the electrical con-
IR correction(Fig. 2). After IR compensation, power densities as (act hetween the Pt current collector and the anode.
high as 40 mW/crhare achieved for Mosat 800°C. Although the Figure 5 shows current density as a function of power density for
IR-corrected curves do not exhibit the real cell performance, theyihe use of Fe-Mo-S as anode catalyst. The IR-corrected power den-
show the potential value of MgSas active anode catalysts. How- sjty obtained at 800°C increased to 34 mWfciHowever, it was
ever, Mo§ is volatile above 450°C. Thus there was continuous lossnot possible to determine a maximum value for the IR-compensated
of MoS, in the anode stream, resulting in limited cell lifetime. Con- power density for this system due to the large internal resistance.

sequently, we have investigated M-Mo-S composite anode CataIyStﬁ\'li-Mo-S —A bimetallic Ni-Mo-S anode catalyst has been tested at

as these materials are not volatile in the same temperature range. ; -

) ) ) 850°C only. Figure 6 shows the cell voltage and power density as a
Fe-Mo-S.—Figure 3 shows the current densityvoltage behavior  function of current density, with and without IR correction. The
with Fe-Mo-S as the anode catalyst. In contrast to Magd the Co  maximum current density was 67.6 mA/&nThe ohmic resistance
and Ni analogues, the maximum current density measured at 800°@as 8.85() cn?, as determined by impedance spectrosctiable
was considerably higher than that at 850°C. The cause of this pheH). Consequently, IR corrections as high as 600 mV potential were
nomenon was the large increase in the ohmic resistance of the ceflalculated at maximum current density. The large resistance found
from 3.65¢) cn at 800°C to 10.3) cnv” at 850°C(Table II), which  for fresh samples indicates that the original electrical contact be-
exceeded the decrease in electrolyte resistance at higher temperaveen the screen-printed Pt layer and this anode material was poor,
ture. The large increase in cell-area-specific ohmic resistance wagven before any effects resulting from polarization. Thus, as was
mainly ascribed to detachment and/or poisoning of Pt thin film in found for Fe-Mo-S, the maximum IR-corrected value for power den-
H,S gas, caused by electrochemical polarization at 800°C. Previsity at 850°C cannot be determined. Postmortem inspection of the
ously, we have shown that PtS was easily formed on the surfaces ahaterials showed that the Pt film had become detached from the
Pt electrodes in high-temperature,$i streams, and that electro- anode during testing. Thus Pt film alone cannot be used as the cur-
chemical oxidation of KS on Pt/YSZ interface severely accelerated rent collector on Ni-Mo-S anode catalysts.

the formation of PtS and led to rapid detachment of the Pt anOdeCo-Mo-S.—Use of Co-Mo-S as the anode catalyst yS4ir fuel

from the YSZ21°Although herein Pt served as the current collector g beit I ert than either Ee-Mo-S or Ni-Mo-S
and not as the catalyst, the large current flow had the same damagi gave better cell pertormance than either Fe-io-S or MI-VIo->.
gure 7 shows the relationship of current density to cell voltage for

effect. The failure of the contact between the Pt current collector an 0-Mo-S anode at 800 and 850°C. The maximum current density

1
1. 800°C 40
08 2.850°C
*with IR compensation 1.800°C .
08 3 2.850°C z
* with IR compensation
07 30 r
< E
% 06 § 2
H £
°
3 0s % »
2
8 o4 8 1
g 15
03 H
10
02 2
0.1 5
° 0
o 100 ° 10 20 30 40 50 60 70 80 ) 100
Current Density (mA/em’) Current Density (mA/cm?)

Figure 3. Relationship between current density and voltage using Fe-Mo-SFigure 5. Relationship between power density and current density for the
as the anode. cell using Fe-Mo-S as the anode at 800 and 850°C.
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Figure 8. Impedance spectra for the cell using Co-Mo-S as the anode cata-
lyst at different temperature and polarization conditions.

above binary metal sulfides were active catalysts for the electro-

chemical oxidation of S, but that improved contact was required.
The high activity of these catalysts is attributed to the properties

of the M-Mo-S structure (M= Fe,Co,Ni), a general feature previ-

cell using Ni-Mo-S anode at 850°C. ously recognized for MoSbased HDS catalystd:*® This type of

structure is regarded as a Mplike phase with the promoter atoms

(Fe, Co, or Ni)located at the edgeéd.These materials appear to
was 83.3 mA/crh at 800°C, and was 142 mA/Grat 850°C. At  have been stable throughout the whole tests. No sublimation of the
800°C, the current-voltage curve showed a steep drop in cell potenbinary anode catalysts was detected. The IR-corrected data show
tial in the high current range, which was characteristic of mass-that it is necessary to improve electrical contact in order to realize
transport limitation'® However, this effect was greatly reduced the full potential for these anode catalysts. The major source of the
when the temperature was increased to 850°C. These observatioh@ge ohmic resistance in the cell was the poor electrical contact
were consistent with a mechanism in which sulfur was generated®tween the Pt film and the anode. Consequently, we have also
more rapidly at active sites than it was removed by desorption anggxamined alternative compositions of the anode, with the objective
transport at 800°C, which limited the ability of,8 fuel to access of improving electrical contact and reducing ohmic resistance.

the triple-phase boundary, the reaction area. At 850°C, the rate of Admixing Ag powder into Co-Mo-S anode catalysin order to

desorption and transport of sulfur from the vicinity of the active gyercome the weak bonding and poor electrical contact of the Pt
sites was increased, which thereby enhanced mass transpos&of H current-collecting film with the anode, we have investigated alterna-
to the active sites. ) ) ~ tive anode compositions, in particular, composite anodes having up

As can be seen in Fig. 8, the ohmic resistance of the cell withtg 109 Ag powder admixed with Co-Mo-S, with the objective of

Co-Mo-S as the anode catalyst increased with polarization at 800°Cimproving anode electrical conductance. It was found that, when Ag
However, the adherence of Pt current collecting film to Co-Mo-S powder was well distributed in the anode, the anode and mesh cur-
anode surface deteriorated less rapidly than for either Fe-Mo-S ofent collector were in good electrical contact. Thus there was no
Ni-Mo-S. Compared to the data acquired under open-circuit condi-need to apply a Pt film, thereby avoiding the presence of an unstable

tions, the cell-area-specific ohmic resistance increased only(1.38 interface between the Pt film and the anode, and also increasing the
cn? for the condition of polarization at 0 V. In a similar manner to intimate contact area.

Fe-Mo-S, the resistance of Co-Mo-S decreased with increasing tem-  aq powder easily reacts with sulfur to form A8. However,
perature, which suggested that the temperature change alone had Iy

Heloteri p ha interface b b p ih 9,S thermally decomposes to its elements above 260%s a
Ogsterlous effects on the interface between the Pt film and the anseg it whereas formation of PtS increased resistance and caused

. . . detachment of the current collector, there were no similar adverse

The power density characteristics at cell operating temperatureg e s resulting from use of Ag powder. Pt mesh spot-welded with a
of 800 and 850°C are shown in Fig. 9. The values of maximum p; |ead made good electrical contact when placed directly across the
power density at 800 and 850°C were similar, 29.7 and 34'63urface of the anode.

mw/cnr?, respectively. However, the maximum IR-compensated  1q ce|| was operated at 750-850°C and at atmospheric pressure
value at 850°C was over 80 mwW/énapproximately double that at (Fig. 10). Curve 1, 2, and 3 were measured without IR compensa-

800°C. . . tion, while curve ¥, 2* and 3* were determined using the IR
The exce”ef‘t cell performance after IR compensation using eacrlzompensation function of the Gamry system. The maximum current
of Fe-Mo-S, NI-Mo-S, and Co-Mo-S as anodes indicated that thedensity increased with temperature, both with and without IR cor-
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Figure 7. The relationship between cell voltage and current density for the Figure 9. The relationship between current density and power density for
Co-Mo-S anode at 800 and 850°C. the cell using Co-Mo-S as the anode at 800°C and 850°C.
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Figure 10. The relationship between current and potential at 750, 800, and
850°C using (Co-Mo-Si 5%Ag as the anode. Figure 12. Maximum current density and power density of34air fuel cell

as a function of time on stream at 850°C.

rection. The values without IR compensation were 90.5, 124, 159\0S, has a superior activity to Pt for oxidation of,8 to sulfur.
mA/cn¥ at 750, 800, and 850°C, respectively. With IR compensa-ginary metal sulfides M-Mo-S (MFe, Co, Ni)are not volatile, in
tion, the highest maximum current density of 450 mA?cm_as contrast to Mo$ alone, and have high activity. However, Pt film
achieved at 850°C. The-V curve 3" in Fig. 10 indicated a slight  geposited as a current collector across the metal sulfides does not
mass-transfer limitation in the high-current region. However, this have good adherence to the anode surface, and its performance is
characteristic was not observed at 750(@irve I*) or 800°C  compromised by PtS reversibly formed by reaction withSHor
(curve 2°), probably because sulfur produced at high reaction ratesulfur. Detachment of the Pt film from the anode resulted in a large
at 850°C occupied the active sites and therefore limited the furtheincrease in contact resistance and reduction in cell performance.
reaction of HS gas. The current-power density curves are presentechnode catalyst comprising Co-Mo-S admixed with up to 10% Ag
in Fig. 11. The maximum power density increased with increasingpowder were found to have superior performance and longevity, and
temperature. The initial parts of these curves overlapped, suggestingnproved electrical contact when compared with Pt/M-Mo-S anode
that the electrocatalytic activity of the anode was independent ofsystems.
temperature at low-current density. The maximum value for IR com-
pensated power density was 115 m\W#ah 850°C. This value was Acknowledgments
higher than the maximum value for a Pt film/Co-Mo-S anode sys- We thank Natural Sciences and Engineering Research Council of
tem, and the performance was sustainable for a much longer timeCanadaNSERC)for financial support.
showing that the system had hl_gher performance and_lntegrlty. University of Alberta assisted in meeting the publication costs of this
The cell was tested for a period of 5 days. The maximum current

article.
densities and power densities with IR compensation at 850°C for

each day are presented in Fig. 12. The current and power values
were stable. Thus an anode catalyst comprising Co-Mo-S catalyst;

admixed with Ag powder has superior activity, superior longevity, 2.

and improved electrical contact characteristics when compared with
the same catalyst having an overlayer of Pt.

Conclusions
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