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Au/MoS; is a promising anode catalyst for conversion of all components of H,S-containing syngas in
solid oxide fuel cell (SOFC). MoS,-supported nano-Au particles have catalytic activity for conversion of
CO when syngas is used as fuel in SOFC systems, thus preventing poisoning of MoS; active sites by CO. In
contrast to use of MoS, as anode catalyst, performance of Au/MoS, anode catalyst improves when CO is
present in the feed. Current density over 600 mA cm~2 and maximum power density over 70 mW cm~2

were obtained at 900°C, showing that Au/MoS; could be potentially used as sulfur-tolerant catalyst in
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1. Introduction

Large amounts of synthesis gas (syngas) are produced world-
wide each year by reforming different kinds of hydrocarbon
resources, primarily for use in production of hydrogen, as reactant
to produce petrochemicals, and as fuel for electrical power plants.
Recently interest has grown in use of syngas for fuel cell appli-
cations. Solid oxide fuel cells (SOFCs) can provide higher energy
conversion efficiency when compared with conventional power
generation, and SOFCs can operate on a variety of fuels. One pro-
posed application is using synthesis gas as fuel in the SOFCs. The
major combustible components of syngas are H, and CO, which will
take the following reactions (Eqgs. (1) and (2)):

H; +(1/2)0; = H,0 (M
CO + (1/2)0, = CO, (2)

When hydrocarbon resources are converted to syngas the sul-
fur and nitrogen content of the resource are also converted, and CO
could react further to generate CO,. Thus, raw syngas typically is a
mixture of which the major components are H, and CO contami-
nated with CO,, H,S and nitrogen compounds. Table 1 shows the
composition of syngas from different companies [1]. H,S is com-
monly present, at concentrations ranging from several hundred
ppm level to several thousand ppm. In SOFC systems, H,S is corro-
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sive to structural components and poisons most of the commonly
used anode catalysts, such as Ni and Pt [2,3]. Consequently, an exter-
nal sulfur removal step is required to remove virtually all H,S from
SOFC feeds for commercial fuel cell systems [4].

It is extremely expensive to remove virtually all H,S from con-
ventional fuel cell feeds, thus fuel purification adversely affects fuel
cell economics. To improve cost efficiency, it is more attractive to
directly use H,S-containing syngas in SOFC systems. In past years,
several related research projects have attempted [5-7]. HyS-free
syngas and H,S-containing H, have been investigated as fuels for
SOFC [8-10]. It has been shown that pure H;S can be used as fuel in
SOFC [11,12]. However, very little attention has been paid to use of
H,S-containing syngas as fuel in SOFCs. To do so, it is crucial to find a
catalyst which is stable in a H,S-rich environment and also has good
catalytic activity for conversion of H, and CO. To this end we now
describe syngas fuel cells having a new Au/MoS, anode catalyst.

Metal sulfides are widely used as catalysts for industrial applica-
tions [13,14]. Among them, MoS, and its derivatives are commonly
used catalysts for desulphurization of hydrocarbons and other pro-
cesses [15-17]. MoS, has a high melting point and good stability in
H,S-rich environments [18,19]. Bulk MoS, normally has a consol-
idated laminar structure. Finely divided MoS, catalysts have been
developed having porous structure and high surface area [20-22].
Its applications as anode catalyst in SOFC were studied using both
pure and diluted H, S feeds. MoS, showed good catalytic activity for
the conversion of H, and H,S in SOFCs; however, it showed poor
activity for the conversion of CO [11,12,23].

Supported gold catalyst has been reported to have high CO oxi-
dation activity [24,25]. Gold catalysts supported on various support,
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Table 1
Syngas composition for four gasification processes from different companies [1].
Air blown British Shell Texaco
Component
Cco 15-30 54-57 62-65 45
H, 18-25 29 28-30 30
CO, 2-15 4.5 1.6-2 5-8
H,0 3-11 a 0.4-2 18
N> 45-55 a 0.7-3.1 0.8
Typical impurities (ppm)
H,S 750-7000 6000-7000  1260-4000 1100-3500
NH3/HCN 50-500 a 300 800
HCI/HF <50 a 200-830 170-690

2 Not reported.

such as Ce0O,, TiO,, Al,03, SiO, and, etc., showed catalytic activ-
ity in the various CO oxidation [26,27]. Recently, the unsupported
Au catalysts were studied to determine their activity for CO oxida-
tion [28]. Gold, present in a porous structure with nano-network,
showed good catalytic activity for CO oxidation, showing that Au
surface sites are catalytically active.

The recent innovative research has suggested that gold-based
catalysts are potentially capable of being employed in fuel cells for
CO oxidation [28-30]. The justification for developing the gold cat-
alyst technologies is not only based on their promising technical
performance, but also the price and availability of gold compared
with the platinum group metals. Effectiveness of gold catalysts for
CO conversion has already been demonstrated and showed prefer-
ential oxidation of carbon monoxide in hydrogen-rich gas [31,32].
However, the applications for gold in fuel cells so far are limited
and include its use as sealant O-rings, corrosion resistant mate-
rial and conductor to provide useful improvements in electrode
conductivity [33,34].

The objective of this research is to examine the effectiveness of
nano-Au catalyst supported on MoS, for the conversion of H, and
CO in SOFC, by determining the fuel cell performances using this
catalyst.

2. Experimental
2.1. Catalysts preparation

A two-stage method was used to prepare the Au/MoS, catalysts,
comprising first the impregnation of MoS, with an acidic aqueous
solution of HAuCly, followed by a washing step to remove chloride
ions [35].

Impregnating was used to load Au particles (5wt.%) onto the
MoS, (Aldrich, 99.9%) surfaces. The stoichiometric amount of
HAuCly was dissolved in 1L deionized water, and MoS, powder
was added to the stirred solution. Then 10% aqueous ammonia was
added dropwise at 5mLmin~! with vigorous stirring until the pH
was 11, after which the solution was stirred vigorously for a further
1 h. Next, the powders in the solution were separated by filtration
and washed five times using deionized water to remove any chlo-
ride ions remaining on the surface, because chloride ions would
deactivate the Au center and make the particles tend to sinter during
the thermal pretreatment and catalytic operations [36].

2.2. Cell preparation

To prepare the anode materials, a mixture comprising Au/MoS,
catalyst, 8% YSZ nano-powder (Inframat Advanced Materials) and
silver powder (Alfa Aesar, 99.9%) in 85:5:10 weight ratio was dis-
persed in iso-propanol to make a suspension and intimately mixed
in an ultrasonic bath for 1 h before drying by solvent evaporation
to form a homogeneously mixed powder. The composite catalyst

was so mixed to optimize the internal electrode configuration and
maximize the triple phases boundary (TPB). Because MoS itselfis a
semiconductor and its electronic conductivity is poor [37], 10 wt.%
Ag powder was included in the composite anode to improve the
electronic conductivity. To show the effect of nano-Au, another
anode catalyst was made from the same MoS,, YSZ and Ag using
the same procedure, but containing no Au.

Dense pellets (2.54 cm in diameter and 0.3 mm in thickness) of
8 mol% YSZ (Intertec Southwest Inc.) were used as the electrolyte.
Porous platinum was used as cathode catalyst, prepared by screen-
printing platinum paste (Heraeus CL11-5100) on to one side of the
YSZ pellets. After drying in air for 3 h, the Pt/YSZ pellet was further
heated at 850°C for 30 min to form porous cathodes. The anode
materials were mixed with a-terpineol (Heraeus-372) to form vis-
cous pastes that were screen printed on to the second side of the
pellets and then dried by heating. The apparent anode surface area
was 1cm? and the anode thickness was approximately 0.15 mm.

Gold mesh welded to an Au lead wire was placed in intimate con-
tact with the outer surfaces of each electrode. The YSZ electrolyte
was secured between two coaxial alumina tubes, using ceramic
sealant (Ceramabond 503, Aremcosame) around the rim on both
sides of the electrolyte to seal the fuel cell compartments. The cell
was heated in a tubular furnace (Thermolyne F79300) that could
be operated at temperatures stable to +0.1 °C within the fuel cell
zone, while air and nitrogen flowed through the cathode and anode
chambers, respectively. The fuel cell first was heated to 1000°C to
cure the sealant, then cooled down to a preselected operating tem-
perature. After the operating temperature stabilized, the nitrogen
stream was switched to fuel gas.

2.3. Electrochemical apparatus

In all tests, a Solartron Electrochemical interface (S1 1287)
was used to monitor the open circuit voltage (OCV) between
anode and cathode, measure electrochemical impedance and deter-
mine current-potential performance. Impedance data typically
were obtained over the frequency range 1 MHz to 0.1 Hz. Poten-
tiodynamic mode was used when performing current-potential
measurements at a scanning rate of 5mVs~!. The cell was allowed
to equilibrate and stabilize for at least 1h after each change in
operating conditions before conducting further measurements.

Gas analysis of the anode effluent streams was performed peri-
odically during fuel cell experiments using gas chromatography
(GC, HP5890).

3. Results and discussion
3.1. SEM images of the anode catalysts

Fig. 1 shows the backscattered images of the Au/MoS, cata-
lyst. In the figure, Au appears as bright particles with various sizes.
According to literature data [25,26], smaller Au particles have better
catalytic activity for the conversion of CO.

To better estimate the Au particle size, higher resolution images
were obtained using a field-emission scanning Auger microprobe
(JAMP-9500F). Fig. 2 shows the catalyst’s surface image. The Au par-
ticles were about 30-40 nm in diameter, the size reported to be
catalytically active for the oxidation of CO [28].

3.2. Performances in CO-absent gas

MoS, showed catalytic activity for the conversion of H, and
H,S in SOFC in previous tests [23,37]. Here, the performances
of Au/MoS, in the feed of H,S-containing H,, which has no CO,
were compared first with those of MoS, alone. Fig. 3 shows the
impedance measurements at 800°C and 900°C.
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Fig. 1. SEM image of the Au/MoS, powders.

Fig. 2. SEM image of the Au/MoS, powders with higher magnification.

For each anode catalyst, the overall ohmic resistances decreased
with increase in temperature, due to lower ohmic resistances of YSZ
electrolyte and anode materials at higher temperature. However,
the ohmic resistances for all the tests were still high. When the
anode catalyst was MoS,, the ohmic resistance values were about
8 at800°C and 52 at 900 °C. These high values are attributed to
the low electronic conductivity of MoS,, even when admixed with
10wt.% Ag [37].

The polarization semicircle in the impedance spectra for
Au/MoS, had slightly smaller radius than that for MoS, for each
testing temperature (Fig. 3), which implied that Au/MoS, showed
slightly improved activity for conversion of H, when compared with
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Fig. 3. Impedance spectra in H +H;S.
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Fig. 4. IV-IP performances at 800°C in H; +H,S.

MoS, alone. As reported, nano-Au showed poor catalytic activity
for the oxidation of Hy or H,S, but showed preferential activity for
carbon monoxide in hydrogen-rich gas [31,32]. In SOFC, with the
absence of CO in the feed gas, the inclusion of Au did not signif-
icantly improve the overall catalytic activity. The small radius for
Au/MoS, was attributable to the improved contact between MoS,
particles by the Au on the surface. Improved contact reduced the
polarization radii for Au/MoS, when compared with MoS, at the
same test temperatures.

Figs. 4 and 5 show the fuel cell performances with MoS, and
Au/MoS,; in HyS-containing H, at 800°C and 900 °C, respectively.
Still, in the absence of CO, the fuel cell performances of supported
Au/MoS, catalyst showed very limited improvement compared
with MoS, alone at each testing temperature. The results were con-
sistent with those from impedance spectra. It may be concluded
that the nano-Au had poor catalytic activity for the conversion of
H, or H,S in SOFC.

For both catalysts, the discharging curves at 800 °C were almost
straight lines, because of the high ohmic resistances of the fuel cells
at this temperature (Fig. 4). Discharging curves can be divided into
three parts corresponding to zones for activation loss, ohmic loss
and concentration loss. At 800 °C the current-potential curve was
characteristic of performance in which ohmic loss predominated,
i.e. the impact of ohmic resistance was considerably higher than
that of the activation resistance and mass transfer resistance. The
ohmic resistance decreased from about 8 €2 to less than 5 Q2 when

1.2 60
4 —=—MoS,
1.0 . —o—Au/MoS, L 50
", &
_. 08 2 L20 §
2 = s
i \ o (=
o w ° =
Z 064 \ ™ 30 >
] a =
3 \ v a
o i 1 o 7}
0.4 | % 4, 20 2
EN o
b .t %
i %, B, B o
0.2 o \. \ 10
[ 8 . .Dco Co %05, Soa \?
0.0 — T T T T T T T T T 0
0 50 100 150 200 250 300 350 400 450 500
Current density(mAlcmz)

Fig. 5. IV-IP performances at 900 °C in H; + H;S.
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Fig. 6. IV-IP performances for MoS, alone in feed with and without CO at 900°C.

the testing temperature reached 900°C. At this temperature the
ohmic losses had a lesser effect on the discharging curves, and the
activation resistance was becoming more apparent.

3.3. Performances in CO-containing gas

For only MoS,, CO would poison the catalyst. Figs. 6 and 7
show the performances and the impedance spectra, respectively,
for MoS; alone at 900°C in the feed with and without CO. At the
beginning of each test, only H, containing 5000 ppmv H,S was fed
into the anode compartment, then the feed was switched to H,S-
containing syngas (60% CO, 40% H, containing 5000 ppmv H,S).
The impedances and performances were measured both before
and after the use of syngas to determine if there were changes
in performance. Once the MoS, was exposed to CO in the syn-
gas feed, the electrochemical polarization rapidly increased and
the fuel cell performance dropped correspondingly. Thus, for only
MoS, catalyst, the presence of CO in the feed gas poisoned the active
sites.

Figs. 8 and 9 show the performances and impedance spectra,
respectively, for Au/MoS, catalyst at 900°C using H,S-containing
syngas as a fuel. In the gas feed containing CO, the Au/MoS, catalyst
showed improved performances relative to that in H,S-containing
H,. This indicates preferential activity of nano-gold particles for
oxidation of carbon monoxide.

The behavior of the Au/MoS, catalyst differed significantly from
that of MoS, catalyst. When the catalyst is only MoS,, CO would
poison the catalyst, as described in previous section. Once the MoS,
catalyst was exposed to CO, the electrochemical polarization rapidly
increased and the fuel cell performance dropped correspondingly.
In contrast, for the Au/MoS, anode catalyst, there was no poisoning
effect from CO. In fact the performance was better when CO was
present in the fuel. In Fig. 9, the impedance radius in CO-containing
feed was smaller than that in CO-free feed. Thus, the polarization
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Fig. 7. Impedance spectra for MoS; alone in feed with and without CO at 900°C.
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Fig. 9. Impedance spectra for Au/MoS; in feed gas with and without CO at 900°C.

resistance for Au/MoS, catalyst decreased when CO was admixed
into the feed. The maximum power density was 75 mW cm™2
in the CO-containing feed, compared with 58 mWcm~2 in the
CO-free feed. The presence of supported nano-Au particles as
Au/MoS,; clearly reduced the polarization resistance and signifi-
cantly improved the fuel cell performances when compared with
MoS, alone in CO-containing gas feed. However, nano-gold parti-
cles tended to sinter at this temperature and led to degradation
of fuel cell performance in long-term running. In next research,
the sintering of nanoparticles will be studied; suitable spacer or
support will be developed.

4. Conclusions

Au/MoS, is a promising anode catalyst for electrocatalytic oxi-
dation of all components of H,S-containing syngas in SOFC. The
supported nano-Au particles have catalytic activity for CO oxida-
tion in SOFC systems, thus preventing poisoning of MoS, active
sites by CO. In contrast to use of MoS, as anode catalyst, perfor-
mance of Au/MoS; anode catalyst improves when CO is present in
the feed, which shows that the supported nano-Au is potentially
useful catalyst for CO oxidation in fuel cell applications.
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