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  EVOLUTION OF FUEL CELLS POWERED BY 
H2S-CONTAINING GASES 

The development of the process and electrochemical materials for conversion 
of H2S in a fuel cell to co-generate electrical power and benign products is out-
lined. While the thermodynamic basis for the process was clear, it was neces-
sary to perform extensive research into the development of materials as cata-
lysts and electrolytes, and to determine the optimal process and operating con-
ditions. Through the use of composite anode catalysts and compatible new 
protonic electrolytes that are both chemically and thermally stable in the opera-
ting environment, we have achieved good and sustainable power densities. 
The only products are power, elemental sulfur and steam. 

Key words: hydrogen sulfide; fuel cell; anode catalyst; electrolyte; ca-
thode catalyst. 

 
 

Each year large amounts of H2S are generated 
worldwide, mostly as by-products from petroleum, natu-
ral gas and coal gasification industries. The adverse 
effects of H2S on industrial processes, human health 
and the environment make it necessary to remove it 
from all effluent streams. It is anticipated that additional 
large quantities of H2S will be produced due to the in-
crease in utilization of high-sulfur crude oil and the ex-
pansion of coal gasification/liquefaction technology. 

Many processes have been developed to re-
move and/or recover H2S, including adsorption, ab-
sorption, hydrogen production and conversion to ele-
mental sulfur via the two-step Claus process. Such 
H2S processing units require high capital investments. 
Also, as the final products are of low commercial va-
lue, there is a high demand to find more economical 
and efficient hydrogen sulfide recovery methods. It is 
more desirable for hydrogen originating from H2S to 
be electrochemically oxidized in a SOFC to generate 
electrical energy, leaving sulfur and water as exclu-
sive anode reaction products. Thus, utilization of H2S 
in solid oxide fuel cells provides a potentially econo-
mical and powerful option for concurrent chemical con-
version and power (DC) generation. 
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The concept of parallel oxidation of one reagent 
and the reduction of the oxidant in separate compart-
ments of an electrochemical cell has been known for 
over 100 years. When power is so generated, the sys-
tem is a fuel cell [1,2]. The redox reactions are sepa-
rated by an ion-conducting electrolyte membrane, and 
so the product at one side does not have the chance 
to react further with the reagent at the other side. 
Hence, through the selection of appropriate condi-
tions for conversion of the feed, it is possible to con-
vert the feed more selectively to desired products 
than is achievable when the oxidant and reductant 
are intimately mixed as was found, for example, in 
several attempts to convert hydrocarbons selectively 
to added value products [3]. Similar processes have 
been investigated for conversion of CH4 to syngas 
and NOx or SOx to benign products [4]. Comparing 
our goals with the results from these earlier significant 
studies we concluded that it was necessary to deve-
lop a system for selective conversion of H2S to ele-
mental S, and probably would require a protonic mem-
brane, reasoned as follows [5]. 

While the possibility that H2S could be oxidized 
using a fuel cell (Eq. (1)) was recognized early, pro-
blems associated with managing the toxic and cor-
rosive feed delayed the development of such sys-
tems. When the electrolyte membrane is oxide ion 
conducting the reactions are as shown in Eqs. (2) and 
(3), and when the electrolyte is proton conducting, the 
reactions are as shown in Eqs. (4) and (5). The first 
success was achieved using high temperature, oxide 
ion conducting solid oxide fuel cells (SOFC) [6-13]. 



K. T. CHUANG, J. LUO and A. R. SANGER: EVOLUTION OF FUEL CELLS… CI&CEQ 14 (2) 69–76 (2008) 

70 

However, none of these systems provided a sustain-
able high power output. In some cases the electro-
chemical materials themselves decomposed, and in 
others the anode catalyst rapidly deactivated. Thus, 
while these efforts were fruitful in demonstrating the 
feasibility of the process, none became the basis for 
commercial applications. 

Overall reaction:  

2H2S + O2 = 2H2O + 2/n Sn (1) 

∆G = 186 kJ mol-1 (400 K) 

Oxide ion conducting: 

Anode: H2S + O2-  H2O + 1/n Sn + 2e- (2) 

Cathode: O2 + 4e-  2O2- (3) 

Proton conducting: 

Anode: H2S  1/n Sn + 2H+ (4) 

Cathode: O2 + 4H+ + 4e-  2H2O (5) 

It was known that, when dissolved in an amine or 
other solvent, H2S could be converted electrochemi-
cally at low temperatures to elemental sulfur, in either 
a fuel cell or electrolysis mode [14]. However, that pro-
cess is difficult to operate, and generates colloidal sulfur. 

The prior work with oxide ion conducting electro-
lytes showed that sulfur could form either elemental 
sulfur or sulfur oxides, primarily SO2 [6-13]. Conse-
quently, we concentrated our efforts towards the de-
velopment of a protonic system, in which no SOx would 
be generated as the sulfur species were never in con-
tact with the oxidant. While conversion of H2S at low 
temperatures in a protonic fuel cell is achievable [15], 
it is not desirable to produce solid sulfur in a gas 
phase fuel cell. Consequently, we first investigated 
the conversion of H2S to elemental sulfur in the liquid 
sulfur region [16-18]. The concept and the process 
were proven, and could be operated over a range of 
temperatures using feeds that were either pure H2S or 
mixtures of H2S with diluent gases or light hydrocar-
bons [19]. Having shown the feasibility of the process, 
we showed that the system had good potential for the 
operation under a range of conditions [20]. 

While the results were of significant interest, the 
power densities achieved were insufficient for com-
mercial operations and the stability of the system was 
uncertain. The data showed that there were several 
areas where improved performance was required. In 
particular, it was recognized that higher reaction rates 
were needed, and so the system should operate in 
the sulfur vapor region, at least over 450 °C and pre-
ferably higher. Thus, we needed several new mate-
rials. There were no stable protonic electrolytes that 

could sustain high conductivity at the desired tempe-
ratures. In contrast, oxide ion conductors required high 
temperatures, but these would then give a mixture of 
the products including SOx. We needed stable cata-
lysts for the activation of H2S that could be strongly 
bonded to the electrolyte. We also needed cathode ca-
talysts that were active and stable in the same tempe-
rature range. Thus, we undertook parallel and interac-
tive investigations into each of these materials, and into 
their mutual compatibilities. We used a laboratory fuel 
having anode and cathode chambers comprising con-
centric feed and exhaust conduits bonded to each side 
of a membrane electrode assembly (MEA) (Figure 1). 

 

Figure 1. Schematic of the operation of 
proton conducting SOFC. 

ANODE CATALYSTS 

The initial fuel cell systems tested at both low 
and intermediate temperatures included metals, and 
especially noble metals, supported metal systems, 
oxides and sulfides [21]. We found that there was a 
propensity for metal catalysts to detach from the elec-
trolyte, thus severely affecting the cell performance. 
The cause was determined to be a reversible for-
mation of e.g. PtS. While a partial remedy was found 
through the use of an intermediate TiO2 layer which 
“anchored” the Pt catalyst, the performance of the 
system was lower than that required for a commercial 
process [22]. Consequently, we then pursued the de-
velopment of alternative catalysts, including metal 
sulfides and composite oxides. 

A first series of sulfide catalysts was examined 
for the operation at temperatures in the range 450- 
-800 °C [23]. The preferred range appeared to be 600- 
-750 °C, the temperatures at which the product was 
highly volatile S2. It was found that while NiS, FeS, 
CoS, and MoS2, for example, were somewhat active 
alone, the activity and stability were greatly enhanced 
through three changes: (i) composite sulfides of two 
or more metals were more active than either alone; 
(ii) addition of about 5 wt % Ag enhanced the electro-
nic conductivity significantly, and (iii) the addition of 
about 5 wt% of a porous oxide, and in particular YSZ, 
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enhanced mass transfer. The combination of these 
three factors improved the performance by more than 
an order of magnitude (Figure 2). Care was required, 
as Ag reversibly forms Ag2S, which decomposes at 
high temperatures, and so the composite catalysts were 
pre-heated to the operating temperature before the 
introduction of H2S [24-26]. The composite materials 
are highly active as they have very extensive triple 
phase boundaries, at which the reactants are acti-
vated to form electrons and ions which are conducted 
away separately [27]. 

 

Figure 2. Performance enhancement through admixing Mo-Ni-S 
anode catalyst with 5 % each of Ag and YSZ. 

The compositions and morphologies of the com-
posite anode materials provide a good mass transfer, 
as demonstrated by the influence of the gas rate on 
their performance [28]. The magnitude of the change 
in OCV with temperature was consistent with calcu-
lated values based on thermal reaction equilibria (Eq. 
(6)), a reaction previously exploited for use in oxide 
ion conducting cells [29]. It was found that increasing 
either or both of air flow rate and H2S flow rate im-

proved a current-voltage and power density perfor-
mance. The results were consistent with improved gas 
diffusion in the cathode with increasing the air flow 
rate, and with both improved gas diffusion in the ano-
de and the increased concentration of anodic electro-
active species with increasing the H2S flow rate. 

H2S ↔ H2 + 1/n Sn (6) 

The composition of the catalysts based on com-
posite sulfides was examined in detail, and their sta-
bility and activity were demonstrated [30,31]. Curi-
ously, when the catalyst was MoS2 alone, the initial 
activity diminished with time, and this was found to be 
due to loss of the catalyst. While this behavior has 
been attributed to volatility of MoS2, we later showed 
that was not the case as MoS2 itself is not volatile. 
However, we found that even traces of O2 present 
during the catalyst pre-treatment in the fuel cell con-
vert MoS2 to MoO3, which is volatile. In contrast, when 
the catalyst comprises a composite sulfide of two me-
tals, no Mo is lost through volatilization of MoO3. Thus, 
the use of composite sulfides not only enhances the 
activity, it also enhances the stability (Figure 3) [32,33]. 

Systematic examination of a series of composite 
sulfide catalysts, AV2S4, determined that catalysts in 
which A was one of several transition elements had a 
superior activity when compared to any of the metal 
sulfides alone, or the prior benchmark Mo-Ni com-
posite sulfide catalysts (Figure 4). The superior per-
formance was attributable to the combination of high 
catalytic activity and low inherent anodic polarization 
resistance.
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Fig. 3. TGA analyses showing thermal 
stability of composite MoS2-Ni3±xS2 
anode catalysts. 
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Fig. 4. Comparison of the performance of MoV2S4 and MoS2-Ni3±xS2 anode catalysts at 800 °C. 

 
We determined the polarization resistances of a 

series of Mo, V and Cr ternary sulfide based materials 
of the general type AB2S4 (where A= Ni, Co, Fe, Mo, 
Cu and B = V, Mo, Cr). Those materials that were 
stable and had low resistances were then evaluated 
as potential anode materials for H2S/air fuel cell ap-
plications. We found that the V-containing catalysts 
have a superior performance when compared with 
previously known MoS2 and MoS2-Ni3±xS2-Ag-YSZ 
anodes. The empirical trend for the polarization resis-
tance obtained by using symmetrical cells and the re-
lative activities for H2S oxidation are parallel: MoV2S4 > 
> NiV2S4 > CrV2S4 > CuCr2S4 > MoS2 > NiS-MoS2-Ag-
-YSZ > CoMo2S4 > FeCr2S4. The new anode materials 
are chemically, electrochemically and thermally stable 
during the operation of SOFC at 750-850 °C. 

While the composite sulfide catalysts have pro-
ven to be useful in combination with different types of 
electrolyte, for example YSZ, cerates and ionic sulfa-
tes [34], and good power densities have been attain-
ed, their performance was limited. We recognized that 
we needed anode catalysts that were both more 
stable and had higher activity at high temperatures 
than the known systems. Consequently, in light of the 
high performance of the AV2S4 catalysts, we now have 
developed novel V-based catalysts comprising a mix-
ture of LaCrO3, a vanadium oxide and YSZ [35]. Ad-
vantageously, this family of anode catalysts is not poi-
soned by any of H2S, elemental S, CO, CO2, or hydro-
carbons, and so can be used for the conversion of 
various feed streams containing H2S, including indus-
trial syngas (Figure 5) [36]. 

 

Figure 5. I-V and I-P performance of LaCrO3-VOx-YSZ in 
H2S-containing syngas. 

The new, highly active and stable anode catalyst 
LaCrO3-VOx-YSZ was developed specifically to deter-
mine whether we could operate a solid oxide fuel cell 
systems using impure hydrogen, and in particular in-
dustrial syngas derived from the conversion of coal or 
coke. Such raw syngas always contains H2S, the ma-
jority of which must be removed for use with con-
ventional catalysts. We found that the presence of CO 
in the anode feed enhanced fuel cell performance 
when compared to use of pure H2 or H2 containing 
5000 ppm H2S. Impedance spectra showed that the 
anode polarization resistance decreased in the pre-
sence of CO. High current density of 450 mA cm-2 at 
0.6 V and maximum power density of 260 mW cm-2 
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(at 450 mA cm-2) was obtained at 1173 K. XRD and 
XPS analysis showed that the new catalyst was che-
mically stable in H2S-rich syngas or hydrogen. How-
ever, when the CO concentration was high, slow car-
bon deposition compromised fuel cell performance 
during long tests at high temperatures. 

When an oxide ion conductor is used, each of 
the components is oxidized at the anode to form H2O, 
CO2 and one of S2, SOx and a mixture thereof (Eq. (7)). 

H2S + CO + H2 + 3/2O2  2H2O + CO2 + S (7) 

The catalysts are stable under a variety of con-
ditions, including the use in contaminated H2 feed (Fi-
gure 6). 

 

Figure 6. Performance of LaCrO3-VOx-YSZ anode catalyst as a 
function of time in H2 + 5000 ppmv H2S at 900 °C. 

ELECTROLYTE 

The electrolyte for a fuel cell must be highly con-
ductive for the selected ions, chemically and thermally 
stable, and compatible with both the anode and the 
electrode. 

Initially, it was not known whether there would 
be any benefit from the use of nano-sized particles in 
electrolyte membrane synthesis. We showed that the 
performances of nano-composite Li2SO4-Al2O3 mem-
branes in H2S-O2 fuel cells were much superior to those 
prepared by using convention micro-particles (Figure 7) 
[37,38]. Thus, in all cases, we now compare the acti-
vities of membranes made from different size particles. 

While the sulfate-alumina electrolytes are con-
ductive, the proton number is low and so they are not 
useful for the present fuel cell applications [39,40]. 
Consequently, we have developed new protonic con-
ductors, including several promising perovskites. 
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Figure 7. Superior ion conductivity of nano-composite vs. 

conventional Li2SO4-Al2O3 membranes. 

It was well known that cerate perovskites have 
high protonic conductivity. However, they are unstab-
le to decomposition and loss of the electronic struc-
ture required for conductivity. Further, they react with 
H2S to form low conductivity sulfides. In contrast, zir-
conates are much more stable, but have low con-
ductivity. Efforts elsewhere have examined the use of 
substituted perovskites. We found that Y-doped 
Ba(Ce,Zr)O3 perovskites are the first protonic electro-
lytes proven to be chemically and thermally stable 
protonic conductors when used in solid oxide fuel cells 
operating at intermediate temperatures (450-700 °C) 
in hydrogen containing at least 500 ppm H2S [41]. 
They are stable in fuel cells in which the feed is any 
one or combinations of H2, CO and H2S. They have 
high conductivity in all cases (e.g. Figure 8). The struc-
tures were characterized and the stability was con-
firmed using XRD, SEM and EDX. Membranes made 
from the BZY powders are stable proton conductors in 
H2S-containing atmospheres, whereas undoped 
barium cerate has high proton conductivity but poor 
chemical stability. The resistance of BZY, measured 
by impedance spectroscopy, is strongly dependent on 
the temperature and the atmosphere. 

In particular, the H2S activation catalyst-electro-
lyte combinations are highly active and stable when 
used with H2S-containing syngas (H2 and CO with 
5000 ppm H2S). Thus this membrane assembly is 
very useful, as it allows the use of industrial syngas 
without extensive (and expensive) pre-conditioning, 
unlike the requirements for feeds for conventional fuel 
cells containing catalysts and electrolytes that are 
subject to poisoning by one or both of CO and H2S. 

CATHODE CATALYST 

We have found that a variety of conventional 
cathode catalysts are compatible with each of the ele-
ctrolytes we have used. Although there were issues 
related to the stability and the transfer of ions between 
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the materials during the use of some catalysts with 
sulfate-alumina composite electrolytes [42], no similar 
problems have arisen with the use of the perovskite 
electrolytes. 

 

Figure 8. Bulk conductivity of BZY in H2 and dilute H2S 
as a function of temperature. 

When different cathode catalysts (Pt, LSM and 
NiO) were tested with sulfate-alumina composite elec-
trolytes, it was found that both Pt and LSM cathodes 
showed serious covering by electrolyte materials after 
its creeping at cell operating temperature [42]. In con-
trast, NiO appeared to be unaffected by electrolyte 
migration, and showed the highest cell performance 
with current density over 100 mA cm-2 and power den-
sity over 30 mW cm-2. However, there was deleterious 
agglomeration of NiO particles after extended periods 
of operation. 

CONCLUSIONS 

The evolution of the H2S-O2 fuel cell process 
towards the present pre-pilot plant status required 
development of electrochemical materials for the use 
as anode and electrolyte systems that were chemi-
cally and thermally stable, and which were compatible 
with each other and the cathode. Preferred anode ca-
talysts are composite metal sulfides, especially spinel 
and cubic AV2S4 catalysts (A = Ni, Mo, etc.). Electro-
lytes based on Y-doped Ba(Ce,Zr)O3 perovskites are 
the first protonic electrolytes proven to be chemically 
and thermally stable protonic conductors when used 
in solid oxide fuel cells operating at intermediate tem-
peratures in the presence of H2S. Sulfate-alumina 
composite electrolytes are prone to migrate to cover 
Pt or LSM cathode catalysts, but not NiO. Thus, it is 
preferable to use protonic perovskite electrolytes. Pre-
ferably, the system operates at intermediate-to-high 

temperatures (450-700 °C). The feed may be pure H2S 
or any one of several industrial or resource streams 
containing H2S, including H2S streams, and relatively 
unrefined H2 or syngas that would poison conven-
tional systems. The attainable power density using 
pure H2S or industrial syngas is sufficiently high for 
commercial applications. What is now required is tes-
ting using a scaled up unit over extended periods. 
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