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ZHONG Li*!'  Chuang Karl
(‘College of Chemical and Energy Engineering, South China University of Technology, Guangzhou 510640)
(*Department of Chemical and Materials Engineering, University of Alberta, Edmonton, AB Canada, T6G 2G6)

Abstract: A membrane electrode assembly (MEA) for H,S solid oxide fuel cells with inorganic proton-conducting
membranes was prepared. Membrane or MEA has been characterized using scanning electron microscope (SEM)
and electrochemical impedance spectroscopy (EIS). Performances of membrane or MEA having various
thicknesses and prepared with or without Li,WO, component have been investigated. The results show that
electrical conductance of MEA prepared with Li,WO,-doped material is one order of magnitude higher than that
of MEA prepared without Li,WO,-doped material, and that MEA prepared with Li,WO,-doped material has better
chemical stability and electrochemical performance under the operating conditions of a fuel cell using H,S as the
fuel in comparison to MEA prepared without Li,WO,-doped material. Maximum power densities of 50, 85 and 130
mW-cm™ , as well as maximum current densities of 200, 350 and 480 mA -cm™ for the MEA configuration with a
Mo-Ni-S-based composite anode, composite membrane (67wt% Li,SO, + 8wi% Li,WO, + 25wt% Al,0s) of 0.8 mm
thick and a NiO-based composite cathode were achieved at 650, 700 and 750 °C, respectively.
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0 Introduction

Hydrogen sulfide (H,S), a corrosive and extremely
toxic gas present in supply of natural gas, coal
gasification, crude oil refining and geothermal energy at
concentrations ranging from a few ppm (mg-L™) to 50%
or higher, is produced during desulfurization of
hydrocarbon resources and is environmentally undesir-
able so that its decomposition is desired or required in
many instances. There are various prior art methods for
H,S disposal. The oil refining industry, for example,
uses a method known as the Claus process!". The Claus
process for oxidizing H,S to sulfur dioxide and water
(steam) is exothermic. The heat generated is generally
not utilized, and the capital investment can not be
economically justified. Other disadvantages of the
Claus process are that its H,S conversion efficiency is
only about 92% and other pollutants, such as CS, and
COS, are normally produced as well.

A solid oxide fuel cell using H,S as fuel was first
reported in 1987!". Current development of H,S solid
(SOFCs) is mainly based on the

electrolytes like oxide ion-conducting ytiria-stabilized

oxide fuel cells
zirconia  (YSZ) and proton-conducting membranes.
When preferred proton-conducting membranes are used
in an HyS-air fuel cell, high-purity sulfur is the only
product obtained in the anode chamber and water is the
mere product formed in the cathode chamber. However,
with oxide ion-conducting membranes, elemental
sulfur, water and SO, are formed in the anode chamber
requiring further removal of SO,. Peterson and Winnick,
Wei et al. P9 reported the use of Li,SO, as proton-
conducting electrolyte material in H,S fuel cell. The
H.S fuel cell with Li,SO, electrolyte had lower electrical
conductivity, gas-permeability, and lower current and
power density during the operation. The most challenge
task for the development of H,S fuel cell using a proton-
conducting membrane is the development of a
composite Li,SO,-based proton-conducting membrane
with high electrical conductivity, gas-impermeability
and better performance. Gundushaurma et al."” reported
that the composite Li,SO, material admixing Li,WO,

can improve its electrical conductivity and other

performance since a new solid phase, Li,SO, + Li,WO,
is formed, which changes its molten point and electrical
conductivity. Currently, no such H,S fuel cell of
composite membrane is commercially available. The
focus of research on H,S fuel cells in this work is
therefore on the proton-conducting fuel cell, particul-
arly in the preparation of composite Li,SO,-based
proton-conducting membranes admixing Li,WO, as well
as the development of a preparation method for memb-

rane electrode assembly (MEA).
1 Experimental

1.1 Preparation of membranes

To prepare a composite membrane with a designed
composition, Li,S0, + Li,WO, + ALO; or Li,SO, +Al0;
nano-composite components were prepared using a sol-
gel technique developed in our laboratory for preparat-
ion of the target materials. Aluminum nitrate [AI(NO;);+
9H,0], 98wt% (from Sigma-Aldrich Inc.), lithium
sulfate anhydrous (Li,SO,), 99.7wt% (from Alfa Aesar
Inc.), lithium wolframate anhydrous (Li,WO,), 99.8wt%
(from Alfa Aesar Inc.) were used as starting materials
for membranes. The technique comprised sequential
steps of gel-solution preparation. Certain amount of
Li,SO,, Li;WO, and AI(NOs); -9H,0 was weighed and
dissolved in water. An aqueous solution formed was
heated to 550 “C under stirring, water in the solution
was evaporated while NO, was escaped from the
solution. The dry composite electrolyte materials so
obtained were ground in a ball-grinding machine and
then sintered at 700~850 °C to remove remaining NO,
in the electrolyte materials so as to obtain Li,SO, +
Li,WO, + AlLO; or Li,SO, + Al,O; nano-composite com-
ponents, and the solid materials so formed were ground
to required particle sizes (<20 pm). Heat treatment

affected the

electrolyte. Lithium sulfate or lithium wolframate and

parameters mechanical strength  of
alumina do not react chemically at sintering temp-
eratures less than 1200 °C®¥. Alumina has a sequence of
high temperature phase transformations, namely v, k, 6,
and « as the temperature rises from 600 to 1 200 C™¥,
The quality of the interphase contact improved when

the Li,SO, + Li,WO, + Al,O; nano-composite compo-
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nent was used. The phase transformations and thermal
stress during the heat treatment below the melting point
of lithium sulfate and lithium wolframate mixture led to
the appearance of micro pores as well as poor
compactivity, and these defects were mainly in the
contact zone in the bulk matrix of nano-composites that

#9 The bulk matrix consisted of crys-

had agglomerated
talline zones and agglomerates (at room temperature),
while alumina was present in the nano-composite
predominately as the metastable y-phase at 700 ~850
°C. When the heat-treatment temperature was at least as

(about 825 °C) of lithium

sulfate and lithium wolframate mixture (90wt% Li,SO,

high as the melting point

and 10wt% Li,WO,), there were remarkable changes to

the composite structure and morphology. A melted

phase caused physical interaction between the salts and

alumina particles and agglomerates of tightly bonded

alumina grains were observed®.

1.2 Preparation of MEA (membrane-electrode-
assembly)

To prepare a MEA, anode catalyst, a Mo-Ni-S-
based composite anode, prepared from 80wt% MoS, +
NiS, (1:1 weight ratio), Swi% Ag powder, Swt% starch
and 10wt% electrolyte, was first put onto a 2.54 cm
cylindrical die, followed by membrane materials (Li,SO,
+ Li,WO, + ALO; or Li,SO4 + ALO; nano-composite
powder) containing suitable moisture content not to
influence total dissolution, finally cathode catalyst, a
NiO-based composite cathode, which was prepared
from 80wt% NiO, 5Swi% Ag powder, Swt% starch and
10wt% electrolyte, was put onto the surface of
membrane materials. The composite MEA sample disks
were compressed for about 0.5 h under 250 MPa
pressure. The MEA so obtained was then put in an oven
and heated in nitrogen atmosphere, first at 105 °C for 90
min and then at 800~850 °C for 360 min. The MEA was
cooled slowly to room temperature under nitrogen. The
weight of MEA was approximately 10wt% less than the
initial weight of the product due to the loss of water.
The thickness of MEA is between 0.8 and 1.5 mm.

1.3 Installation of MEA into the fuel cell test
station

A fuel cell test station was constructed, as shown

in Fig.1. To install the MEA assembly (2.54 cm
diameter) into a test fuel cell, first the cathode side of
the assembly was attached to a supporting annular
alumina disk 3.2 ¢m in diameter and 0.3 c¢m in
thickness using ceramic sealant (a-terpineol, from
Aremco Product Inc.). An opening 1.1 cm in diameter
in the center of the supporting ceramic disk allowed air
to access the cathode. The combination so made was
then sealed with ceramic sealant between two alumina
tubular chambers (outer dimension 2.54 cm, length 40
cm), as described in References™'™". An additional 3
mm wide sealant layer was applied around the sealing
area to ensure a good seal. Platinum mesh was used as
current collectors. The mesh surface was refreshed in
the flame of a gas lamp prior to installation for each
experiment *9. The cell was then heated in a tube
furnace (Thermolyne F7930), with nitrogen passing
through the anode chamber and air through the cathode
chamber. To cure the sealant, the furnace temperature
was increased at 0.8 °C *min~" to 230 °C, and held at
that temperature for 1 h. The temperature then was
increased to a selected testing temperature, typically
600 °C, and held that temperature for the duration of

each set of tests.

Adhesive
Pt wire | | P/twire
— —_—
— Air  Ptgrid Pt grid H,S «~—
Cathode Anode
Vel
Al O; tube Proton-conducting membrane

Fig.1  Fuel cell diagram

1.4 Characterization of membranes or MEA
Morphologies of membranes or MEA were studied

with SEM technique using a Hitachi S-2700 Scanning

Electrical

Electron  Microscope. conductivity  of

MEA was investigated with EIS
technique. MEA was installed in the fuel cell test

membrane or

station, with Pt contacting leads attached to the anode
and cathode of MEA. The resistance of each membrane
or MEA was measured at selected temperature (500~
750 °C). The temperature was adjusted (either increased

or decreased) at 5 °C *min™ to minimize thermal shock.
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After a selected temperature had been maintained for

30 min, resistance data were acquired using
conventional EIS methodology, and then electrical
conductivity of membrane or MEA, at temperature of
500~750 °C and overall pressure of 101.3 kPa, can be
calculated from the electrical resistance, the thickness
and area of membrane (electrical conductivity=thickn-
ess of membrane/resistance of membrane area of
membrane) under the operating conditions. Reaction
products with [about 5% H,0O (partial pressure of water
vapor is 5 kPa) and 95% air|, were produced in the
cathode chamber, while reaction products with about
3% S, and 97% H,S were produced in the anode
chamber.
1.5 Measurement of H,S solid oxide fuel cell

performance

Cell performance was determined using pure H,S

with flow rate of 50 mL +min™

as the anode feed, air
with flow rate of 50 mL-min™" as the cathode feed. The
cell open circuit voltage (OCV) was monitored as a
function of time on stream. Data were recorded with a
Gamry Electrochemical Measurement System (PC4-
750). Initial electrical performance data were evaluated
to determine cell integrity. Typically, a cell with no
leaks showed a steady OCV value after about 30 min. A
fluctuated, or a persistently low value (0.5~0.6 V) OCV,
indicates possible leaks in the cell, and no further tests
were conducted using that MEA. Potentiodynamic
measurements were carried out to determine the cell
current-voltage and current-power performance in their
compensation mode using the Gamry system at a

scanning rate of 1 mV =149,

2 Results and discussion

2.1 Moisture of membranes

Three levels of moisture content of the mixtures
were used during molding of powder mixtures: wet
mixture (excess water wrings while pressing); semi-dry
mixture, with water content no greater than that the
powder can absorb from humidified air; and dry mixture
(dried to constant weight at 105 °C). The highest degree
of compression and the microscopically most homogen-

eous structure of samples were obtained for two cases:

pressing the wet mixture and the semi-dry mixture
prepared using Li,SO, + Li,WO, + ALO; or Li,SO, +
AL, O3 nano-composite powder. However, the presence of
high water content in molding mixtures caused format-
ion of micro aggregates. Elevation of moisture content
led to an increase in porosity and micro-cracks between
the aggregates after the samples had been heat-treated.
It is found that the optimal content of moisture in the
nano-composite powder is in the range of 8% ~10% by
weight.
2.2 Composition of the formulation

The lithium sulfate and lithium wolframate content
of the composite membrane was a critical factor
affecting the composite properties. The compositions of
lithium sulfate and lithium wolframate were determined
for improvement of ion conduction. From the phase
diagram of lithium sulfate and lithium wolframate
considering cell operating temperature range and ion
conductivity, suitable contents of lithium sulfate and
lithium wolframate are around 90wt% Li,SO, and
10wt% Li,WO,. Membranes made of only lithium
sulfate and lithium wolframate were fragile, and very
difficult to obtain an integral wafer by pressing. Thus
alumina was required to confer strength to the
composite. However, there was a decrease in
conductivity when the lithium sulfate and lithium
wolframate content in the composite Li,SO, + Li,WO, +
AL, O; membrane was less than 40% . The structure of
MEA was deteriorated and its shape became deformed
when the lithium sulfate and lithium wolframate content
was as high as 80wt%, for all preparative conditions.
Consequently, for the present study, the lithium sulfate
and lithium wolframate content was between 60wt%
and 80wt%, while alumina content was between 20wt%
and 40wt% in all formulations. The experimental data,
including membrane tightness and homogeneity as well
as compactivity, MEA integral and fuel performance,
revealed that the optimum composition of composite
membrane was about 67wt% Li,SO,, 8wt% Li,WO, and
25wt% Al,Os, respectively, in our study.
2.3 Morphologies of membranes

Following preliminary inspection of membranes

with optical microscopy, the membrane morphology was



RN

B PRAE AL AR B AL T AL RS MEA 45 R RE 1879

investigated with SEM technique. A SEM image of the
membrane prepared from binary mixture of 75wt%
Li,SO, and 25wt% Al,O; is shown in Fig.2A. Cavities
pervaded throughout the membrane, and some cracks
were visible on the surface. Fig.2B exhibits a SEM
photograph of the membrane prepared from the 67wt%
Li.SO,, 8Wt% Li,WO, and 25wt% ALO; mixture.
Cavities and boundary gaps are clearly reduced
compared to the membrane prepared without Li,WO,-

doped component.

—————e——
15 micrometers.

Fig.2B  SEM image with Li,WO,-dopped membrane

2.4 Electrical conductivity of membranes
Electrochemical impedance spectroscopy (EIS)
was used to study the change in the membrane
electrical conductivity with temperature. Figs.3 and 4
show the conductivity as a function of temperature for
different thicknesses of membrane (or MEA) prepared
with or without Li,WO,-dopped material. An abrupt
change in the MEA conductivity occurrs at about 575
°C. The abrupt temperature is almost the same for each
membrane, no matter the material is with or without
Li;WO,-doping. Conductivity increases little with
temperature above 575 °C. Below 575 “C, it decreases
dramatically. This indicates that 575 °C is the lowest

operating temperature appropriate for the present
proton-conducting membranes. This phenomenon is
attributed to the Li,SO, phase transformation known to
occur at 577 CPL Tt can be speculated that the operat-
ing temperature increase leads to enhanced electrical
conductivity of the composites®™'!, All composite mem-
branes prepared with Li,WO,-dopped material has one
order of magnitude higher electrical conductivity than
that prepared without Li,WO,-dopped material for the
same membrane thickness. The considerably higher
electrical conductivity for composite membranes from
Li,WO,-dopped material can be attributed to the
enhanced homogeneity and physical interfacial
interaction between the nano-composite components,
Li,SO,, Li,WO, and AlLOs. It is seen from Fig.3 that a
little increase of electrical conductivity for Li,WO,-
dopped composite membranes is observed over 700 °C,
but the electrical conductivity for membranes without
Li,WO,-doping is reduced at above 680 “C. The working
temperature range of MEA cell prepared with Li,WO,-
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Fig.3 Change of conductivity/thickness with temperature
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Al,O; membranes
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dopped material would be larger than that prepared
without Li,WO,-dopped material, which is in agreement
with the phase diagram of lithium sulfate and lithium
wolframate®™. It is also seen from Fig.3 that electrical
conductivity of MEA increases with the decrease of
MEA thickness. Although thin membranes or MEA are
preferred, there exist crossover and gas-permeability in
MEA. The suitable MEA thickness is between 0.8 and
1.0 mm in our study.
2.5 Fuel cell performance

Fig.5 and 6 demonstrate the performance of fuel
cell for a cell configuration of H,S, (MoSy/NiS + Ag +
electrolyte + starch) /membrane prepared with and
without Li,WO,-doped material, thickness of 0.8 mm/
(NiO + Ag+ electrolyte + starch), air at 650 ~750 °C,
respectively. It is observed from the data in Figs.5~6
that maximum current and power densities are 200, 350
and 480 mA - cm™, and 50, 85 and 130 mW « cm™ for the
fuel cell with Li,WO,-doped material, 170, 230 and 290
mA -ecm?, and 35, 55 and 75 mW - cm ™ for the fuel cell
without Li,WO,-doped material at 650, 700 and 750 °C,
respectively, which are close to the maximum power
and current densities achieved by YSZ (oxide ion-
conducting membrane) H,S fuel cell at 800~850 “C!"*
although the operating temperature of the former is
lower than that of the latter. The MEA prepared with
the Li,WO,-doped material has superior performance.
In addition, it also can be seen from Figs.5~6 that the
increase of temperature can significantly improve the
cell performance. This is due to the characteristics of
mass-transport limitation in electrochemical reaction.
The effect is greatly reduced when the temperature is
increased to 700 °C . This is probably due to the
preoccupied active sites in anode by sulfur molecules at
low operation temperature, which makes fuel gas
difficult to reach the triple-phase boundary, the reaction
area. At 700 °C, the rate of H,S desorption and transport
of sulfur from the vicinity of the active sites is
increased, thus enhancing the electrochemical reaction
rate, the combined effect of these changes improves cell
performance. As far as the stability of cell with Li,WO,-
doped material and without Li,WO,-doped material is

concerned, the cell is run continuously for 12 h. The

relation of current density and time at the operating
temperature of 700 and 750 °C is presented in Fig.7.
Cell performance for MEA prepared with Li,WO,-doped
material is stable during the period of operation, while
cell performance for MEA prepared without Li,WO,-
doped material degrades due to the crossover of H,S

and it becomes fast particularly at 750 °C. Some sulfide
140
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deposited on the surface of cathode is visible when the
cell is dismantled after experiments. The addition of
Li,WO, material improves the properties of composite
membranes and increases the cell operating tempera-
ture. The results achieved so far have suggested that the
composite MEA prepared with Li,WO,-doped material
is successful and has the wide operation temperature
range for developing H,S fuel cells with inorganic

proton-conducting membranes.
3 Conclusions

The suitable preparation conditions have been de-
termined for membrane electrode assembly (MEA).
Addition of Li,WO, to Li,SO,Al,O; mixture before
preparing the membrane provides some benefits.
Membranes prepared with Li,WO,-doped material have
good integrity, compacitivity, tightness and homo-
geneity. MEA comprising 67wt% 11,50, 8wt% Li,WO,
and 25wt% AlLO; membranes has higher electrical
conductivity and electrochemical performance than that
prepared without Li,WO,-doped material. Experimental
results suggest that the MEA with a Mo-Ni-S composite
anode, Li,SO,-based nano-composite membranes doped
with Li,WO,, and a NiO-based composite cathode is
identified as the suitable candidate for use as a H,S

SOFC.
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