LM-1225
SHRI ARNAB SARKAR
M TUEL CHEMISTRY DR

.\ G BARC 4.
S MBAT 40 //
\\_

INDIAN ASSOCIATION OF NUCLEAR CHEMISTS
AND ALLIED SCIENTISTS

Fuel Cells

Wwww.iancas.org *  July 2009 # Vol. Vill # No. 3




CONTENTS

From Secretary's Desk 186
IANCAS Awards 187
Dr. Tarun Datta Memorial Award 191
Prof. H.J. Arnikar - Best Thesis 193
Award

Focus 197
Guest Editorial 199
Research on Materials for Solid 201

Oxide Fuel Cells Operated at
Intermediate Temperatures

Shyamala Bharadwaj

Challenges in PEM Fuel Cell 214
Development

K. 8. Dhathathreyan and

N. Rajalakshmi

Fabrication of Anode Supported 229
Solid Oxide Fuel Cell

R.N. Basu, A. Das Sharma,

J. Mukhopadhyay and Atanu Dutta
Fabrication of Cathode Supported 239
Solid Oxide Fuel Cell :

Deep Prakash and P.K. Sinha
Alternate Possibilities for Electrodes 245

and Membranes for Direct Methanol
Fuel Cells

B. Viswanathan
Development of Membranes for 254

Polymer Electrolyte Membrane
(PEM) Fuel Cells

S. Prabhakar, H.S. Sodaye,
R.C. Bindal and P.K. Tewari




Research on Materials for Solid Oxide Fuel Cells
Operated at Intermediate Temperatures

Abstract

Solid oxide fuel cells (SOFCs) are considered
promising candidates for production of electricity
with high conversion efficiency. In SOFCs the
chemical energy of a fuel is directly transformed into
electrical energy with a high quality heat stream. But
due to high manufacturing costs, fuel cell system
price per produced kilowatt hour is still too high in
comparison to electricity produced by conventional
methods. Secondly the high operating temperature
increases the start-up time and reduces the operating
life of fuel cell stack. These problems can be solved
to a great extent by operating the SOFCs at the
intermediate temperature range of 600-800°C. The
electrochemical property of the cathode is an
important issue in the intermediate temperature
operation of SOFCs because the overpotential for
oxygen reduction increases at lower temperature
range. The catalytic properties and electronic/ionic
conductivities of the electrodes have to be increased
very much for the intermediate range operation of
SOFCs since a reduction in the transport and
catalytic properties occurs at lower temperature
range. So the optimization of all the components of
the SOFCs is necessary to obtain satisfactory power
outputs in this range of temperature. Suitable
electrolyte materials with high ionic conductivities

at lower temperatures have to be developed. In this
article, the materials research aspect for the various
components of SOFCs operated at intermediate
temperatures is discussed.

Introduction

The main components of any fuel cell stack are
the electrolyte, the anode, the cathode and the
interconnect. Each component serves several
functions in the fuel cell and must meet certain
requirements. The common requirements for all
these components are stability in working
environments, chemical compatibility with other
components, suitable electrical conductivity and
similar coefficient of thermal expansion. The
electrolyte and interconnect must be dense and
prevent gas mixing. The anode and cathode must be
porous to allow gas transport to the reaction sites.
Electrolyte should be strictly an ionic conductor and
the interconnect should be an electronic conductor.
Anode and cathode can be mixed ionic and
electronic conductor.

Solid oxide fuel cells (SOFCs) utilize oxide ion
conductors as electrolyte and require operation at
elevated temperatures (typically between 973-1273
K). The state of art materials for SOFC are yttria
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stabilized zirconia (YSZ) as electrolyte, Sr
substituted lanthanum manganite (typically
Lao_gsrg_gMnO:;( LSM) as cathode and Ni-YSZ
cermet as anode. YSZ is a good oxide ionic
conductor only above 800°C and hence SOFCs
based on YSZ as electrolyte typically operate at
1000°C. This high temperature operation causes
degradation of the cell. Reducing the operating
temperatuf'e to about 600-800°C can overcome this
problem and also reduce the cost of SOFCs as
cheaper materials of construction can be used.
SOFCs operating in this temperature range arc called
Intermediate Temperature Solid Oxide Fuel Cells
(ITSOFCs). Advances in chemistry and processing
of materials play important role in the development
of materials for ITSOFCs. Doped ceria is considered
to be a promising electrolyte for ITSOFCs [1]. In
general, it is found that the highest oxygen ion
conductivity is observed when the aliovalent doping
cation in ceria or zirconia is closest to the ionic radius
of the host cation. Gadolinium doped ceria
CeosGdg 019 (10CGO) is the most extensively
studied ceria based electrolyte. Work by Ishihara et
al [2] has shown that Sr and Mg doped LaGaO;
(LSMG) exhibits high jonic conductivity and low
clectronic conductivity even at low pO levels. This
class of materials potentially offers adequate
performance down to about 400°C.

The electrolytes discussed so far are all oxide
ion conductors. Proton conducting ceramics are also
being investigated for ITSOFC applications. Since
the size of a proton is much smaller than that of an
oxide ion, higher conduction at lower temperature is
envisaged.

Barium based perovskite structures such as
BaZryoYo 0295 have shown protonic conductivity
approaching that of the best oxide ion conductors at
the low temperature-end of ITSOFC operation.
Ishihara [3] has reviewed proton conducting
ceramics for ITSOFCs.

As rare-earth based cobaltites, nicolates and
ferrites are known to have higher catalytic activity
and higher ionic conductivity than LSM, they have
been considered as cathode material for ITSOEC.
Using cermets often improves matching in TECs
between the electrolyte and the anode. Therefore,
cermets are used as structural support in anode
supported ITSOFCs. Atkinson et al [4] have

reviewed the recent advances in anode technology
for SOFCs which includes development of single
phase oxides with mixed ionic and electronic
conductivity (MIEC) properties such as ceria and
transition metal perovskites. For high temperature
solid oxide fuel cells (HTSOFCs), the interconnect
must be either a ceramic or a special high Cr or Ni
alloy. This can make the interconnect the most
expensive component of the stack on a material
value basis. ITSOFC operation allows relatively low
cost ferritic stainless steel alloys to be used as
interconnects as well as for the mechanical support
of the ITSOFC.

Synthesis of Ceramic Fuel Cell Components

The SOFC components can be prepared either
by solid state or solution route. The solid state route
is simple and an extremely versatile process, best
suited for bulk production. In their applications, the
ceramic oxides are required to have definite shape
and microstructure. These characteristics of the
sintered body are highly dependent on the starting
powder characteristics. It is advantageous to have
the material in nano-crystalline form so that its
powder characteristics can be precisely tuned. This
can be achieved by reducing the reaction,
temperature and having the reactants as a
homogeneous mixture. In the solution route, mixing
of constituents will be at molecular level in the liquid
state. Several solution routes such as combustion, co
precipitation, sol-gel and cation complexation have
been routinely employed in the preparation of
ceramic fuel cell components. Experimental details
about the solid state and solution methods for
ceramic materials are described in the following
paragraphs.

Solid State Route

The solid state synthesis route involves
mechanical mixing of the solid constifuents
(oxides/carbonates), repeated grindings and
annealing at elevated temperatures, generally overa
long duration. For preparation of large quantities of
the material, the constituents are usually ground ina
ball mill.

The solid state reactions are diffusion
controlled and follow a parabolic law given as dx/dt
—kx"', where x is the degree of reaction (thickness of
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the product layer) t is the time and k is a constant.
Since the reactants are high melting refractory
solids, it is only at high temperatures that the ions
have sufficient thermal energy to enable them to
jump off their normal sites to diffuse through the
crystals. Initially the reaction is faster and then the
rate becomes slow as now the reactants have to
diffuse through the product layer that is formed in
order to come in contact with one another. The
reactants are ground and mixed thoroughly as the
subsequent reaction rate depends to a large extent on
the particle size of the reactants, the degree of
homogenization achieved on mixing, the intimacy of
contact between the grains and the temperature. The
area of contact between the reacting solids (their
surface area) is an important factor for enhancing the
reaction of solids. The surface area of the solids
increases with decreasing particle size. In order to
increase the surface area, the reactants are crushed
into fine powder and the area of contact is increased
by pressing the reacting powder into a pellet. It is
necessary to repeat the procedure of grinding and
pelletization after heat treatment and often the same
procedure is repeated several times. This brings
fresh surfaces in contact and also reduces the particle
sizes of the reaction powders.

Wet Chemical Routes

As we have seen earlier, there are several
variations of the wet chemical routes and they can be
adopted to tailor make materials, with preset
properties and structure.

Sol-Gel method

In sol-gel method the starting precursors like
metal alkoxides, oxalates, nitrates etc are converted
into gel form using gelating agents like
2-ethyl-1-hexanol, urea etc. The various processes
in this synthesis method are hydrolysis,
polymerization, gelation, drying, dehydration,
calcination and densification.

The materials used along with the procedures
and heating protocols adopted are described by
giving an example of cathode material preparation
for ITSOFC.

The cathode material, Sr and Co substituted
lanthanum manganite, viz., Lag74Sro.19

Mg C00205:0 (LSM CO().Q) was Synthesized by
sol-gel route [5].

In this method, urea was used as the gelating
agent. La, Sr, Mn and Co nitrates were used as
starting materials. From the stoichiometry of the
compound, a solution with appropriate
concentrations of the starting materials was
prepared. Urea concentration was fixed at ¢ = 10
where @ = [urea]/Z [metal ions]

The solvent (water) was evaporated directly on
a hot plate with continuously stirring at temperature
ranging between 348 and 410 K, which corresponds
to melting temperature of urea. On cooling, a gel was
formed, which was decomposed in an oven at 523 K
inair for 3 h, yielding a fairly porous precursor. After
milling in an agate mortar, the precursor, in powder
form was calcined at 873 K for 24h. The second heat
treatment was for 48 h at 1173 K. The final sintering
was carried out at 1673 K for 10 h. XRD patterns of
LSMCoy, synthesized by sol gel method and heat
treated at 1173 K and 1673 K are given in Fig. 1. It
can be seen that LSMCoy, synthesized by sol gel
route showed a change in symmetry from
orthorhombic at 1173 K to rhombohedral at 1673 K.
LSMCoy - synthesized by solid state route and heat
treated similarly at 1173 K and 1673 K indicated
rhombohedral symmetry at both these temperature
[5]. Thus it can be seen that the crystal structure of
the material depends on the method of synthesis.
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My Coy 2055 prepared by sol gel route,
calcined at (a) 1173 K (orthorhombic) and
(b) 1673 K (rhombohedral).
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Combustion Method

This is a non-conventional method for material
synthesis, which makes use of an exothermic
chemical reaction. This method relies on a balance
between the heat generated and dissipated in
chemical reactions. It involves mixing of different
reactant powders, such as metals, metal oxides,
non-mgetals etc., which on initiation produce
exothermic chemical reaction that is self sustaining
due to a positive energy balance. The reactants
produce rapid heating and cooling which aids
propagation by a combustion wave that moves from
the source of initiation. Two relatively new synthetic
variants have been developed which negate the need
for external heating. These are based on self
propagating reactions, which provide energy to
overcome the solid state diffusion barrier internally,
within the starting materials by promoting
exothermic chemical reactions. These processes are
termed as self propagating high temperature
synthesis (SHS).

Combustion method is a very fast synthesis
technique involving release of gases to give high
purity solid product. The process consists of
initiation, propagation and termination. Initiation is
a low caloric reaction taking place at the surface of
the reactants. The reaction may be initiated by
heating on a hot plate or in a furnace. Propagation is
the second stage in combustion synthesis in which
all the wave points initiated: move at the constant
speed to the thermal release zone to transform the
reacting materials into the final products after
termination of the synthesis reaction.

The procedure for combustion synthesis is as
follows: The nitrate salts of the metals of interest are
mixed together in the required stoichiometry in an
aqueous media to produce the transparent mixed
metal nitrate solution. Since the combustion
involves reaction between fuel and oxidant, nitrates
fulfill the requirement of oxidant by providing the
oxygen for combustion of the fuel. A suitable fuel
(e.g. glycine, citric acid etc.) is then added in an
appropriate amount to this mixed metal nitrate
solution. This fuel serves the dual purpose of not
only providing the heat of reaction during the redox
combustion process, but also binding the reacting
metal ions so as to bring them in close proximity to
one another. The transparent aqueous solution

containing metal nitrates and a suitable fuel is then
converted to a viscous liquid (called gel) by thermal
dehydration (on a hot plate to remove excess of
solvent) at about 353K. The gel thus formed
maintains an intimate blending between fuel and an
oxidant which is necessary for a combustion
process. The thermal dehydration process is an
important step, because any excess water left behind
would lead to sluggish combustion, deterioting the
phase purity and powder quality. The gel thus
obtained is then subjected to an external
temperature, depending on the nature of the fuel
(~423 K for glycine), initiating the combustion
reaction which is then self propagating. At this stage,
the exothermic decomposition of fuel-oxidant
precursor occurs resulting in a voluminous powder
with a simultaneous evolution of gaseous products.
The voluminous product thus obtained may be the
desired phase, or a semi decomposed precursor
having a considerable carbonaceous residue,
depending on the nature and amount of fuel used in
the process. The very high exothermicity generated
during combustion reflects in the form of flame or a
fire and the process is termed as auto-ignition. Since

-the time for which the auto-ignition exists is rather

short (< 10 seconds), the powder is further calcined
at temperatures around 873K. This is to remove the
traces of any undecomposed fuel, nitrates or their
decomposition products, so as to have chemically
pure and crystalline product. The oxidant to fuel
ratio has a significant bearing on the product phase
as well as the product properties, because the extent
of exothermicity associated with the combustion
process is determined by this ratio. According to the
concept of propellant chemistry [6,7] the ratio of
oxidizing and reducing valencies should be unity to
achieve maximum exothermicity.

The calculation of these valences and ratio
satisfying this concept is illustrated by the following
example:

For synthesis of gadolinium doped ceria
(GDC), a promising electrolyte for ITSOFC, glycine
was used as fuel and Ce and Gd nitrate were used as
starting materials (oxidants) [8]. Based on the
stoichiometry of the compound considered, a
solution with appropriate concentration of the
starting materials was prepared. The oxidant to fuel
ratio was based on the concept of propellant
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chemistry. The solution of metal nitrates and fuel
was evaporated directly on a hot plate. After thermal
dehydration, gel was formed which auto-ignited
resulting in formation of amorphous compound.
However, this compound is likely to contain
impurity such as carbon. Hence, it was subjected to
calcinations at 873 K for 15 mins. The final sintering
was carried out at 1673 K for 10 hrs. '

As we had seen earlier, according to the
concept of propellant chemistry the ratio of
oxidizing and reducing valancies should be unity to
achieve maximum exothermicity. The calculation of
these valancies and the ratio satisfying this concept
for the synthesis of CeygGdq 025 can be explained
as follows:

(i) Ce(NO;);: (Oxidising valency of Ce= 3+, N=
0, reducing valency of O = 2-)
The oxidizing valency is 15-

(ii) Gd(NOs; ); : (Oxidising valency of Gd= 3+, N=
0, reducing valency of O =2-)
The oxidizing valency is 15-

(iii) NH,CH, COOH (glycine): (Oxidising valency
of N=0, H= 1+, C=4+, reducing valency of O
:2_ )
The reducing valency is 9+
The valencies of C and N are taken as 4+and 0,
as these species are lost as CO, and N, respectively,
during the combustion process. The equation for the
reaction can be written as:

0.8 Ce(NQOs); + 0.2 GA(NO;); + fuel »
Ce3Gdy 20,5 + evolution of gases + H,O

The net oxidizing valency = 0.8 (15-) +0.2 (15-) =
15-

The oxidizing valency is 1.67 times the
reducing valency. Therefore, the oxidant to fuel ratio
was keptas 1:1.67, which is the propellant chemistry
ratio.

Cey3Gdg ;055 prepared by combustion
synthesis had a crystallite size of 12 nm and its ionic
conductivity was higher than that prepared by solid
state route [8].

Cation Complexation Method

This method proposed by Courty et al [9] is a
variant of the sol gel technique. Synthesis of GDC2
(Ce3Gdy205.5) by this method is described below as
an example to illustrate the procedure and heating
protocols [8].

Ce and Gd nitrates were used as starting
materials. Based on the stoichiometry of the
compound considered, a solution with appropriate
concentration of the starting material was prepared.
Citric acid was used as the complexing agent, which
was added to the solution of nitrates. The molar ratio
of the metal : citric acid was set to 1:2. After
homogenization of this solution, the temperature
was raised to 353 K and maintained under stirring to
remove excess of water and convert it to a
transparent gel. While raising the temperature, the
solution becomes more viscous with evolution of
foam and finally it gelled without any visible
formation of precipitate or turbidity. There was
increase in viscosity with elimination of water and
NO, as the temperature was maintained at 353 K.
The initial thermal decomposition of the precursor
was carried out at 523 K for 1 hr. The resulting
ash-like material was pyrolysed at 873K for 1 hr. The
final sintering was carried out at 1673K for 10 hrs.

The SEM images of GDC2 synthesized by
solid state route and cation complexation route are
given in Figs 2 and 3. It can be seen that the sample
prepared by cation complexation method indicates
smaller size particle and better compaction. GDC2
synthesized by this technique was obtained at lower
temperature with particle size of about 17 nm.
Sintering this powder at higher temperature of 1673
K led to better densification which resulted in higher
grain and grain boundary c¢onduction [8].

Processing of Materials for Ceramic Fuel Cells

Basically there are two types of geometries for
ceramic fuel cells (e.g. SOFC) viz. planner and
tubular. The processing methods depend on the
geometry of the cell. Typical processing
technologies used for SOFC are tape casting, screen
printing, calendaring, electrochemical vapour
deposition, spray pyrolysis etc.

Typically for planar cells, the electrolyte is
tape-cast or calendered. Flat and dense plates of YSZ
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SEM image of GDC2 sample synthesized
by solid state route, calcined at 1400 °C for
10 h.

Fig. 2

having thickness down to 150 um can be readily
fabricated. The anode and cathode materials are then
applied (as a slurry) on to the faces of the electrolyte
and heated to high temperatures. Alternatively
cathode, electrolyte and anode may be formed
together by tape casting and the stack can be cofired.
Similarly, the interconnect ceramic can be tape-cast
or hot pressed. In all these processing techniques, it
is absolutely essential that the assembled stack must
make good electrical contact with one another.

The most challenging process for the planner
geometry is to obtain gas tight seals at the edges of
the stack, with the help of metals, glasses or
glass-ceramics. Serious problems arise in this
process because of the inevitable thermal expansion
mismatches and the resulting mechanical stress.

The Forschungszentrum Julich (FZJ),
Germany has been active in designing anode
substrate based SOFCs since 1990 [10]. The cell
fabrication involves several processing steps
followed by intermediate firing steps [11]. Porous
NiO/YSZ cermet substrates are prepared by warm
pressing and sintering. The porosity of the substrate
is usually within the range of 35-40%. Thin films of
anode functional layer (AFL) (Ni/YSZ cermet ~ 5
um), electrolyte (YSZ, ~ 5 pm), cathode functional
layer (CFL) (LSM+YSZ ~15 pm) and cathode (LSM
~ 40 pm) and deposited sequentially on these
substrates with intermediate firing steps and thus a
single SOFC is formed [Fig. 4]. Basu etal [12] have

Acc. V. = ~Spat
30,0kV. 40 ©

Fig. 3 SEM image of GDC2 sample synthesized
by cation complexation method, calcined

at 1400°C for 10 h.

544 Cathode film

Cathode functional layer

== vsz electrolyte
Anode functional layer

Anadic Support

Fig. 4 Schematic of an anode-supported thin film

structure.

described the fabrication of anode supported planner
single cells of dimensions 5 cm X 5 em X 1.5 mmand
10 em X 10 cm X 1.5 mm. Their process involves
room temperature lamination of several porous
layers of tape cast NiO-YSZ together with one dense
layer of YSZ electrolyte followed by cofiring.
LSM+YSZ cathode functional layer and LSM
cathode layer are screen printed on to the half cell
consisting of anode and electrolyte prepared as
described above.

Having optimized the design of a single cell,
the next challenge is that of interconnecting many
such cells in series to form a stack to increase the
total voltage. This is done by making use of bipolar
plates (or interconnect) which links the anode of one
cell to the cathode of next. Fig. 5 illustrates how the
interconnection is achieved in the planner
configuration.
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Fig. 5 [llustrating the connecting of two fuel cells
via bipolar interconnecits.

The arrangement of cell component for the
tubular  geometry as adopted by
Siemens-Westinghouse [13] is shown in Fig. 6. The
long tubular cathode (~1.5 m) is obtained by
extrusion of a mixture of Sr-doped lanthanum
manganite (LSM) powder with other organic
compounds such as starch to develop the necessary
porosity. The tube is sintered in air at ~ 1500EC. The
electrolyte (YSZ) layer (~40 um) is applied to the
cathode by Electrochemical Vapour Deposition
(EVD) process. This being an expensive route, other
cost effective methods such as plasma spraying and
electrophoretic deposition are being explored. The
anode consists of an approximately 120 pm thick
Ni/YSZ cermet layer. This is achieved by applying a
slurry of nickel and YSZ powders to the electrolyte
and sintering. The advantage of this design is the
absence of critical gas tight seals that are required for
planner cells.

The lanthanum chromite interconnect strip is
applied along the length of the tube by plasma
spraying. The connections between the cells are
made through soft Ni-felt so as to avoid mechanical
stress between the tubes. The mode of connection of
individual cells, along their lengths, in a
series/parallel array is shown schematically in Fig. 7.

Electrochemical Characterization of Materials for
SOFCs

The mode of electrical conduction for the
various components of ceramic fuel cells (i.e.
SOFCs) depends upon their function as electrolyte,

Interconnect

Cathode

Electrolyte

Fig. 6  Electrode arrangement in a tubular SOFC
configuration.

3 Load —‘

Interconnect

Fig. 7 Schematic of a parallel fuel cell stack.

electrode material or interconnects. Electrolytes for
ceramic fuel cells are characterized by their ionic
conduction. The interconnect materials have to be
electronic conductors, while the anode and cathode
materials can be mixed conductors with higher
transference number for electronic conduction. The
simple four probe technique can be used for
measuring the electronic conduction of electrodes
and interconnects. Impedance spectroscopy is a
powerful technique used for electrical
characterization of electrolytes. There are several
methods for measuring the partial ionic and
electronic conductivities in mixed ionic-electronic
conductors (MIEC). The widely used methods are
the Hebb-Wagnar polarization method, determining
the electronic and ionic conductivities from the
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Fig. 8 LogcTversus 1000/T plots for LayesMnO;
prepared by different routes

activity depend\ence on the total conductivity
dependence of average ionic transference number by
EMF measurements etc [14].

Electrical Conductivity of Cathode Materials

Improvement in the performance of solid oxide
fuel cells can be brought about by solving the
problems of ohmic and polarization losses at the
cathode side of the cell. There are several
requirements for the cathode materials that are
useful for their performance at high temperatures in
SOFCs. The most important requirements are their
high electronic conductivity, non-negligible ionic
conductivity, high catalytic activity for oxygen
reduction, chemical stability and matching thermal
expansion coefficient with other cell components.

ABO; oxide systems with perovskite structure,
where A is a rare earth element and B a transition
metal (Fe, Ni,Co,Mn) fulfil these requirements and
have been extensively studied for their application as
cathode materials [15-17]. Srdoped LaMnO; (LSM)
is the most widely studied system. LaMnO; is the
only compound in the LaMO; (M= first row
transition metal) series which shows oxygen excess.
This excess oxygen cannot be accommodated as an
interstitial ion in the closed packed structure of
ABO; because of its large radius. Therefore, it can
only be considered in terms of Schottky-type
disorder, cation vacancies,

Nil=V], + Vi, + 3V,

A ""'-. = La,,MnO,
45 "“-‘ﬁ"' . + Nd, MnO,
"
oS 4 Sm, MO,
5
? 404 v"' ﬂl‘ﬁ:" v GciU.SSMnO,
e o, o
S Ty “T e
@B 354 e A h.
i v az o,
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¥
254 Yo
v
20 ; ;

08 10 12 14 16 1B 20 22 24
1000ITIK")

Fig. 9 LogcTversus 1000/T plots for LngesMnOj
prepared by solid state route

The defect reaction causing oxygen
non-stoichiometry in the oxygen excess regime can
be written as,

6Mn S, =Vi, + Vig, + 6Mnyy, +305

In La ,_xSr..;\/I1103+5, the conduction process is
analogous to that of LaMnO; with charge transfer
occurring from a Mn , site to neighboring Mn yg,

site, i.e., as jumps of p-type carriers respectively
over available sites. However, in this case p-type
carriers are aresult of a partial replacement of La by
Sr:

St + Mnyy, =Sr, +Mn

Thus in LSM, the substitution of La’* ions by
Sr** leads to the existence of Mn*"along with Mn’" in
the B-positions which removes the lattice distortion
and significantly modifies the structure and
electrical properties [18]. The charge carriers are
transported by the Mn**-O-Mn*" network. It is well
known that Mn"" removes John-Teller distortion and
correspondingly reduces hopping activation energy,
E, for LSM (0.143 eV) as compared to LaMnO;
(0.285 eV). Electrical conductivity measurements
carried out on LaMnQj; synthesized by solid state,
sol-gel and coprecipitation route showed higher
conductivity for LaMnO; synthesized by
coprecipitation method [19]. [Fig. 8].

The electrical conductivity studies of
LngesMnQOs.s (Ln= La, Nd, Gd) showed a clear

July 2009

IANCAS Bulletin




Det WD Exp F————— 6um
GSE 60 1 1.0 Torr lamno3 nitrate
w

AccV  Spot Magn
300KV 4.0 5000x

(a)

“AccV SpotMagn Det WD Exp
300KVED EO0Gx GSESS I
krar i

(c)

AccV.  Spot Magn
30.0kV 5.0 B571x

()

.
1.0 Toir lamno3 ss
TP T

Fig. 10 SEM pictures of LaMnO3 prepared by different routes and heated at 1673 K. (a) nitrate route (b)

sol-gel route and (¢} solid state route.

phase transformation in case of LaggsMnOsis
synthesized by solid state route which was missing
in all other rare earth manganites prepared by solid
state route and wet chemical methods [Fig.8] and
[Fig. 9].

SEM images of LaggsMnQs.5 synthesized by
different routes [Fig.10] indicates that ceramic route
resulted in much larger particle size of about 3-5 pm.
On the contrary LaggsMnOs.; prepared by sol gel
and nitrate route leads to smaller particle in the range
of 500 nm.

This effect is possibly related to the data of
electrical conductivity in which sample synthesized
by solid state shows lowest conductivity [Fig 8]. The
SEM photographs [Fig.13] indicate that compounds
synthesized by different routes have different
microstructural characteristics. Among the
perovskites LSCo (Sr substituted lanthanum
cobaltite), LSM (Sr substituted lanthanum
manganite) and LSFe (Sr- substituted lanthanum
ferrite), LSCo shows the highest conductivity [Fig.

11]. Cobaltites also have high electrocatalytic
activity for oxygen reduction [20]. But, the thermal
expansion coefficient of LSCo is very high [Fig. 12]
and hence cathodes made of LSCo are not
compatible with other cell components. Optimum
composition of cobaltite mixed with manganite or
ferrite might lead to a better cathode material [5, 20].

Electrochemical Characterization of Electrolytes

Solid electrolytes should be highly dense for
practical applications in SOFC, due to requirements
of gas tightness between cathode and anode
compartments. For the development of electrolytes
for SOFC applications, studies of their sintering
behavior and microstructures are important for
obtaining dense material with high ionic
conductivity. In recent years a growing interest in
properties of nanostructured ion conductors has
been observed [21-22]. The sintering rates are
considerably enhanced even at lower temperatures
with nano crystalline powders as starting materials,
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which results in higher bulk densities and
enhancement in conductivity.

The plot for grain and grain boundary
conduction as a function of temperature for
gadolinium doped ceria (GDC2) with a composition
of CepgGdo»0,.4, (synthesized by solid state route
and sol-gel route) is shown in Fig. 13.

The sample synthesized by solid state route
required prolonged heat treatments, thus increasing
the particle size and consequently leading to lower
densification, resulting in higher resistance due to
grain boundary. For the sample synthesized by
sol-gel method, the grain boundary resistance is
distinctly lower than that observed for the sample
synthesized by solid state method. The activation
energies for the above mentioned conduction
processes are listed in Table 1 [8].

Besides microstructures, impurities at the grain
boundries also influence the conduction behavior in
electroceramics. Our studies on 20 mole% Eu-doped
ceria [23] (EDC2) has shown that Si-impurity at the
grain boundaries of combustion synthesized
samples resulted in its lower conductivity. Cation
complexation synthesized product lead to formation
of agglomerates and hence the sintered sample
showed higher porosity compared to combustion
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Fig. 13 Plot of log (cT) vs. 1/T for grain (gr) and
grain boundary (gb) of GDC prepared by
sol-gel (sg) and solid state (ss).

synthesized sample. However, despite high packing
density, the combustion synthesized sample showed
lower grain boundary and total conductivity than
cation complexation synthesized product due to the
formation of silicious film at the grain boundary.
Micrograph showing the fracture of sintered
(1673K) EDC2 samples synthesized by (i) solid state
route (ii) cation complexation method and (iii)
combustion synthesized methods are shown in
Fig.14 (a,b,c).
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TABLE 1. Activation energies for total conduction, grain and grain boundary conduction for GDC2

synthesized by Different routes.

Method of synthesis

Activation Energies

E.(eV)(total) E, (eV) (grain) E,(eV) (grain boundary)
Solid state route 2.186 0.873 1.034
Sol-gel route 1.941 0.791 0.958
TABLE 2. Conductivity values for EDC2 synthesized by different routes
Synthesis route Conductivity at 667K (107 Scm™)

Bulk Grain boundary Total
Solid state 6.697 1.451 1.462
Cation complexation 96.181 49.437 32.86
Gel Combustion 109.251 9.121 8.716

The presence of agglomeration can be
distinctly observed in the case of sample synthesized
by cation complexation method (Fig. 14 b). Dense
uniform structure with negligible porosity is
observed for sample synthesized by combustion
method (Fig. 14 ¢).

The temperature dependence of the
conductivity (grain, grain boundary and total) can be
seen in Fig. 15 for EDC2 synthesized by different
routes. Table 2 gives conductivity values at 667 K.

Solid state synthesized EDC2 shows least
conductivity which is quite expected as a result of
poor morphology of the sample as seen in SEM
micrograph (Fig. 14 a). This poor microstructure
with [arge porosity is a result of prolonged heating at
higher temperature. However, SEM
microphotographs (Fig. 14 b and c¢) indicate better
packing density for EDC2 synthesized by
combustion in comparison to cation complexation
method. Despite this, the grain boundary and total
conductivity is lower in case of EDC2 synthesized
by combustion method. Only bulk conductivity is
superior in case of EDC2 synthesized by combustion
method. To understand this result, EDAX analysis
were carried out which showed presence of Si
impurities along the grain boundaries of the
combustion synthesized EDC2 (Fig.14 ¢). This Si

211
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impurity could be a result of the glass container in
which high temperature combustion was carried out.
Siimpurity decreases the grain boundary conduction
and eventually the total conduction despite better
densification. Thus, Si-impurities play a dominating
role in comparison to density in determining the
conductivity of the sample.

Electrical Conductivity and Microstructures of
Anodes

Anode for ceramic fuel cells are porous
cermets (a composite of ceramic and metal), the
micro structure of which is optimized to have high
electronic conduction and active tripal phase
boundary for electro-oxidation of the fuel.

Use of cermets improves matching in TECs
(thermal expansion coefficients) between the
electrolyte and electrode (anode). In anode
supported IT-SOFCs, cermets are used as structural
support. Ni in the cermet is an excellent
electrocatalyst for the oxidation of hydrogen, but it
also promotes the formation of carbon from
hydrocarbon fuel [24]. In order to avoid this
problem, copper is being explored as a replacement,
since it does not catalyze the carbon formation
reaction. In cermets such as Cu-GDC etc., copper
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Fig. 14 Micrographs of sintered (1673 K) EDC2
samples synthesized by (a) solid state route
(b) cation complexation method and {c)
combustion method.

acts as an electron conducting matrix while ceria
performs the electro oxidation catalyst role [25, 26].

Applications

Solid oxide fuel cells, in which various
electroceramics are used as cathodes, electrolytes
and anodes, can have broad applications ranging
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Fig. 15 Plotoflog (cT) vs. 1/T for grain (c,,), grain
boundary () and total (c) of EDC2
prepared by  solid  state,  cation
complexation and gel combustion routes.

from large scale power plants to smaller home-scale
power plants and portable or emergency power
generatins. When biological waste gases are
available from waste treatment plants, SOFC can
convert waste gases (methanol from biomers) to
electricity and heat with minimal environmental
damages [27].
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Researchers around the world are making a
concerted effort in the development of suitable
materials and ceramic structures which are presently
the key technical challenges facing SOFCs. Simple
ceramic processes have to be developed s6 that thin
film electrolytes that decrease the cell resistance can
be utilized. This improvement doubles the power
output and significantly reduces the cost of SOFCs.
Global SOFC making companies continue to realize
very significant improvement in basic fuel cell
design Higher power densities contribute to lower
weight, size and cost of fuel cell systems. SOFCs
could be soon suitable for small scale residential
market applications, if ultimate cost goals of
$1000/kw are reached.
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Challenges in PEM Fuel Cell Development

Abstract

Polymer Electrolyte Membrane Fuel Cell
(PEMFC) has been in the forefront of development
for low capacity (< 100 kW) stationary applications,
transportation application and few niche
applications (military, marine, railway, submarine)
in recent years. A variant of PEMFC is the Direct
Methanol Fuel Cell (DMFC) which is being
projected for many portable applications. Owing to
the apparent simplicity of its construction, a large
number of research groups are engaged in basic
research as well as applied research and
development in PEMFC. PEMFC has been the
choice of teaching aid for imparting knowledge of
fuel cells to undergraduate students.

Although PEMFC has been known since the
GEMINI flight in the 1960s, a renaissance in
PEMFC development came about with the
availability of Nafion® series of membranes from
DuPont and introduction of platinum

electro-catalyst supported on high surface area
carbon in the 1980s.

Billions of dollars have been invested /
committed worldwide and a large number of
demonstrations have been carried in different
application regimes, with almost all the global auto
industries / manufacturers involved in developing
vehicles powered by PEMFC.

During the last few years, India has attracted
many foreign companies for joint demonstration of
PEMPFC especially in telecom industry and to some
extent in decentralized power generation. Although
PEMFC has shown remarkable potential in a number
of application areas, several challenges remain to
make these fuel cells a commercial reality.

In addition to such challenges listed by many
leading international research groups, Indian
scientists/ technologies face additional challenges to
successfully bring PEMFC into Indian market. This

Dr. K. S. Dhathathreyan and Dr. N. Rajalakshmi, Centre for Fuel Cell Technology, ARC-International, IIT-M Research Park,
Phase-1, 2nd Floor, 6, Kanagam Road, Taramani, Chennai 600 113; E-mail: ksdhatha@arci.res.in; lakshmiaja2003@yahoo.com

July 2009

[ANCAS Bulletin




paper elaborates on all these challenges. The
challenges are to be considered as opportunities for
researchers in this field. The objective of this article
is not to review the work reported in literature on
individual aspects but to elaborate on specific
challenges.

Introduction

PEMFC is the most investigated fuel cell
system in recent times in many different
applications, owing to its advantages like easy start
up, modularity, high power density, ambient
temperature operation etc. The commonly used
electrolyte in PEMFC is Nafion® manufactured by
DuPont and the electrode substrates are basically
carbon based and they are either woven carbon cloth
or carbon paper. Depending on the fuel to be used in
the PEMFC, the requirements for electro catalysts
are completely different. The anode electro catalysts
are Pt supported on carbon for hydrogen fed fuel cell
and Pt-Ru for reformate fuel. The reformat normally
contains 10 to 100 ppm of CO even after purification
and this has detrimental impact on fuel cell
performance as the strong adsorption of CO onto Pt
reduces the catalytic activity. The electro catalysts
for oxygen reduction being Pt supported on carbon,
Pt Black, Pt-M alloys where M being transition
metals. The simplest case is the operation with pure
hydrogen and oxygen or air. Cells with high power
density and very low degradation have been already
demonstrated. The most important materials under
development for PEMFC stacks are the ion
conducting membrane, bipolar plates, and electro
catalysts for the fuel & air electrode targeted at cost
reduction and increasing the durability.

The state-of-the-art advances in PEMFC have
been described in detail by several recent reviews
[1-4], on special topics such as electrodes [5] and
catalysts [6-12]. Litster and McLean [5] provide an
overview of not only the PEMFC electrode design
and fabrication but also assembly methods,
identifying those that have been shown to produce
effective electrodes and those that have high future
potential. In general, proton conductivity of Nafion
type polymers with perfluorinated polymer chain
back-bone and sulfonic groups, normally used in
PEMFC, increases as the hydration level of the
polymer increases with H,0:805; ~15:1 and
conductivity ~10"'S/cm under operational

conditions. Materials with low equivalent weight
and short distances between hydrophilic side groups
typically exhibit high conductivity. The relative
humidity has a greater impact on conductivity than
the temperature, even at temperatures above 90°C,
where the conductivity drops dramatically due to
dehydration. Although increased water content is
beneficial for the conductivity, it increases swelling
of the membrane resulting in dimensional
instabilities. Excellent reviews of new membrane
materials development are available [13-21].

The membrane and electrode assembly (MEA)
is the ‘heart’ of the PEMFC. Its structure and
composition are of vital importance to minimize all
contributions of over potential and maximize the
power density; to minimize the noble metal loading,
for effective thermal and water management, and to
attain lifetimes of PEMFCs. There needs to be an
extension of the three dimensional zone in the
electrode by the impregnation of the proton
conductor so that the utilization of the electro
catalyst is similar to that in a fuel cell with a liquid
electrolyte (e.g. phosphoric acid, potassium
hydroxide) which can lead to high power density
PEMFCs. It is worthwhile stressing at this point that
minimizing ohmic over- potentials is vital for
attaining high power densities; and this was made
possible by using supported membranes (prepared
by impregnation of Nafion into micro porous Teflon
mesh, invented by W.L. Gore and associates and by
deposition of very thin active layers (about 10 nm),
containing only the carbon supported platinum
nanocrystallite and Nafion, directly on the supported
membrane. This process reduced the contact
resistance. Thus, this MEA has shown the best
PEMFC performance to date and is being widely
used by fuel cell developers in USA and Japan.

The bipolar plates are the lungs of the fuel cell
[3, 22, 23]. The bulk of the stack cost as well as the
weight of the fuel cell stack comes from the bipolar
plates which are conventionally made from electro
graphite which is impervious to the gases at the
operating conditions. Much effort is being expended
on the development of low cost bipolar plates.
Besides the conductivity required for these materials
to function as bipolar plates, the other major property
requirement is the corrosion resistance and the
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material has to withstand the oxidative and reductive
atmosphere in the fuel cell under acidic conditions.

Cost and Lifetime

Two of the major challenges to widespread use
of fuel cell are cost and lifetime, which are
inter-related. For example, adding more catalyst to a
fuel cell increases catalyst lifetime but increases fuel
cell cést. Similarly, increasing a fuel cell
membrane’s thickness increases its lifetime but also
increases its cost. Thus, a complex balance exists
between the cost and lifetime of a PEM fuel cell. To
improve the durability of PEM fuel cells, researchers
are studying the factors that determine a PEM fuel
cell’s lifetime, so that the lifetime can be increased
without increasing cost or losing performance.
Studies have shown that several factors can reduce
the useful life of a PEM fuel cell, including
platinum-particle dissolution and sintering,
carbon-support corrosion, and membrane thinning
[24-26]. Lifetime can also be reduced by efforts to
maximize the initial performance of a fuel cell
component. For example, decreasing the equivalent
weight of the polymer electrolyte typically increases
the membrane’s proton conductivity but also
increases its water uptake and gas permeability and
thus degrades its mechanical properties.

Cost is a barrier for all types of Fuel Cells
across all applications. Today, many fuel cells cost
about US$ 3000 /kW. For stationary power
generation the cost should be brought down to USS$
100-200 /kW and for transportation the cost has to be
reduced to US$ 35-40 /kW to compete with the
gasoline ICE. Reducing costs is not easy when only a
small number of fuel-cell systems are being made.

Because of the nonstandard size and specialized -

requirements of components for Fuel Cell systems,
costs are unusually high at low volumes. Cost
reductions must be realized in raw materials,
manufacturing of fuel cell stacks and components,
and purchased components. Raw materials costs
must be reduced by a combination of alternative
(lower cost) materials, quantity pricing, and
reduction in required amounts of expensive
materials. Manufacturing cost reductions can be
partly realized from classical learning curve gains.
However, it will likely require introduction of new
and innovative manufacturing technologies or
designs requiring simpler manufacturing processes.

Cost reduction can also be achieved by improving
performance, simplifying design and operation.
High performance is required to improve power
plant packaging (volume and weight) for a given
power output.

Balance of System Components

All types of Fuel Cell systems require the
successful development and integration of Balance
of System (BoS) components such as heat
exchangers, air supply system, compressors,
sensors, power converters and controllers.
Premature failure of these components is not
uncommon, which limits system durability and
reliability. Presently used BoS are not developed for
fuel cell use except for power controllers.

Thermal and Water Management

Thermal and water management are important
for PEM Fuel Cells, which operate at relatively low
temperature and require humidification of the airand
fuel supplies to prevent performance degradation. A
complicating factor is thermally integrating the
low-operating temperature PEM Fuel Cell with the
high-temperature fuel processor, particularly
on-board a vehicle where issues of waste heat
rejection from the system and maintaining positive
water balance on-board the vehicle become critical
design and operating issues. In recent times efforts to
develop fuel processors for automotive applications
has come down. Fuel cell system must be designed as
awhole, not as a collection of stand-alone parts. Fuel
cell design can therefore be thought of as
optimization problem. The merit function [Fig.1] in
this optimization process being the power density
obtained at given cost, weight and life-time. This
merit function is the focal point for the technology
push [27].

In general, the challenges for large scale
deployment of PEMFC technology can be broadly
classified into the following dimensions eventually
aimed at cost reduction and increased life:

e Materials development

e Stack design

e  System Integration and Operation of the system
e The broader challenge of fuel supply
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Fig. 1 Optimization trade off in a PEMFC system

[27].

There are also scale-up issues. While many
high performing catalysts have been reported, there
is a lacuna on reports of scaling up these catalyst
syntheses to large scale. Similarly, a fuel cell
developer has to worry about scaling up of each and
every component, be it the electrode, the process for
making the electrodes, small single cell to large area
single cells and eventually the stack. The other areas
where not much information is reported are the
sealants, gaskets & methods for making them in
large quantities; balance of systems such as the air
movers and fuel supply mechanism besides the
power controllers. In this article, some of the issues
notarticulated in detail elsewhere, will be discussed.

Challenges in PEM Fuel Cell Materials Development

The types of materials used in PEMFC vary in
nature [physical characteristics, electrical, thermal
and mechanical properties and include organic
materials such as the membrane, gaskets and the
binders, carbon-based materials such as high surface
carbon powders, woven or non woven carbon fabric
or paper, carbon-based bipolar plates, metals such as
Pt, Ru, Co, Ni used as catalysts and S.S or coated
metal plates as bipolar plates. Hence the
performance of the PEMFC depends on averaging
the characteristics of the various components. So,
development of any new material for any one
function of the fuel cell e.g., new membrane should
take into account the interplay of such membrane
with other components of the fuel cells with which it
is in contact, when the fuel cell is operated. This is
one of the major gaps in many research reports. In
recent times, there are a number of publications on

developing high temperature membranes for use in
PEMFC purportedly to overcome the issues of water
management and to facilitate higher temperature
operation to improve the oxygen reduction kinetics
and to increase CO tolerance. But in most of these
works, it is observed that Nafion is still used as a
binder for fixing the electrode to the membrane.
Nafion may be a necessity, not only to facilitate the
three phase boundary formation in the catalyst layer
but also to overcome the H, O, attack on the polymer
electrolyte. One more issue with most alternative
proton conducting polymer electrolytes which are
mainly aromatic hydrocarbon and more hydrophilic
than Nafion [28] is that liquid water is more easily
formed in the electrode which might block the
transport of reactants (fuel and oxidant). If different
polymers are employed in the catalyst layer and the
electrolyte membrane, there is the problem of
compatibility of the polymer membrane and the
catalyst layer [29]. It has been found [30] that the
interfacial resistance is larger for a MEA consisting
of Nafion-based catalyst layers and non-Nafion
membrane than all-Nafion one, and that the
degradation rate for the former is much larger than
the latter. If the polymers in the catalyst layer and the
membrane are the same one, regardless of it being
Nafion or non-Nafion, it seems that the interfacial
resistance cai be lowered to some extent [31]. The
exact origin of the increased interfacial resistance
between Nafion-based catalyst layers and
non-Nafion membranes remains unknown. The
larger interfacial resistance is perhaps due to the
different chemistry of the two polymers [29]. The
larger degradation rate of non-Nafion-membrane

'MEA is probably due to the different rates of

swelling/contraction of different polymers, which
results in the de-lamination of MEA in the cycle of
hydration-dehydration [32]. 1t has been reported
[28] that modifying polyaromatic electrolyte
membranes with fluorine and other functional
groups can decrease the interfacial resistance in the
MEA consisting of the Nafion-based catalyst layer
and non-Nafion membrane. .t is reasonable to
assume that a fluorinated copolymer could be more
compatible with highly fluorinated Nafion than a
non-fluorinated copolymer [29]. It can be speculated
that the chemical similarity of the polymers in the
catalyst layer and in the membrane is important fora
good binding of the two parts (the catalyst layer and
the membrane) and thus lower the interfacial
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resistance in the resultant MEA. It should also be
emphasized that if an alternative membrane material
does emerge, considerable R&D will still be
necessary to optimize and manufacture the new
membrane—electrode assembly (MEA). It has taken
many years for Nafion-type MEAs to be developed,
although some of the expertise gained may be able to
be transferred to the new system.

Sercondly, the corrosion issues of the
carbon-based components, especially the catalyst
and GDL that emanate at high temperature
operation, are not taken into account in the studies
reported with high temperature membranes.
Highly-dispersed platinum on carbon black (furnace
black) has normally been used for the PAFC.
Experience shows that in this type of cell, the carbon
cathode is subject to degradation and loss of carbon
by an electrochemical oxidation mechanism. The
degradation of PEMFC cathodes has not, until
recently, been such a concern because of the
relatively low operating temperature. As developers
seek to raise the operating temperature, however,
cathode degradation could become more important.

In general, many of the studies reported in
literature are mainly “isolated” performances rather
than “interactive” investigations. Three types of
materials are being investigated for oxygen
reduction: (i) heat-treated macrocyclic compounds
of transition metals (ii) ruthenium-based
chalcogenides and (iii) palladium alloys catalysts.
Among these classes, most promising catalysts are
palladium alloys and high loaded RuSe/C. Palladium
and ruthenium are more preferable for general usage
in fuel cell devices, due to lower price and higher
mining capacity, in comparison with platinum. Most
of the studies using these catalysts have been carried
out using rotating electrodes, but there are not many
examples of any of these used even in single cell
studies or in real applications. Pt supported on
carbon is still the ORR catalyst of choice.

Development of carbon—polymer composites
as bipolar plates as a replacement for the expensive
electro graphite for use in PEMFC is another subject
which has resulted in many publications.
Composites are an alternative to graphite and offer a
reduction in weight and an improvement in
manufacture as they can be extruded or molded to
any shape, reducing manufacturing time and cost.

But the main issue is that the conductivity of these
materials will always be less than the electro
graphite, owing to the presence of binders. A high
loading of filler is required in order to increase the
electrical conductivity, while insufficient binder will
lead to poor mechanical properties. In addition, they
offer lower thermal conductivity and limited
operating temperature range. Recently,
nanocomposite materials have been reported using
fillers such as carbon nanotubes, graphitic powders
and silver-coated glass, which can offer improved
mechanical properties and in particular, increased
conductivity.

Reports on use of conducting polymers as
binder are again blinded by the fact that these
conducting polymers could undergo oxidative
decomposition in the fuel cell environment. Use of
conducting polymers as coating on metal plates
faces similar issues.

So, the challenge in developing new, low cost

" materials for use in PEMFC is not just developing

materials but also investigate its properties/
performance in conjunction with properties of other
materials used in the cell as well as the operating
environment of the fuel cells.

Challenges in Fuel Cell Stack Development

The major challenges in stack design are
uniformity of cells, power density, stack cost, size
and weight, effect of contaminants etc., Similarly the
challenges in operation are water management,
catalyst poisoning, carbon corrosion, durability,
stability, operating conditions etc., while there are a
large number of single cell studies, reports on stack
development/stack design are not available freely in
open literature. A fuel cell stack designer/developer
faces several challenges and many-a-time a heuristic
approach is followed initially, which is followed by
modeling and eventual stack design. The designs
and therefore design criteria greatly depend on
application. There are number of trade-offs in
designing the fuel cell stack. In many an instance, it
is not possible to translate the idealized single cell
performance to stack level, mainly because it is very
difficult c.g. to maintain the humidity within the cells
in a stack, a luxury enjoyed in single cell studies.

July 2009

[ANCAS Bulletin




£ASE OF FABRKCATI]
GesIGH UMTATIONS

Fig. 2 Factors influencing PEMFC Performance

Although the drivers and system design for
both stationary and transport sectors are similar in
principle, the main differences are in the choice of
fuel, power conditioning, ease of start up, noise
level, operating conditions, lifetime, size, weight,
heat removal etc. In addition, there are design
options depending on the application for stationary
power generation e.g. grid conuection, nominal
power output, load following, cogeneration
capabilities etc. For the transportation applications, a
fundamental difference can be made between
passenger vehicles (car, auto rickshaw, mini van)
and commercial vehicles, which rigidly determine
many physical parameters such as electric motor,
power output of the fuel cell, space requirement etc.
[n addition, the requirement of batteries and /or super
capacitors adds to the complexity of the design.
Hence the fuel cell power systems need to be
designed for a variety of applications, namely
stand-alone, grid parallel, grid independent, backup
power energy generators, fuel cell vehicles, hybrid
vehicles etc.

Fuel cell systems are complex entities. The
complexity is hidden in the microscopic details
[Fig. 2], mostly inaccessible to the experimental
“eye”. More specifically, fuel cell operation entails
circulation of protons, electrons, reactants and
water, with the processes in the structural elements
ofthe cell, coupled strongly and non-linearly to each
other. The fundamental difficulties associated with
fuel cell design stem from this non linear coupling
[33].

A fuel cell stack is designed depending on the
required power output based on which the area of the
cells and the number of cells in the stack are
determined. Some of the challenges in fuel cell stack
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Fig. 3 Variation in cell voltage in a stack with
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design are uniformity of cells, power density, water
management etc., and these are discussed below.

Uniformity of Cells Performance

A fuel cell stack is an assembly of a large
number of cells put together using bipolar plates as
building blocks. Although all the individual
elements in a stack are made by the same process/
procedure, the cell voltages of these cells could be

different [Fig. 3] during operation. A large number

of parameters can cause non uniformity in
performance. These include the flow field designs,
cell configuration, location & number of coolant
plates, temperature variations within the stack,
temperature variation within the single cell assembly
etc.

Uniform reactants flow-distribution within
each flow field plate can be obtained by careful
computational fluid dynamic techniques and
experimental validation. A typical CFD analysis of a
flow field design with respect to velocity distribution
is shown in Fig. 4.

However, such models have to be accepted
with caution because in many cases these are
developed with flow and velocity as primary criteria
without taxing into accouni the electrochemical
reaction that takes place in the cells and water
vapor/liquid water in the gas streams.

The fuel cell stack performance is limited by
performance of the weakest cell in the stack and the
location of such a cell is not always constant when
one makes a large number of stacks. This is one of
the major challenges for a fuel cell stack designer ii8;
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Fig. 4 CFD analysis of a Flow field design
(Source: Unpublished data, CFCT, ARCI)

ensuring thatall the cells in a stack assembly perform
in the same way under all operating conditions.

Fuel cells develop heat while they generate
electric power. The heat is removed by either forced
air cooling or by circulating coolant fluids such as
water. Although, in principle every cell has to be
cooled, a fuel cell designer, in the interest of the fuel
cell stack weight and cost, has to arrive at an
optimum coolant flow field plate design and its
position within the stack. This aspect can lead to
variation in stack temperature at different locations.
The challenge for the fuel cell engineer is to design
the flow field in such a way that it can carry enough
fluid to cool the stack uniformly.

Presently, almost all the components, except
Catalyst Coated Membranes (CCM) and Gas
Diffusion Layers (GDL) of the fuel cell are
hand-made or at best, made by semi-automated
processes. The stacks are assembled manually. The
fabrication of components and assembly requires
skilled technicians. Mass production techniques,
quality control and automated stack assembly are
required to be developed to ensure uniform
performance of the individual cells in a stack.

Humidification & Water Management

Water management is one of the major
challenges in the operation of a fuel cell stack.
PEMFC working at temperatures #80EC under
atmospheric pressure often involves a dual phase

water system, i.e. liquid water/water vapor; when the
humidification is too high, water condenses and the
electrodes are flooded, which makes water
management difficult. The membrane’s ionic
conductivity is a strong function of its hydration
state. Although water is produced in the cathode,
some water still has to be brought into the fuel cell to
prevent the membrane drying. The form of water
depends on local conditions inside the cell: gas flow
rate, pressure and temperature. The stack design,
selection and control of operating conditions affect
water management and therefore the stack
performance.

When operated with humidified reactants, the
operating temperature, rate of flow of reactants and
nature of Gas Diffusion Layer (GDL) play a major
role in maintaining the humidity level in the
membrane. On the contrary, operating the stacks
using dry reactants pose a different set of challenges.
In laboratory experiments external humidifiers [1] of
various types can be used. But for standalone power
generation systems and in order to reduce the
parasitic losses, humidification segments made from
graphite plates and membrane are built as part of the
stack (internal humidification). In this concept, a
portion of the membrane is set aside to humidify the
inlet gases and liquid water is injected directly into
this inactive portion of the stack. In another method,
dry gas is passed through a separate section of the
stack to condition the gas before it enters the
electrochemically active portion of the cell. The
advantage is that the gases are conditioned inside the
stack, and the gas temperatures will be very close to
the temperatures of the fuel cell stack itself.
However, a portion of the electrochemically active
section of the stack must be set aside for
humidification purposes, which reduces the power
density of the stack. Further, these arrangements
introduce complexities with respect to the rate of
flow of the reactants and introduce unwarranted
pressure drops. This is one of the engineering
challenges, fuel cell designer encounters.

Operating Conditions

Operation with low relative humidity of the
gases at the stack inlet is preferred because it
simplifies the system (humidification of reactant
gases and water recovery). PEM fuel cells are
operational even at room temperature, but the typical
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operating temperature is between 60 and 80°C. In
order to reduce the size of the heat rejection
equipment there is a lot of R&D on high-temperature
membranes that would allow operation at 130 -
140°C [17, 18]. Because of the rapid drop-oft in
conductivity with decreasing relative humidity for
PFSA ionomers, they are typically operated in the
high-RH window as shown in Fig. 5. [34]

The role of the system built around such a
membrane is to provide the 100% RH environment
so that the membrane/electrode can efficiently
conduct protons with minimum voltage loss.
However, maintaining 100% RH in the gas streams
is problematic from the system point-of-view. The
membrane RH requiremeni drives high-pressure
operation (resulting in higher compressor auxiliary
loads), low temperature operation (resulting in lower
system heat-rejection rates), and increased RH in
inlet streams (resulting in higher complexity and
cost due to humidification/condensation
requirements). Although Fig. 5 indicates that PFSA
conductivity at 120°C for current ionomers is above
0.1 S/cm at 100% RH, this is an impractical
operating region from a systen. point-of-view based
on the calculations from system pressure and water
addition capability. One of the challenges is defining

a suitable RH at 120°C at which the 0.1 S/cm target
can be achieved.

At present, phosphoric-acid doped
polybenzimidazole (PBI), first identified by Case
Western Reserve University, is under active
development which allows operation at
temperatures up to approximately 200°C with
conductivity of 0.06-0.08 S/cm, RH of 5-10%.
However, the reported conductivity drops rapidly as
a function of temperature, reaching 0.01-0.02 S/cm
at 15-30% RH and 80°C. This is problematic from an
automotive system start-up point-of-view.
Additional issues with PBI have been stability in the
presence of liquid water and inefficient cathode
structures resulting in low a real power density.

Alternatively in the long run, the system would
obviously benefit from membranes that required no
external humidification. Operation with low relative
humidity of the gases at the stack inlet is preferred
because it simplifies the system (humidification of
reactant gases and water recovery). PEM fuel cells
are operational even at room temperature, but the
typical operating temperature is between 60 and
80°C. When operating with dry reactants, the rate of
water generated at the cathode needs to be
equilibrated with rate of heat generated. The
operating condition need to be effectively identified
without damaging the endurance of cells, as one can
see the humidity response shown in Fig. 6 for stacks
operating at various current densities. In addition,
the starting humidity of the reactant also plays a vital
role in maintaining water balance depending on
stack capacity.

Power Density

PEM Fuel cells have achieved > 1 Wem” peak
power, but in normal operation (Veai~0.6 V), the
achievable power density is 0.6 — 0.7 and 0.3 to 0.4
Wem? in high efficiency operation (Ve ~ 0.7 V).
Fig. 7 shows typical fuel cell and fuel cell stack
performance. The goal of fuel cell development is to
keep increasing power density and also to attain the
same performance obtained in a singie cell. This is
possible through improvements in key materials,
such as catalyst and electrolyte, as well as through
improvements in fuel cell design. Operating the
stacks at low power density leads to increased
durability but at high cost while operating at high
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power density leads to less cost and less durability.
In addition the degradation of the stack also depends
on whether the system is operated continuously or
cycled with various start stop cycles as in the case of
transport applications. Hence depending on the
application, life-time of the stacks varies. For
example in the case of transport application, high
power density is required due to less available space
and lifg-time is expected to be 5000 hours, whereas
for stationary application, where space is not a
constraint, the life-time is expected to be 40,000
hours. The volume, size, shape and weight of the fuel
cell play a very important role for most mobile
applications. Automotive fuel cell stacks have
gravimetric and volumetric power density > |1
kW/kg and > 1 kW/I, respectively. However, the
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power density is significantly lower for smaller
stacks of < 10 kW capacity.

Durability

For any application of PEM fuel cells, several
hours of continuous or intermittent operation has to
be demonstrated. It has been found that the operating
conditions have a strong effect on durability decay
rates [24]. The exact mechanism(s) of PEM fuel cell
low durability or failure is (are) not yet well
understood. At present, the researchers have
attributed the durability decay to hydrogen
crossover, fluoride emissions rate, Pt particle size
distribution etc, There are also several possible PEM
fuel cell failure mechanisms, such as: manufacturing
defects, unwanted chemical reactions caused by
contaminants or by-products, stability of the
electro-catalysts, membrane stability, mechanical
clamping, thermal effects due to insufficient local
heat removal rate etc. To prevent catalyst poisoning
and carbon corrosion, non noble metal catalysts,
alternative support materials are being investigated.
Unfortunately, none of these catalysts has reached
the level of a Pt-based catalyst in terms of catalytic
activity, durability and chemical/electrochemical
stability. Much more research is needed to produce
commercially valid non-noble electro catalysts.

Challenges in Fuel Cell System Development —
System Integration

A fuel cell stack needs a supporting system in
order to be operational. Besides the fuel cell stack,
the fuel-cell system also incorporates several
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balance-of-system (BoS) components such as
pumps, valves, heat exchangers, piping and power
controllers.

Fig. 8 shows a typical laboratory set up for a
fuel cell system and a packaged system. System
design and its complexity also depend on
application. Fuel cell system integration is a very
complex subject as the integration involves several
time contacts for the response of the individual
components which is based on their own dynamics.

Although many application demonstrations
have used off-the shelf components many of the
failures in fuel cell demonstration have come from
these components which necessitates development
of suitable components which can operate for longer
duration without maintenance. Each and every one
of these BoS systems requires intense R&D and in
India very few laboratories are involved in these
developments. A fuel cell developer in India,
therefore, has to necessarily depend on imported
components which come with their own limitations.
Many-a-time, a fuel cell designer in India has to
modify his/her design of the fuel cell stack
depending on the availability of these components.
Given below are some of the major challenges in

BoS. Many of these BoS required are common to all
types of fuel cells.

Heat Exchangers

Even though PEMFC is a very efficient system,
there is still 40-50% of the energy produced as heat.
The ratio of electrical power to heat is about 1:1
when the fuel cell is operated at average cell voltage
of 0.65 V. Cooling plates inserted in the fuel cell
stack assembly remove the heat either using liquid
coolantand some times air. Current PEMFC systems
run at a maximum of 80°C because operation above
that temperature requires too much system support
of the membrane. Also, current membranes have
glass transition temperatures in the range of
80-120°C and are thus subject to creep and
hole-formation at temperatures in that range. The
challenge for the fuel cell engineer is to dissipate this
heat quickly. Traditionally, FC designer has used
heat exchangers used in automobile industries to
remove this heat. Unfortunately, it turns out that the
heat rejection rate of automotive radiators is
insufficient to reject continuous full power waste
heat loads with the 80°C source temperature [1]. It
requires a novel complex cooling system with a large
dimension and weight, e.g. the cooling system in the
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state-of-the-art fuel cell cars accounts for about 50
wt% of the total weight of the fuel cell system.
Although fuel cell vehicles are inherently more
efficient than the internal combustion engine (ICE),
the ICE has a thermal system packaging advantage.
This is because the ICE rejects approximately
one-third of its waste heat in the exhaust stream (vs.
<10% for the PEMFC). Thus, the heat flow to be
dissipats:d by the cooling system is approximately
double as compared to that of the combustion engine
[35].

Technological Limits of Cooling [36]

It is crucial that a sufficient air mass flow be
available to accomplish the required cooling.
Besides the exchange rate of the heat exchanger
(ideal exchange rate = 1), a significant criterion is the
expenditure of flow rate required to achieve this
exchange rate. Development of heat exchangers for
engine cooling in vehicle is aimed at the most
favorable design of pressure loss / heat transfer ratio
possible. A mechanically assembled aluminum
radiator has a lower power than brazed aluminum
radiator whose performance is surpassed by brazed
copper/brass radiators. It is also known that radiators
with counter current are better than cross current
flow mode for the air. However space limitations in a
vehicle do not allow counter current flow mode.

A fuel cell driven vehicle uses more than one
coolant flow to cool down: fuel cell stack coolant
and a coolant for the electronic components. There
are wide varieties of possible configuration. One
such possibility is given in Fig. 9.

When selecting a fan arrangement for
high-capacity cooling modules, contradictory
requirements have to be linked. On the one hand, at
low driving speeds, with the associated low support
by dynamic pressure for air circulation, a relatively
high fan speed is required to circulate a large volume
of air. A typical situation is the uphill ride of a fully
loaded vehicle. The operating point, and thus the
airflow result from the intersection of the
characteristic of the cooling unit and that of the fan.
Therefore a steep fan characteristic is desirable. On
the other hand, great dynamic pressure results from
high driving speeds. This leads to a displacement of
the cooling unit characteristic, which will now
intersect with the fan characteristic in an area where
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the fan is building up low pressure only or is even
overblown. In order to obtain the highest possible
airflow under these conditions, the fan characteristic
should be as flat as possible, or even better, no fan
should be available at all. A reconciliation of these
contradictory requirements is required.

Many PEM fuel cell systems have been
reported wherein a single air blower is used to feed
the reactant gas as well supply the air to cool the
stack. The thermal load can be managed simply by
using fans without any water cooling system, the
air-cooled PEMFC is widely used in sub kW and
around 1 kW systems. The performance of an
air-cooled system is highly dependent on ambient
temperature and humidity. Air-cooled systems are
expensive to build as each cell has to have channels
for the anode and cathode plates for the cooling air to
flow. In case of tropical and sub tropical countries,
air cooling concept has to be thought very seriously
as the temperature is about 35°C on an average.

Air Supply Systems

Air management in a fuel cell system could
comprise of compressor/expander, filters,
humidifier, mass flow sensor and water separator
depending on the design of the fuel cell system and
application. The options that have been used for
supplying air are: air compressor, fan and blower,
membrane or diaphragm pumps. Air is required not
only for supplying reactant oxidant but also for
cooling purposes and to cater to fuel processor
needs, if used. Fuel cells operating at higher pressure
(using an air compressor) show improved
performance: compared to those operating on air
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blowers. For a stationary application of fuel cells,
commercially available air compressors can be
easily used. In case of transport applications, the
common compressors are not suitable. Extensive
research is being carried out to develop air supply
system where the energy requirement is less and
large volume air can be supplied and the system is
compact in design. Root compressors, Lysholm or
screw compressor, centrifugal or radial type
compressors, axial flow compressors have all been
tried each having its own set of advantages and
disadvantages [38]. However the parasitic losses
encountered with use of air compressors are high. In
many an instance it is difficult to get an air
compressor suitable for particular capacity fuel cell
stacks (leading to over designing). On the other
hand, fuel cell stacks operating with air blowers are
bulky. The blowers have limited pressure-range and
the flow rate can drop to zero if the back pressure
rises to even 50 Pa (0.5 cm of water). In addition, the
fuel cell air flow filed plate has to be redesigned to
accommodate the low pressure air supplied by the
air-blower. In systems which require humidified air,
a fuel cell engineer has to design a humidifier which
would work on low pressure air. In addition, a
load-following air supply system would be useful in
reducing parasitic losses. However such
load-following variable speed blowers/compressors
are not readily available. Cunningham [39] in his
analysis of air supply options for FCV found that: (i)
the same peak P,y can be achieved with both a
blower (low pressure) and a compressor (high
pressure), but the required fuel cell stack sizes are
different. For the same peak P, of 86 kW, 16.3%
more operating PEM cells were needed in the stack
for the blower application (500 vs. 430 cells with a
constant active area of 490 cm?). The blower system
was able to obtain the same net power by operating
just above ambient pressure at the stack and
providing sufficiently higher air mass flow rates
compared to that of the compressor for much of the
P, range (ii) the parasitic loads for the blower are
significantly less than that of the compressor at the
high P region. Power spent on compression can be
recovered if the system is equipped with expander on
the same shaft of the compressor.

These challenges are not trivial. One of the
reasons for high cost of the present day fuel cell

systems is the non availability of fuel cell specific
components.

A critical need in fuel cell systems for vehicles
is an efficient, compact, and cost-effective air
management system to supply air preferably at about
2.5 atm. Because no off-the-shelf compressor
technologies are available to meet the stringent
requirements of fuel cell air management, several
compressor and blower systems are currently being
developed. The efficiency, reliability and durability
of compressors depend on effective lubrication or
friction and wear reduction in critical components
such as bearings and seals. Conventional oil or
grease lubrication of compressor components is not
desirable because such lubricants can contaminate
and poison the fuel cell stack.

Power Conirallers

The subject of power control systems for fuel
cells is quite complicated. Fuel cells produce
variable DC power. The power from fuel cells
although is similar to battery, the voltage
characteristics for battery and fuel cell are entirely
different as shown in Fig. 10.

A fuel cell system is designed depending on the
end use. PEMFC can generate high current density
but at low voltages. In order to make use of this
variable DC power, DC- DC converters and
inverters are required. A power electronics
professional would prefer a high voltage input which
necessarily means having a large number of cells
connected in series. However, to minimize the flow
distribution and mechanical engineering issues, a
fuel cell engineer would prefer a compact stack with

Battery

Fuel Cell

AP I |

Fig. 10 Voltage-Current characteristics of fuel cell
battery
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less number of cells. A large variation in fuel cell
terminal voltage from no load to full load, results in
larger voltage ampere rating of the power
conditioning unit. Off-the-shelf power controllers
used in conventional UPS systems are not suitable
for use with fuel cells as i -v characteristics are
totally different. Any new power converter
developed should be able to handle high current at
low voltages. Presently all the DC-DC converters
and inverters are custom built, most of them
operating at an efficiency of ~ 80%. There is
requirement for these power electronic devices with
higher efficiency.

In addition to the DC-DC converter and
inverter, the power control device should also
provide interface for powering parasitic loads such
as blowers, compressors, pumps, fans etc and these
interfaces could be 12V DC, 24 V DC, 48 V DC. In
addition to these requirements, the power controller
should also have provision for charging the batteries
(trickle charge, controlled charge etc.) normally
used to start up the fuel cell system. In applications
where the fuel cell is used along with other energy
systems, the fuel cell power control system has to be
designed in such a way that the fuel cell stack is
protected from other power devices. The power
controller should also have provision to charge
super-capacitors if they are used to take care of surge
current on transient loads. More detailed
investigations are required in using super-capacitors
along with fuel cells. The power conditioning design
depends also on operating mode, like grid parallel,
grid support, stand alone or back-up power. The
ability to carry unbalanced load due to switching
characteristics of the electronic circuitry due to
unequal load should also be taken into account.

System Efficiency

The fuel cell system efficiency is lower than the
stack efficiency due to power requirements for
auxiliary components and due to power conversion.
A well designed fuel cell system is expected to use
not more than 10% of the fuel cell output power for
auxiliary components. The efficiency of power
conditioners like inverters and converters should be
relatively high and also their operating range of
voltage and current and configurations need to be
optimized for the given application. Generally,
Systems with a reformer should reach 40%

efficiency while the hydrogen fueled systems should
have efficiency around 50%.

Other Issues

In addition to several challenges mentioned
above, the PEM fuel cell must be able to run
continuously as generators of premium power for
base, back-up, and peak-shaving loads in
cooperation with the electric grid.

Fuel Issues

In order to bring the fuel cell systems to the
market, hydrogen should be widely available fuel, or
fuel cell systems may be equipped with a reformer
that generates hydrogen-rich gas from hydrocarbon
fuels. This poses several challenges to the fuel cell
stack and system design. Carbon monoxide, even in
small quantities, is a poison for Pt catalyst at normal
operating temperatures. Controlling a fuel
cell/reformer system in variable power mode and
maintaining low CO level all the time, is a very
challenging task. In addition, several other
contaminants may be generated in the reforming
process, which may have a detrimental effect on fuel
cell stack performance and durability. The U.S.
Department of Energy in August 2004 reduced
substantially the support for onboard reformer
development, putting more emphasis on on-board
hydrogen-storage development, yet another critical
issue for fuel cell acceptance. With respect to
infrastructure, hydrogen or hydrogen-rich fuels
must be widely available and priced like
commodities. This may require a hydrogen
infrastructure, although other possibilities are
emerging. External fuel processors (reformers) are
also the subject of intensive development around the
world. A variety of innovative compact reformers
using diffusion-bonded printed-circuit components
or micro-channel designs, also illustrate the impact
of materials technology on this aspect of fuel-cell
systems.

Miniaturization

To compete with current battery technology,
portable power Fuel Cell applications for consumer
electronics require miniaturization, shock and
vibration resistance, orientation insensitivity, and
passive operation. Components and subsystems are
required.
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Codes and Standards

Some commonly agreed measures for system
efficiency are power density, dynamic behavior,
durability. This requires a harmonized testing
procedures, both for the entire Fuel Cell systems and
for the system components under a variety of
boundary conditions: e.g. Different applications;
Different stack concepts; Type of fuels and quality.
Till recently no standardized test procedures for Fuel
Cells, stacks, and systems existed. The same applies
for their assessment against user requirements in the
stationary, transport and portable applications. In
practice, many laboratories and manufacturers have
developed their own test protocols to meet their
needs and those of their customers, showing clearly
the need for harmonization of testing procedures and
measurement methods to ensure a smooth
introduction of the technology and to provide equal
opportunities for the market operators and a decent
and confident comparison basis for the customers.

Conclusions

Fuel cells are being developed and have been
demonstrated in many applications like clean
transportation, clean power generation, distributed
power generation and military applications. Fuel
cells are versatile, efficient, clean and modular.
There are a few technical challenges but there are no
‘showstoppers.’” Fuel cells are close to
commercialization and there are some niche markets
which could enable early penetration, particularly
those that do not need hydrogen infrastructure like
stationary power, back-up power, niche
transportation such as forklifts.

As PEMFC commercialization approaches, the
need for product and manufacturing engineering is
obviously increasing. However, the need remains
for aggressive research and development focused on
new fuel cell materials, particularly if the technology
is to meet demanding requirements. Improved
polymer electrolyte and catalyst materials will have
the largest impact on PEMFC commercialization.
The process of materials discovery will be most
efficient if materials developers focus on making
materials and obtaining ex-situ data. A reliable and
time-effective method should be developed for
novel material screening. The emphasis should be
placed on simulating real fuel cell working

conditions and the relationship between the working
conditions and the cell related properties. After
obtaining promising materials, the projects
involving implementation in MEAs can be
launched. This approach will allow polymer
scientists and electro-catalyst experts to focus their
efforts on discovering materials and avoid wasting
their efforts on the time-consuming and potentially
misleading process of MEA preparation.

From the Indian perspective, although there are
many reports on developing new materials, system
development remains a neglected area. Even with
materials development, a few of them have reached
the level of large scale production.

Fuel cells with their applications may actually
be the main driver for hydrogen economy together
with electricity from clean renewable energy sources
and satisfy all the energy needs. Changing of the
entire energy system is a huge task on global level,
which may take several decades to complete.
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electrolyte thickness is lowered down from 40 um
down to 10 im. The fabricated single cells with
screen printed La(Sr)MnO; (LSM)-YSZ as cathode
active layer and LSM as current collector layer
shows very high electrochemical performance
without any active layer on the anode side of the
fabricated cells. The single cells are tested with
hydrogen on the anode and oxygen on the cathode
sides. The Current density and power density of a
typical coupon cell of diameter 16 mm (with YSZ
thickness 10 um)is foundtobe~ 1.7 Alem®and~1.2
W/em? respectively at a cell voltage of 0.7V
measured at 800°C. Single cells have also been
fabricated using nanocrystalline cobalt doped
lanthanum ferrite (LSCF) based mixed ionic and
electronic (MIEC) cathode materials and
gadolinium doped ceria (CGO) based interlayers.
The syntheses of both the cathode and the interlayer
materials are carried out using low temperature
combustion technique. Using LSCF and CGO
combination, the current density of a typical coupon
cell (with YSZ thickness 10 um) is as high as ~ 2.4
Alem?* with a power density of ~ 1.7 W/em? (at0.7 V
and 800°C) using hydrogen as fuel and oxygen as an
oxidant. At 800°C the area specific resistance (ASR}
value, evaluated from the current-voltage plot, is
found to be as low as 0.205 Q-cm? and 0.17 Q-cm’
for the cells with LSM based cathode current
collectors and LSCF based cathode current
collectors respectively. The performances of both
the variety of cells are found to be almost size
independent having excellent repeatability.

Keywords

Anode-supported, Planar SOFC, Processing,
~ Tape casting, Co-firing, Nanocrystalline cathode,
High performance

Introduction

Solid oxide fuel cells (SOFCs) are considered
to be one of the most promising power generation
technologies for the future due to its high efficiency,
extremely low level of poilution and fuel flexibility.
InaSOFC, the oxygen ions (0™) are conducted from
the porous air electrode (cathode), where they are
formed, through a gas-tight, ceramic, oxygen-ion
conducting electrolyte to the porous fuel electrode
(anode). There, they react with the fuel, such as

hydrogen, natural gas, coal gas to deliver electrons to
the external circuit and produce electricity. The
state-of-the-art materials for SOFC are 8 mole %
yittria stabilized zirconia (8YSZ) as the electrolyte,
NiO-YSZ as the anode and La(Sr)MnO; (LSM) as
the cathode'. Improvement in single cell power
output coupled with long term stability forsuchacell
has been the subject of intensive research and
accordingly, a lot of developments have been made
both in SOFC materials and design [1-3].

Among the various designs, the planar
anode-supported thin film electrolyte design,
originally introduced by Forschungszentrum Julich,
Germany, is recently followed by many of the SOI'C
developers because of several advantages assoiated
with this design [4]. Generally electrolyte-supported
cells and electrode-supported cells are the two
possible configurations of a planar design that are
under development. In case of electrolyte-supported
design, it is practically possible to achieve a
mechanically stable structure only when the
electrolyte thickness is greater than 200 pm.
However, for such a high thickness of the
electrolyte, the ohmic loss across the same is
appreciebly high and the cell have to be operated ata
very high temperature of around 1000°C in order to
have sufficiently low resistance of the electrolyte.
This hinders the commercialization of SOFC due to
the necessity of using costly construction materials
to withstand such a high temperature. In order to
avoid this, the SOFC operating temperature should
be lowered. However, as the ionic conductivity of
the 8YSZ electrolyte decreases with decreasing
temperature, simply lowering of the operating
temperature of SOFC will lead to an increase in
resistance of the electrolyte causing very low power
output. These problems can be overcome if a thin
electrolyte layer is fabricated over a thick and porous
electrode-support which is the basis of
anode-supported design. In this design while the
porous anode provides the meci.anical support, the
thinness of the electrolyte helps in lowering the
ohmic losses across it. The thinness of the electrolyte
helps in reducing the internal resistance of the
electrolyte, thereby making it possible to lower the
temperature of operation and consequently, use of
metallic interconnects which are much easier to
fabricate compared to their ceramic counterpart that
are required for 1000°C operation. Thus, for an

July 2009

TANCAS Bulletin




anode-supported SOFC, the operating temperature
can be lowered down to about 800°C or even less
(depending on the thickness of the electrolyte film).
However, in such a configuration, the major
technical challenge involves fabricating a pinhole
and crack-free dense layer of YSZ electrolyte of
thickness 50 um or less on NiO-YSZ (anode)
substrates of high porosity. The YSZ film must be
well bondetl to the NiO-YSZ substrate without
excessive infiltration into the electrode porosity and
there must be minimal interface polarization loss.

For the fabrication of such (NiO-YSZ/YSZ)
half-cells, conventionally the porous anode-support
is fabricated first over which the YSZ layer is
developed subsequently using different fabrication
techniques such as electrochemical vapour
deposition, chemical vapour deposition, spray
pyrolysis, sol-gel coating, vacuum slip casting,
screen printing etc. [5-11] On the other hand,
cofiring of the half-cell consisting of NiO-YSZ
anode and YSZ electrolyte reduces the number of
processing steps and is more advantageous from the
view point of cell fabrication. In this regard, tape
casting is a simple, cost-effective and up-scalable
technique that can be used to fabricate such a
half-cell by co-firing a laminated block consisting of
several layers of NiO-YSZ with an YSZ layer.
Although co-firing makes the process simpler but
camber and/or breakage of the half-cell may occur
during high temperature (> 1300°C) processing of
the same due to differential thermal expansion
coefficients and sintering shrinkages among the
components viz. NiO-YSZ and YSZ. Hence,
meticulous optimization of different processing
parameters such as tape casting slurry composition,
heat-treatment schedule etc. is required to obtain a
defect-free and flat half-cell. Another problem
associated with the development of single cell of
SOFC is that during fabrication of the strontium
doped lanthanum manganite (LSM) cathode if the
processing temperature is more than 1150°C, the
LSM reacts with the adjacent YSZ electrolyte to
form insulating layers like lanthanum zirconate,
strontium zirconate, at the interface causing poor cell
performance [12]. Thus it is a major challenge to
restrict the processing temperature within 1150°C
during fabrication of the LSM cathode. Thus the
design of the electrodes and their microstructure are
some of the critical parameters upon which the

performance of the completed single cell (obtained
upon fabrication of the cathode layer over the
half-cell) depends’. In order to have enhanced cell
performance, normally two active layers e.g., anode
active layer and cathode active layer are used
between the anode-electrolyte and
cathode-electrolyte interfaces respectively [6-9, 13].
These layers are believed to increase the triple phase
boundary (TPB) lengths with consequent
enhancement in electrochemical reactions on each
side of the electrolyte and reduce the polarization
losses. Several reports are available in the literature
describing the performance of such anode-supported
SOFC [14-20]. The present work reports the use of
inexpensive, simple and up-scalable processing
techniques, such as tape casting and screen printing,
for the fabrication of anode-supported planar SOFC
where separate anode active layer has not been
applied. All the processing parameters have been
optimized to fabricate single cells of dimension up to
10 cm = [0 cm * 1.5 mm. The fabricated cells have
been characterized through microstructural and
electrochemical performance studies using both
LSM based conventional cathode as well as LSCF
based nanocrystalline MIEC cathodes.

Experimental

Fabrication of Single Cell

The flow chart for the fabrication of
anode-supported single cell is shown in Fig. 1. The
first major step during the fabrication process is the

‘development of the anode-supported half-cell

(NiO-YSZ/YSZ). As mentioned earlier, tape casting
technique is used extensively for the same. For tape
casting slurry preparation, nickel oxide and 8§ mol%
yitria stabilized zirconia (YSZ) powder mixture (in
60:40 mass ratio) is first ball milled for about 20 h in
an azeotropic mixture of toluene and ethanol using
menhaden fish oil as dispersant followed by addition
of optimized amounts of polyvinyl butyral binder,
benzyl| butyl phthalate plasticizer and graphite
porosifier and further ball milling for another 20 - 24
h. The homogeneous slurry of NiO-YSZ thus
obtained, is then cast under the doctor blade of a
laboratory type tape casting machine. Afterdrying, a
flexible green sheet of NiO-YSZ (~ 100 im thick) is
obtained. Similarly, green sheets of YSZ electrolyte
is obtained by casting YSZ slurry that is formed in
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Ball Milling
Tape casting
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Co-Firing of Laminated Blocks
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' |

Cathode Screen Printing
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Firing

Fig. 1 Flow chart of the fabrication of

anode-supported single cells

the same way as in the case of NiO-YSZ except that
no porosifier is added in this case. During casting of
YSZ slurry, however, the blade gap has been
reduced so as to vary the electrolyte thickness and to
fabricate thinnest possible electrolyte sheet. The
green sheets of NiO-YSZ anode as well as YSZ
electrolyte are then cut to the required size. Several
numbers of the cut sheets of NiO-YSZ are then
laminated at room temperature together with an YSZ
sheet on top. The monolithic block of
NiO-YSZ/YSZ, thus formed, is then co-fired above
1300°C with an intermediate binder burn out step so
as 1o obtain the sintered half cell. The LSM-YSZ
based active layer and LSM based current collector
layer (CCL) are then applied on the YSZ surface of
the half cell by screen-printing technique. For the
cells with nanocrystalline LSCF based cathodes,
doped ceria based materials was used as an interlayer
onto which LSCF based cathodes are applied by
screen printing technique to fabricate the single
cells.

The LSM powder used for active layer as well
as CCL has been prepared using an auto-ignition
technique. In this process, a precursor solution
containing lanthanum (IIT) nitrate hexahydrate,
strontium (IT) nitrate and manganese (II) acetate
tetrahydrate with La:Sr:Mn = 0.65:0.3:1.0 together
with acetic acid monohydrate is sprayed into the
reaction chamber of an in-house built spray

Fig.2 Photographs of the fabricated 10 cm x 10
em SOFC anode-supported single cells

pyrolyser (heated to about 300°C) where the spray
mist undergoes a controlled oxidation-reduction
reaction leading to the formation of an ash precursor.
Upon calcination, the ash yields phase pure oxide.
For active layer application, the calcination
temperature is 800°C whereas for CCL, the ash is
calcined at 950°C so as to obtain optimized particle
size for the active layer and CCL respectively as
reported by Haanappel et al. [7] For screen printing
application, a viscous paste of the active layer is
prepared by mixing LSM and YSZ powder (in 50:50
mass ratio) with a suitable organic vehicle.
Similarly, a viscous paste of CCL (containing only
LSM powder) is also prepared. Prior to screen
printing, the half-cells are thoroughly cleaned with
acetone in an ultrasonic bath followed by drying. At
firsta thin active layer of LSM-YSZ is screen printed
on the YSZ surface of the half cell. After drying, a
relatively thicker layer of CCL (LSM) is screen
printed over the active layer. Both the layers are then
cofired above 1100°C. Fig. 2 shows the photographs
of few representative cells fabricated in this
investigation. For the synthesis of cobalt doped
lanthanum ferrite, stoichiometric amounts of
Janthanum (III) nitrate hexahydrate, strontium (IT)
nitrate, iron (I1I) nitrate nonahydrate and cobalt (1I)
nitrate hexahydrate are used as the raw materials.
Using these raw materials, nanocrystalline LSCF
based materials are synthesized through an auto
combustion technique with L-alanine as fuel [21].
The auto combustion technique is also used for the
synthesis of the gadolinium doped ceria (CGO)
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interlayer materials, using cerium nitrate and
gadolinium nitrate as the metal source and citric acid
as fuel. For the fabrication of single cell, a thin layer
of CGO interlayer (in the form of thick paste) is
screen printed first on the YSZ surface of the half cell
followed by sintering above 1250°C. A relatively
thick layer of the LSCF based cathode paste is then
screen printed over the sintered CGO surface and
again sintered above 1000°C.

Microstructural Characterization

The microstructures and morphology of the
cells have been studied extensively. For this
purpose, cells (both half and single) are sectioned
and epoxy-mounted. After proper curing of the
epoxy, the samples are polished down to 0.5 pm and
the cross sections are examined under a scanning
electron microscope, SEM (Leo, $430i, U.K).

Electrochemical Characterization

In order to evaluate the electrochemical
performance, single cell in the form of coupon cell
(~16 mm diameter and 1.5 mm thick) cut from larger
area cells of dimension 10 cm x 10 cm x 1.5 mm is
placed between two alumina tubes kept inside a
vertical split type furnace. Platinum meshes are used
as current collectors both at the cathode and the
anode and proper electrical contact is made through
platinum lead wires. The sealing of the gas
compartment on the anode side is made by using a
ring-shaped glass seals which is kept pressed by the
alumina tubes and upon heating to about 1000°C; the
glass softens to form a gas-tight seal. The whole
assembly is then cooled down to 800°C and a flow of
gaseous argon is introduced at the anode side and
oxygen at the cathode side. The reduction of NiO to
metallic Ni for the anode of the single cells is then
achieved by gradual replacement of argon with
hydrogen (saturated with 3 vol% water vapour).
During testing, both oxygen and hydrogen flow rate
is set and maintained at 100 sccm with the help of
electronic mass flow controllers (MKS Instruments,
USA). The current density as a function of cell
voltage is evaluated under different applied loads
across the cell and measurements are carried out
sequentially at 800, 750 and 700°C.

o

SEM image of polished cross section of

Fig 3
sintered half cells with different YSZ
thicknesses: (a) 40 wm, (b) 30 um, (¢) 20 wn
and (d} 10 wm

Results and Discussion

Microstructure of SOFC Half- and Single Cell

A major emphasis is given during this
investigation to optimize the processing parameter
50 as to obtain the thinnest possible YSZ layer in the
anode-supported half-cell. Fig. 3 shows the
microstructures of such sintered half-cells having
different YSZ thicknesses. A dense YSZ layer, well
adhered to the porous NiO-YSZ substrate, can be
observed in all the cases. It may be mentioned here
that due to the handling problem associated with the
corresponding YSZ green tapes, we could not lower
the thickness of the sintered YSZ electrolyte below
20 pm during the initial stages of our developmental
work. However, with further optimization of process
parameters, the slurry formulation in particular, it
has been possible to fabricate half-cells with very
thin (~ 10 pm) and dense YSZ film with reproducible
quality. The microstructures of the single cells with
LSM-YSZ based cathode active layer, LSM based
cathode current collection layer and LCSF based
MIEC cathodes with CGO wvased interlayers are
given in the Fig. 4a and Fig. 4b respectively. The
anode is found to be highly porous which is essential
for gas-phase reaction to occur at the
electrolyte/electrode/gas triple phase boundary. On
the other hand, the active layer on the cathode side
(~10 m) is relatively less porous than the CCL (~50
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Fig. 4 SEM image of polished cross section of sintered single cells with different cathodes: (a) LSM-YSZ
Cathode Active Layer and LSM as Cathode Current Collection Layer (b) LSCF based MIEC

Cathodes with CGO based Interlayer

um). High porosity at CCL is also essential for
reducing the cathode overpotential and thus to
increase oxygen reduction kinetics at the active
layer/YSZ electrolyte interface.

Electrical Conductivity of SOFC Cermet Anode
and Half cell

The electrical conductivity of the Ni-YSZ
anode substrate has been studied for samples from
various batches and from different portions of the 10
cm % 10 cm anode substrate. The conductivity at
800°C is found to be > 500 S/cm. Uniformity of the
conductivity (+ 20 S/cm) value is observed among
the different samples studied. A typical In (cT) vs
I/T Arrhenius plot in the temperature range
550-800°C is shown in Fig. 5. A linear decrease in
electrical conductivity with temperature in the plot
indicates that the conductivity is predominantly
metallic in nature. From the slope of the line in Fig. 5,
the activation energy for electronic conduction is
calculated to be about 0.1 eV which is typical for
Ni-YSZ cermet anode having a Ni content of 40
vol% [22]. In addition, the electrical conductivities
of Ni-YSZ/YSZ (20 um) half-cells have also been
studied during the present investigation. In this case,
it has been observed that with the increase of
temperature the conductivity increases continuously
and at 800°C the value is found to be ~ 0.02 S/cm.
Since the Ni-YSZ anode cermet with 40 vol% Ni
content shows a very high conductivity value which
is metallic in nature, the observed low conductivity

800 750 700 650 600 550

IncT, (S/cm)(K)
2

13850 0.5 1.00 1.05 110 1.5 1.20 1.25
1000/T (K

Fig. 5 Arrhenius plot of the temperature
dependent electrical conductivity of a
typical Ni-YSZ anode prepared by
tapecasting and lamination processes

value and the increase of the same with increasing
temperature in case of the half cell suggests that the
conductivity, in this case, is solely controlled by the
thin YSZ electrolyte. The observed stable
conductivity data of the half cell also indicates that
the thin YSZ film supported on the porous Ni-YSZ
anode is defect free.

Electrochemical Performance of SOFC Single
Cell

Table 1 shows the comparative
electrochemical performance of the coupon cells
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TABLE 1. Electrochemical performances of
anode-supported SOFC single cells (at 800°C, 0.7
V) with variable YSZ thickness

-Electrolyte Current Power density
Thickness densi (W/em?)
(um) (A/cm”)
40 1.00 0.70
30 ' 1.20 0.84
20 1.35 0.95
10 1.7 1.2

derived out from 10 cm x 10 cm single cells having
different YSZ thicknesses (10-40im) at 800°C. As
expected, -the electrochemical performance
improves with a decreasing electrolyte thickness and
for the cell having YSZ thickness of 20 im, a high
current density of 1.35 A/cm® with a power density
~0.9 W/em? is achieved at a cell voltage of 0.7V at
800°C. The electrochemical performance curves for
the coupon cells are shown in Fig. 6. The
electrochemical performance of single cell with
lowest possible YSZ film thickness (10 pm), as
achieved under the present investigation, has also
been tested. As shown in Fig. 7, a dramatic
improvement of cell performance is observed.
Current density as high as ~ 1.7 A/em® with a
corresponding high power density of ~ 1.2 W/cm®
are obtained at 800°C and 0.7 V. Although similar
high performance of SOFC is reported in the
literature, [7, 15, 16, 23, 24] in all those cases the
fabricated cell requires an active layer on the anode
side. However, under the conditions of the present
investigation, the anode-cermet has such a
microstructure that, even without any active layer,
fuel oxidation occurs favorably at the
anode-electrolyte interface so that the resistive and
polarization losses are low on the anode side of the
cell. Following the method of Kim et al.", the
current density dependant area specific cell
resistance (ASR) (Q-cm?) is calculated from the
linear portion of the I-V curves at all the operating
temperatures in case of coupon cells. Table 2 shows
the ASR values obtained for cells with 20 pmand 10
um thin YSZ films respectively. The obtained cell
ASR value which is essentially ohmic in nature,

1.2
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Fig. 6 Cell voltage and power density as a
function of current density for an
anode-supported single coupon cell (~ 16
mm dia.) with YSZ electrolyte thickness of
20 um measured at 800, 750 and 700 °C
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Fig. 7 Cell voltage and power density as a
function of current density for an anode-
supported single coupon cell (~ 16 mm
dia.) with YSZ electrolyte thickness of 10
um measured at 800, 750 and 700 °C

include resistance of the electrolyte, electrodes,
interfaces between the electrodes and the YSZ
electrolyte. It is well known that the electrolyte and
the cathode resistances increase while the anode
resistance decreases as the temperature decreases.
Thus, the overall ASR of the cell increases as the
temperature decreases. While varying thickness of
the electrolyte from 20 pm to 10 pm all the other
processing parameters are kept unchanged. In spite

IANCAS Bulletin

July 2009



TABLE 2. Area specific resistance, calculated
from the linear portion of the I-V characteristics
at different temperatures for anode-supported
SOFC single cells with varied YSZ thickness

Operating Area specific resistance
temperature (Q-cm?)
OC) . .
; Cell with 20 Cell with 10
pm YSZ um YSZ

800 0.262 0.205
750 0.418 0.274
700 0.511 0.420

of that a change of ASR value with temperature
decrease is not comparable. In fact, with 20 pm YSZ
the cell shows ASR value of ~0.262 Q-cm” and with
10 um YSZ the cell shows the ASR value of ~0.205

O-cm? at 800°C. While studying the effect of YSZ .

electrolyte thickness on cell performance Zhao and
Virkar [25] also concluded that cell performance
does not depend much on the electrolyte ohmic
resistance in low thickness level and morphology
and /or microstructures of different layers may vary
significantly even in identical fabrication steps to
influence the cell performance. Figure 8 shows
single-cell performance with current—voltage (I-V)
and current—power (I-P) characteristics having
LSCF based cathodes with CGO based interlayers.
In these cells, CGO interlayer is sintered at~1300°C.
It can be seen that while cell with such
nanocrystalline LSCF based MIEC cathode
produces a current density as high as ~ 2.4 Alem®
with a power density of ~ 1.7 W/cm?® when measured
at 800°C at a cell operating voltage of 0.7V. As the
operating temperature decreases, the cell
characteristics changes in similar fashion in all the
cells. The enhancement of the electrochemical
performance of the single cells using such MIEC
cathodes is believed to be primarily due to higher
electrocatalytic activity of the cathodes leading to a
reasonably high electrochemical oxygen reduction
reaction (ORR) of the oxidant fed at the cathode.

1.21— —|-2.Cl
1.5%
g . 1.0 %
s~ L 0.5 E
0.0

Current density (Alem’)

Fig. 8 Cell voltage and power density as a
function of current density for an
anode-supported single coupon cell (~ 16
mm dia,) with YSZ electrolyte thickness of
10 pm and CGO based Interlayer and
LSCF based MIEC cathode measured at
800, 750 and 700°C

Conclusions

Using simple and inexpensive techniques
Y SZ-based anode-supported single cell is fabricated
after optimizing various process parameters
including screen printing of cathode and cathode
active layer. These processing techniques produce
dense gas-tight YSZ thin film well bonded to the
support cermet anode. The microstructure of the
single cells is found to be very much helpful to obtain
high SOFC performance. Under the conditions of
the present investigation, high current density has
been obtained even without using any active layer on
the anode side of the fabricated cell. Thus, a current
density as high as~1.7 A/em?® with power density of
~1.2 W/em? at 800°C and 0.7V, is successfully
demonstrated using the fabricated cell with thinnest
possible YSZ thickness (~10 pm) as obtained. The
same anode-supported single cell when tested with
nanocrystalline LSCF based cathodes with CGO
based interlayers are found to perform much better
and a current density as high as ~ 2.4 Alem? with
power density of ~ 1.7 W/cm® is achieved at 800°C
and at 0.7 V. It is also observed that the performance
of the cell is size independent. The primary reason
for such high performance is believed to be because
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of the higher ORR of LSCF based MIEC cathodes at

the cell operating temperature than LSM based

conventional cathode. The area specific resistance
(ASR) obtained from the linear portion of
current-voltage trace show relatively low resistive
loss at different operating temperatures. As the
electrolyte thickness decreases the ASR value
decreases showing the reduced effect of electrolyte
resistance cdntribution.
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Fabrication of Cathode Supported Solid Oxide Fuel Cell

Introduction

It may not be an overstatement to say that the
SOFC is regarded as one of the most promising
renewable energy technologies for futuristic energy
generation. This is due to the fact the technology is
very promising not only being environmentally
benign, but also possesses immense potential for
utilization of various fuels (fuel flexibility); ability
to adapt to distributive power generations, thus
cutting down overall transmission losses; and posing
innovative design approaches to realize a spectrum
of power packs from few watts to megawatts level
[1-4]. All these factors have pushed research and
developmental efforts for commercially viable
integrated SOFC systems for stationary as well as
automotive applications [5-6].

Since the advent of solid oxide fuel cells
technology, various designs and configurations have
been invented and are under development. Though
the essential feature of all these designs remains a
gas-tight electrolyte layer sandwiched between

porous layers of cathode (air electrode) and anode
(fuel electrode), depending upon the shape, the
designs are termed as tubular, planar, spiral,
honeycomb etc [7-10]. Further, the design
configuration is also classified based on the major
component, which generally imparts strength and
structural support to all other components, and
therefore termed as electrolyte, anode or cathode
supported. Since it is beyond the scope of the present
paper to discuss design features of various
configurations, the text is restricted to cathode
supported SOFC cells.

This paper presents an overall view of various
designs and fabrication methods for manufacture of
cathode supported SOFC, being pursued at various
laboratories as well as commercial enterprises.

Salient Features of Cathode supported SOFC

As the name suggests, cathode supported
configuration of SOFC consists of thicker cathode
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cathode in a

Microstructure  of
cathode-supported tubular SOFC cell

(air electrode) which acts as main structural
component. The cathode thickness is generally of the
order of 1 mm. The dense, gas-impermeable
electrolyte layer is then applied on the cathode,
followed by porous anode layer. Besides the cathode
being thicker in dimensions, the cathode supported
SOFC has some salient features which are described
below.

Redox Stability

One of the major advantages of cathode
supported design is that the anode layer can be much
thinner, typically from 50-100 um. Such thin anodes
are easier to give rise to redox stability in the cell
[11]. In order to enhance service life ofthe SOFC, or
for commercial usage, a strong redox stability is a
must. It may be noted that reduction of NiO in the
SOFC anode gives rise to Ni, which is responsible
for anodic reaction. Anode re-oxidation, which
oceurs above ~500°C is associated with significant
volume increase. Repeated cycles of
oxidation-reduction build up cracks in the anode
resulting in failure of the components. A thin anode
layer in this regard is much preferred due to its better
stability. The microstructure of anode is also
requires to be finer with smaller pores than that of
anode supported cells.

Cathode Microstructure

On the other hand, the thicker cathode requires
enough porosity or permeability for oxygen to reach
to the electrolyte — cathode interface, and therefore,
cathode should have porous structure with large
pores. Various types of pore-formers or a
combination of them have been in use for designing
cathodes with higher performance [12-13]. For a
higher cathode performance, large area of
triple-phase boundaries (TPB) is required. This is
generally achieved by mixing fine particle of YSZ
with LSM in intimate mixtures. The microstructure
significantly effects cathodic performance, as
evidenced by using electrical impedance
spectroscopy. In order to combine benefits of large
TPB which also has finer microstructure and thus
small size pores, and larger pores for facilitating
oxygen / air to the interface, use of graded porosity is
prevalent. Fig. 1 shows a typical microstructure in a
cathode supported cell.

Cathode Electrolyte Interaction

Interaction of cathode with electrolyte during
manufacturing as well as in-service, is one of the
major performance limiting concerns, particularly
for cells with YSZ as electrolyte and LSM as
cathode. It has been well proven that reaction of YSZ
with LSM at temperatures beyond 1350°C give rise
to insulating phases such as La,Zr;O7 [14-15].
Occurrence of this phase reduces the conductivity of
cathode which in turn gives rise to large parasitic
resistance and finally resulting in loss of power
output from the device. Maneuvering chemical
composition of LSM, viz. incorporation of ‘A’-site
deficiency in the composition of (La,Sr)MnOs has
been reported to avoid formation of zirconate phases
[16]. Incorporation of interlayer such as gadolinia
doped ceria (GDC) between cathode and electrolyte
has been actively pursued to avoid formation of
undesirable phases [17]. Further, research is also
being carried out on materials such as cobaltites,
nickelates and ferrates to replace LSM and thus
overcome the problem of LSM-YSZ interation
[18-19].

Cathode Supported Designs

The cathode supported designs of SOFC can be
classified into following broad categories:

L
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Cathode interconnection

Electrolyle
Alr
electrode
(cathode)

Alrflow Fuel electrode (anode)
Fig. 2 Schematic of cathode supported tubular
SOFC cell of Siemens

(i) Tubular

(ii) Micro-tubular
(iif) Honeycomb

(iv) Delta tubes

The tubular design is the most popular for
cathode supported cells. This concept was first used
by Westinghouse (later Siemens-Westinghouse).
Fig. 2 shows a typical cathode supported cell. The
cathode tubes are manufactured by extrusion
process. In order to make tubes of LSM by extrusion,
the powder is mixed with suitable binder and
additives, along with pore formers and extruded into
tubes of required dimensions, followed by sintering.
During sintering, the binder and pore formers
evaporate giving rise to porous tubes. The porous
tubes are then applied with dense strip of
interconnect (doped lanthanum chromite) using
plasma spray process. The interconnect is essential
for series connection of tubes. Subsequently, dense
coating of electrolyte is applied on the LSM part of
the tubes, masking the interconnect. Siemens has
developed electro-chemical vapor deposition
(ECVD) process for electrolyte coating. The process
yields thin (~5-10 pm) layer of impervious YSZ
electrolyte. The outside part of tubes is finally coated
with NiO-YSZ composite which results in Ni-YSZ
anode during in-situ reduction. Current design of
Siemens has tube nominal diameter 2.2 ¢cm and
length 59 cm. One single tube gives 210 W dc power,
and a bundle of 24 cells is 5 kW. Fig. 3 shows a stack
of tubular cells as manufactured by Siemens [20].

Nickel conneclor

Fig. 4 One-end closed tube of LSM made by CIP

Another method of preparing one-end closed
tubes is cold iso-static pressing (CIP) technique. In
this technique, the powder is filled in flexible rubber
moulds with metallic mandrels and iso-statically
pressed. The green tubes are sintered to obtain
sintered porous tubes. One-end closed tubes made
by CIP are shown in Fig. 4.

Various techniques are being developed for
obtaining dense, impervious electrolyte coating on
porous LSM tubes, besides the ECVD process.
These include dip coating, electrophoretic
deposition and spray-deposition [21-22].
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Fig. 5a Microstructure of anode layer
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Fig. 5b Anode coating on electrolyte layer

Fig. 5 (a-b) shows microstructure of anode
coating by dip coating process. The coating appears
to be uniform and adherent on the electrolyte layer.

Pre-commercial demonstrations trials by
Siemens on various capacity stacks have been taken
up and as of now, 250 kW stack have been operated
for more than 1000 h, whereas 125 kW systems
logged on more than 12000 h successfully.

Another design configuration for cathode
supported SOFC is micro-tubular concept. The
distinction between tubular and micro-tubular has
been made intentionally to emphasis the
considerably small size of the later which also effects
manufacturing process. The major advantage in

Fig. 6  Honeycomb structure of cathode supported
SOFC [23]

W % F | Y P %

Fig. 7 A view of delta SOFC cells [25]

micro-SOFC is the high surface area to volume ratio
which is responsible for high volumetric power
density of the device. Tubes of the diameter ~ I mm
are extruded and coated with dip-coating or
electrophoretic deposition. Many such tubes joined
in series and parallel form the stack.

Another innovative design for cathode
supported SOFC is the honeycomb configuration. In
this design, a perforated grid of LSM is made as
shown in Fig. 6. The grid holes are subsequently
coated with electrolyte and anode to give rise to fuel
cell stack directly [23].

Another coming up design of cathode
supported SOFC is ‘delta tubes’, innovated by
Siemens under the SECA program of U.S.
Department of Energy [24]. Fig. 7 shows a view of
delta tubes [25]. Alternative channels of the delta
tubes permit flow of air and fuel gases.

Summary

Cathode supported cells occupy significant
part of the SOFC development efforts being made
worldwide. Various designs are being evaluated and
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pre-commercial trials are carried out in several
laboratories all over the world. Research is in
progress to enhance power out put by maneuvering
microstructures as well as to find better cathode
materials.
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Alternate Possibilities for Electrodes and Membranes for
Direct Methanol Fuel Cells

Abstract

Direct methanol fuel cells (DMFC) are one of
the viable alternatives to the hydrogen oxygen fuel
cells which can be easily adapted to the existing
infrastructure of distribution and storage. Unlike the
hydrogen oxygen fuel cells in its various forms,
DMFC has not received considerable attention.
However, like the hydrogen oxygen fuel cells, the
commercialization of DMFC has also met with
considerable barriers and two of the. important
aspects of DMFC are the electrodes for both fuel
oxidation and also for oxygen reduction and the
membrane. In the case of the membrane, the
available Nafion membranes allow the cross over of
methanol from anode to cathode thus not only
inhibiting the cathodic reduction of oxygen but also
generate mixed potential which is affecting the
efficiency of the resulting Fuel cell. The purpose of
this presentation is to examine the alternate
possibilities for these two applications in DMFC.
However the alternatives considered are only meant
to give one the direction for future research and they
are not the end of the search itself. The alternatives
proposed for the anodes are directed to
functionalization of the support so as to sustain
appropriate nanosize of the Pt clusters. The cathode
selection is based on non noble metal cluster systems
which possess similar properties like that of Pt. The

search for alternate membranes based on hybrid
systems has been pursued vigorously. However the
hybrid membranes may not compete with Nafion in
the values of conductivity but can exhibit better
‘selectivity’, a compound property reflecting proton
conductivity and methanol cross over.

Introduction

Fuel cells have been conceived to be possibly
clean, efficient and silent energy conversion
technology, which possibly can meet the various
demands for energy even though not fully [1]. The
anxiety and expectations with respect to their
commercial introduction in fransport sector and
stationary applications have to be put off (from 2003
and 2001 respectively) since a viable and commonly
adoptable technology has not yet evolved for this
energy conversion device [2]. However, there are
indications that this technology may become viable
in the near future though the date of adaptation has
been put off a number of times in the past and may
possibly happen in the future too. There are a number
of barriers for commercial adaptation of fuel cells. In
this presentation, it is the intention to bring out two
important. aspects of Direct Methanol Fuel Cells
(DMEFC) that may be primarily confributing to the
barrier for early commercialization.
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Before one considers the two important aspects
(considered in this presentation) namely
development of cost effective, efficient and
catalytically most active electrodes and viable
membranes, it is necessary that some details of
DMEFC is considered. In Fig 1 a general schematic
representation of a DMFC is shown.

The electrochemical reactions taking place in
DMFC can be written [3] as:

CH;OH + H,0 - CO, +6 H' +6 ¢ E°=0.016 V
3/20,+ 6 H+ 6 ¢ = 3 H,0; °=123V

CH;0H +3/2 0, = CO, + 2 H,O; E°=1214V

It is seen that DMFC provides similar voltage
like that of hydrogen oxygen fuel cell and also has
the flexibility that the existing infra structure for
distribution and consumption can be easily adapted
for the change over to methanol from the current
liquid fuels [1]. Technically speaking DMFC is
similar to Polymer Electrolyte Membrane Fuel Cells
(PEMFC), though instead of hydrogen, one employs
methanol and hence produces carbon dioxide. It is
possible to develop DMFC for some portable
applications in the range of 1-100W. 31

Seats of Electrochemical Reactions in Fuel Cells

In any electrochemical cells, the electron
transfer reactions occur at the electrode/ electrolyte
interface. In the fuel cells the oxidation of the fuel
occurs at the anode and the reduction of the oxidant
(molecular oxygen) takes place at the cathode. It is
generally perceived that the oxidation of the fuel is
important and hence more attention is given for the
development of suitable catalyst containing
electrodes for the oxidation of methanol. The design
and development of suitable anodes for methanol
fuel cell had been one of the prime tasks of
researchers. They have brought into application the
concepts available in the catalytic oxidation of
methanol for designing suitable anodes for DMFC.
However there are various other limitations for the
development of viable DMFC. In Table 1 these have
been listed for convenience [4].

Any fuel cell electrode development has to
start with the development of suitable support for
effectively dispersing the noble metal and also to
functionalize them for subsequent interaction and

Anode JCaThode

CO; H.O
CH;OH y
Oz(A
Hzo i 3 2( ol
e ?
ki Electrolyte

Fig. 1 A schematic diagram of a Direct Methanol
Fuel Cell. (Reproduced from B.
Viswanathan, M. Helen and S. Srinivasa
Murthy, ‘Photo/ Electrochemistry &
Photobiology for Environment, Energy &
Fuel’ (2005) 61.)

TABLE 1. Limitations in the development of a
viable DMFC

e Sluggish methanol oxidation (anode) kinetics:

e 6 electron transfer
e formation of CO as an intermediate in the
multi-step methanol oxidation mechanism
— poisoning of catalyst
e Large methanol crossover through the
membrane:

Linked to the electro osmatic drag
decreases fuel efficiency

may poison the cathode

creates mass transport problems. at
cathode layer by wetting hy roghobic gas
channels, leading to increased flooding

e Cost of electro-catalysts

activation of the fuel molecule. The conventional
support in fuel cells is carbon. The desirable

characteristics of carbon supports are summarized in

Table 2.

TABLE 2. The Role and characteristics of
Carbon support for fuel cell applications

e High surface area ( the desirable ranges are
1000s m*/g)

e High dispersion of noble metal particles to
reduce the extent of noble metal loadings (in
DMFC normally 1.5mg/cm” are employed)
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e Avoid the agglomeration of the metal particles
during operation, functionalize the noble metals
so that they provide effective sites for activation
of fuel molecules

e Good stability of electro-catalysts for long term
use in fuel cells

e Improved activity of electro-catalysts through
the metal support interaction

e Lower the resistance of mass transport — avoid
any physical control of the electrochemical
reaction

e Always superior to the respective unsupported
systems

e Shorten the time of DMFC commercialization

e  Electrochemical properties — carbon materials
have a wide electrochemical potential window

enabling a variety of substrates or fuels to be
employed.

e Carbon supports have desirable chemical
properties especially considerable corrosion
resistance

e Appropriate electrical properties for use as
electrodes - Good conductivity

e Mechanical properties - Dimensional &
mechanical stability and Light weight &
adequate strength

Among the various types of carbon materials
available today carbon nanostructures have received
considerable attention as electrochemical electrode
support due to the desirable characteristics given in
Table 3 [5].

TABLE 3. Characteristics of Carbon nanotubes
as an electrode support in fuel cells

e Mesoporosity (2-50 nm)

o Improved mass transfer

e  Better dispersion

e Surface bound groups

e High accessible surface area

e  High purity — avoids self-poisoning
e Good electronic conductivity

Alternate Anodes for DMFC

Having decided on the nature of the carbon
support for fuel cell applications a synthetic strategy
has been evolved for the development of anodes for
DMFC which consisted of preparing the
functionalized carbon nanotubes and loading the
noble and other active species on them. Four

different kinds of nitrogen containing carbon
precursors are chosen to make nitrogen containing
carbon nanotubes [6]. The details of the synthesis
strategy adapted are given elsewhere [4, 7, and 8].
The results obtained using in the oxidation of
methanol on these materials as supports for Pt are
given in Table 4.

It is seen that the Pt loaded on nitrogen
containing carbon nanotubes shows higher activity
for methanol oxidation as compared to the catalyst
where Pt is loaded on commercial carbons without
nitrogen and also even in nitrogen containing
carbons, there is an optimum amount of nitrogen
where the dispersion of Pt (in terms of size and
activity) is best suited for methanol oxidation.

TABLE 4. Electro-catalytic activity of the
Pt/N-CNT electrodes in comparison with
commercial catalysts for methanol oxidation
[7,8].

Electrode Nitrogen | Activity Ip
content | (mA/cm?)
Pt - 0.076
IGC/ETek 20% Pt/C Naf - 1.3
GC/CNT-Pt PPP-Naf 0.0 12.4
GC/CNT-Pt PVP —Naf 6.63 16.2
GC/CNT-Pt PPY —Naf 10.5 214
GC/CNT-Pt PVI-Naf 16.7 18.6

PPP - poly (paraphenylene); PVP- Poly (vinylpyrolidone); PPY —
Polypyrrole; PVI - Poly (vinylimidazole).

When normally alloy system is employed as
anodes like Pt-Ru, the main focus appears to exploit
the bifunctional mechanism so that the formed CO
could be removed and oxidized at the alternate
metallic sites. However, it is also possible to use
unconventional supports like metal oxide nanotubes
like TiO, or WO; which will facilitate the spillover
route (both hydrogen and oxygen) and thus can be
expected to exhibit enhanced anodic oxidation
activity. In order to test this hypothesis, titanium
oxide nanotubes were preformed in the pores of
alumina membrane and then subsequently loaded
with Pt using H,PtCle. Similar strategies were
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adapted for the preparation of other oxide nanotubes.
The results obtained on these types of systems are
given in Tables 5 and 6 [4].

TABLE 5. The activity of Pt/TiO; nanotube for
electrochemical oxidation of methanol

Electro-catalyst | Anodic scan | Anodic peak
F peak potential | current density
(V) vs. (mA cm™?)
Ag/AgCl
Bulk Pt — 0.16
R0 % Pt/C 0.762 1.3
Pt/Ti0, nanotube 0.680 13.2

TABLE 6. Electro-catalytic activity of Pt/WO;
nanorods and Pt/C for methanol Oxidation

Electro-catalyst | Pt loadir;g Specific
Pt/C , 20 29.5
PY/WO;, nanorods 20 62.0

The promotion effect of TiO, nanotubes in the
methanol oxidation can be rationalized on the basis
of Strong Metal Support Interaction (SMSI) as well
as the OH adsorption on Ti ion site facilitating the
oxidation of CO on Pt sites which are otherwise
poisons the metallic sites and thus renders these
metallic sites unsuitable for methanol oxidation. A
pictorial model of these postulates is given in Fig.2.

HO_ CO)
P®0 Pb
TiO, Nanotube

Fig. 2 A possible mechanism for the removal of
CO poisoning  intermediates  during
methanol oxidation over TiQ; nanotube
supported Pt catalysis.

The step envisaged is:
Pt-CO + OH(ads) — PtCCCCO, + H" +e-

OH (ads) forms on TiO; surface and oxidizes Pt-CO
by a combination of metal support interaction
(SMSI) and OH adsorption on TiO,.

It is possible that a variety of other exotic anode
electro-catalyst may be developed with increased
activity and also considerably reducing the noble
metal loading (say in sub-milligram scale) without
sacrificing the activity and long term stability of the
electrodes.

Recent Developments in Cathode for DMFC

As pointed out, it is the oxygen reduction
reaction that is sluggish and requires development of
most efficient catalysts. Designing catalysts that can
operate efficiently and last a long time is a barrier to
making fuel cell technology commercially viable.
Though platinum is the natural choice its cost and
also its life time are the two limiting factors. In spite
of all the developments, nearly upto 40% of the fuel
cell’s efficiency is lost in the cathode. Hence,
according to Shouheng Sun (Professor at Brown
University) the cathode reaction [9] “is a crucial step
in making fuel cells a more competitive technology
with respect to internal combustion engines and
batteries”. The group at Brown University has
designed an exotic catalyst system based on the core
shell model where in the core is generated from iron
pentacarbonyl and shell of platinum was obtained by
the decomposition of platinum acetylacetone, thus
effectively reducing the extent of use of platinum to
the extent of 30%. These authors have claimed that
the catalyst system that they have developed is 12
times more active and is stable over 10,000 cycles
which are remarkable considering the current status
of the possible oxygen reduction electrodes
available today. In fact as early as 2000, Jens
Rostrup-Nielsen has pointed out that the designing
of effective catalyst for the oxygen reduction
reaction is a dream for the researchers for over past
five decades. Numerous reports have dealt with the
preparation and functioning of noble and non-noble
metal based catalysts (especially the control of the
size of the metal particles) for oxygen reduction
reaction. Among them Pt-Ir showed the highest
voltage of 1.75 V (at 80°C /1 mg/em” loading) [10].
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Materials with physical and chemical properties
approximating to those of noble metals and whose
electronic configuration is related to the noble
metals are being explored. So far the general criteria
for choosing the materials for ORR include high
electronic conductivity, thermal stability and also
the chemical stability in acidic environment. The
suitability of the noble metal based catalysts has
been evaluaged by several research groups. All these
studies based on noble metal catalysts could only
improve and enhance the output voltage by only 0.2
V. However, the aimed improvements in the fuel cell
out put is over shadowed by the attended increase in
cost as a result of the complex methods of
preparation and also the instability of the catalyst to
the unfavourable environment of the reaction. Non
noble metal based materials are abundant in nature
and also are cost effective than the noble metal based
materials. The search for the non noble metal based
materials is important due to the fact that they do not
lose their reactivity and the productivity when they
are employed in the methanol based fuel cells.
Venkateswara Rao [11] has carried out ORR on
various sizes of Pt particles supported on carbon
[2.0,2.5,3.5,4.0, 5.0 and 6.0 nm]. The Pt/C catalysts
were synthesized and their reactivity was measured.
The highest ORR activity (4.3 mAcm™ at 0.7 V
NHE) was exhibited by Pt with a particle size of 3.5

nm. In addition some complexes of Pt have also been
studied for more than two decades. According to
Yang etal., [12] ORR has been carried out on Pt and
Pt Ni complexes. The observed results indicated that
the output voltage is only 0.9 V which is numerically
greater than the reports of Stamenkovic et al [13],
and Mukerjee and Srinivasan. [14]. The
bi-functional mechanism of Pt/Ru catalyst has been
studied extensively. According to these studies a
Pt/Ru ratio 90:10 is the most effective stoichiometry
for methanol electro-oxidation. Two effects were
considered for the superior activity of binary Pt-Ru
catalysts: the ligand effect and the bifunctional
mechanism. Chalcogens appear to have most of the
features expected for ORR catalyst. Since the
complex Pt-Ru-chalcogen showed enhancement in
the ORR activity, several groups have worked on
similar materials and the variation in composition of
the constituents and preparation methods have been
documented [11]. In spite of all these efforts, there
are still some aspects of oxygen reduction reaction
that have to be fully understood.

Recently, taking clue from biological systems,
various nitrogen containing complexes have been
tried as catalysts for ORR [15]. The
tetramethoxyphenylporphyrin and phthalocyanine
complexes of iron and cobalt have been examined as

TABLE 7. Estimated metal and nitrogen content, on set potential for oxygen reduction and ORR
activity of catalysts generated from Fe- and Co- TMPP systems and that of commercial Pt Catalyst.

Metal Nitrogen | Onset Potential in | ORR activity at 700 mV
loading (%) | content (%) | mV versus NHE versus NHE in mAcm™
CDXI1-FeTMPPCI (UT) 2.01 2.0 +810 0.2
CDX2-FeTMPPCI(UT) 2.03 2.0 +830 0.4
CDX1-FeTMPP (HT) 1.96 1.9 +840 4.2
CDX2-FeTMPP (HT) 1.97 1.9 +870 4.9
CDX1-CoTMPP (UT) 1.98 2.0 +740 0.2
CDX2-CoTMPP (UT) 1.97 2.0 +760 0.3
CDX1-CoTMPP (HT) 1.89 1.9 +795 32
CDX2-CoTMPP (HT) 1.9)3 1.8 +860 4.5
Pt/Vulcan XC72R 2.07 — +915 49
(E-TEK)

UT= untreated; HT= heat treated; (Fe TMPPCI = (C4sH3N,04FeCl); CDX1 is a commercial carbon as received sample from Columbian

Chemicals company and CDX2 is the same oxidized carbon- support)
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Fig. 3 Polarization curve of heat-treated MTMPP

(M = Fe and Co) supported on as- received

and oxidized carbon catalysts:

(a) CDX1-FeTMPPCI(HT),

(b) CDX2-FeTMPPCI(HT),

(c) CDX1-CoTMPP(HT) and

(d) CDX2- CoTMPP(HT) in O>- saturated

0.5 M H,SO,; Scan rate — 10 mVs”

ORR electrodes, especially the heat treated samples
which could generate the metal nitrogen clusters
which exhibited considerable ORR activity.

Typical results obtained for ORR activity of
iron and cobalt tetramethoxy phenyl porphyrin
complexes are given in Table.7. The point that
emerges from the results given in this table is that the
heat treated tetrmethoxyphenylporphrin complexes
of iron and cobalt show ORR activity comparable to
that commercial Pt catalyst thus showing that it is
possible to generate appropriate non noble catalyst
systems for oxygen reduction reaction in Fuel cells.
Itis also to be noted that the activation barrier may be
reduced on non-noble metal catalyst systems as
compared to the commercial Pt catalysts.

The diffusion limited plateau polarization
curves for carbon supported catalysts are shown in
Fig. 3. The model proposed by Jiang and Anson [16]
shows that the plateau is inclined when the
distribution of active sites is less uniform and the
reaction is slower. A steep reduction wave similar to
that observed on Pt catalysts is seen on these
catalysts systems which have been supported on
HNO, treated oxidized carbon. It has been deduced
that the presence of quinine type species with well
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Fig. 4 The synthetic strategy employed for the
preparation  of  hybrid membranes
(Adopted from S. Shanmugam, Some
device applications of (embedded) metal
oxygen cluster compounds. PhD thesis,
Indian Institute of Technology, Madras
(2004).

dispersion of MN, species may be responsible for
the observed ORR activity. The surface oxygen
functionalities generated by the nitric acid treatment
may be facilitating the dispersion of MN, type
species without much agglomeration of the active
species.

It is therefore possible that alternate Oxygen
Reduction electrodes without the use of noble metals
can be successfully developed and exploited in
DMFC.

Studies for Membrane Development

In order to avoid the complete monopoly of
Nafion membranes, the concept of hybrid membrane
has been introduced. The conceptual framework for
this development is shown in Fig. 4.

The development of hybrid membranes. with
inorganic organic components with active moiety
has gone through a step wise process as shown in
Fig. 5 in order to eliminate the drawbacks normally
found in the developed membranes. In this exercise,
the methanol cross over from anode to cathode has to
be considerably reduced as compared to what is
achieved in commercial Nafion 115 membranes.

Various types of membranes have been
developed for deployment in DMFC. Poly vinyl
alcohol (PVA)-based systems [17] have been tried
but the strong hydrophilic characteristics and the
swelling behaviour in aqueous solutions have been
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Fig. 5 The five-step process for the development
of hybrid membrane.

the main drawbacks for their direct use in DMFC. A
set of hybrid membranes with different blend ratio of
PVA and polyacrylonitrile with proton conductors
based on heteropoly acids has been designed and
prepared. The properties of the developed
membranes are given in Table 8, together with the
values for Nafion.

Using these hybrid membranes, methanol
cross over studies have been carried and the results
obtained for some typical systems are shown in
Fig. 6. and follows the order PVA-PAN--

CsSTA-Glu < PVA-PAN--CsPTA-Glu <
PVA-PAN--CsPMA-Glu < Nafion 115. The
selectivity defined as the ratio of conductance and
the methanol cross over is also another parameter for
selecting membranes for DMFC application. The
data for the hybrid membranes are shown in Fig. 7.
All the designed membranes outperformed Nafion
115. The high selectivity of the hybrid membranes is
attributed to the dense interpenetrating network that
is formed, leading to low methanol permeability.

Epilogue

The purpose of this presentation is to provoke
alternative thinking for the conventional Pt based
electrodes and Nafion membranes for DMFC. The
postulates and principles enumerated in this
presentation are only indicative conceptual
possibilities and certainly not the exhaustive listing.
It is clear that alternative most active, efficient, cost
effective electrodes and membranes may be
developed in the future and the DMFC will become a ‘
viable alternative energy source.

TABLE 8. Water uptake, Methanol uptake, Swelling and Ton-Exchange Capacity (IEC) values for
different hybrid membranes compared with that of Nafion 15

Membrane Water uptake Methanol Swelling IEC meq.g!
(%) uptake (%o) (%)
Nafion 115 ' 22 80 12 0.9
PVA(90)-PAN(10)-CsPMA-Glu 46 5.7 4 0.61 -
PVA(80)-PAN(20)-CsPMA-Glu 30 4.2 24 0.59
PVA(70)-PAN(30)-CsPMA-Glu 21 22 2 0.55
PVA(90)-PAN(10)-CsPWA-Glu 34 6.5 3.6 0.7
PVA(80)-PAN(20)-CsPWA-Glu 27 4.9 2.2 0.65
PVA(70)-PAN(30)-CsPWA-Glu 18 3 1:7 0.62
PVA(90)-PAN(10)-CsSWA-Glu 30 8 2.4 0.74
PVA(80)-PAN(20)-CsSWA-Glu 25 6.5 2 0.7
PVA(70)-PAN(30)-CsSWA-Glu 16 4.6 1.3 0.7

CsPMA: CSPWA and CsSWA — Cesium salt of phosphomolybdic acid: phosphotungstic acid and silicotungstic acid respectively. Glu -

glutaraldehyde
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Fig. 6 Methanol  permeability of  hybrid
membranes with different blend density
compared with that of Nafion 115.
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Introduction

Fuel cells have emerged as an alternative
source of energy/energy conversion devices in
portable as well as stationary mode. A variety of fuel
cells such as phosphoric acid fuel cell (PAFC),
alkaline fuel cell (AFC), molten carbonate fuel cell
(MCFC), solid oxide fuel cell (SOFC) etc. have been
developed and a few of them are commercially
available. Other than PAFC, all the commercially
available fuel cells such as MCFC or SOFC operate

at high temperatures and therefore their use remains -

limited to stationary power generation applications.
Electrolyte leakage is a major drawback of'the liquid

electrolyte fuel cells. Proton Exchange Membrane -

Fuel Cells (PEMFCs) otherwise known as solid
polymer electrolyte fuel cells can operate at
temperatures close to 80°C. It has large number of
applications in civil, aviation and military areas both
in portable and stationary power generation mode.
Constant research and development activities across
different laboratories of the world are in progress to
prepare cost effective eco-friendly membranes to
make affordable PEMFCs. This article provides a
brief overview of the development of PEMFC,
particularly with the emphasis on membrane
development.

Polymer Electrolyte Membrane Fuel Cell

Fuel cells are electrochemical devices that
convert the chemical energy of a reaction directly
into electrical energy. The basic physical structure or
building block of a fuel cell consists of an electrolyte
. sandwiched between two porous electrodes, the
anode and the cathode (Fig. 1(a)). The key
components of the fuel cells are the electrolyte (Fig.
1(b)), the electrode layer (cathode and anode) which
forms the integral part of the electrolyte and known
as membrane electrode assembly (Fig. 1(c)), the gas
diffusion layer made up of porous carbon and bipolar
plates to make contact with the adjacent fuel cells
when connected in series.

The anode and cathodes have Pt or Pt/Pd metal
catalyst to facilitate the reactions. At anode the
hydrogen is oxidized to produce protons (H; — 2H"
+ 2", the electron travels through the external
circuit whereas the proton diffuses through the
electrolyte to the cathode and reacts to form water
(2H" + %0, + 2e- — H,0). One of the key
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Fig. 1  (a) Schematics and (b) parts of Fuel Cells
and (c) membrane electrode assembly
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components in this cell is the solid polymer
electrolyte (SPE) which is also known as polymer
electrolyte membrane and therefore the cell is
known as Polymer Electrolyte Membrane Fuel Cell
(PEMFC).

 Advantages

Solid membranes similar to ion exchange
membrangs and capable of transporting ions would
be ideally suited as solid polymer electrolyte in the
fuel cells. The disadvantages of the liquid electrolyte
fuel cells are circumvented by the use of the
electrolyte in the solid form. The advantages of using
solid polymer electrolyte over that of the liquid
electrolytes are

e No electrolye leakage and the associated
problems of corrossion.

e No change in the concentration of the
electrolyte either by dilution by water generated
at cathode or by drying due to high temperature.

e No special requirement of sealing

e Solid polymer electrolyte membrane act as
separator for hydrogen and oxygen preventing
their mixing

e Having a low permeability for gases, prevent
gas Crossover

e Fuel cells can be handled ruggedly in field
conditions (e.g., dropping from helicopter)
without suffering from mechanical failure such
as liquid spillage.

e  Simplified electrodes manufacturing process.

History of Development of SPE

The initial stages of electrolyte membrane
development for fuel cell started in 1959 with
phenol-formaldehyde membranes. These
membranes had low mechanical strength and
lifetime of 300-1000 h with power density of
0.05-0.1 kWm™ [1]. Later partially sulfonated
polystyrene membranes were developed to improve
the power density to about 0.4-0.6 kWm™. [2].
However, these membranes were brittle and lead to
mechanical failure of the fuel cells. Cross-linked
polystyrene-divinylbenzene sulfonic acid
membranes resulted in the improvement of the
mechanical strength and lifetime of the fuel cells.
They exhibited lifetime in the range of 1000 to
10,000 h at a power density of 0.75-0.8 kWm™ [3].
Although there are few anion exchange membranes

being developed as solid polymer electrolyte, this
article essentially deals with the research in the area
of cation exchange membranes. The R&D efforts
were directed towards to achieve

e High proton conductivity to support high
currents with minimal resistive losses and zero
electronic conductivity

e  Hydration: proton transport takes place as H;0"
in the membrane; therefore, higher conductivity
is obtained at higher hydration. Drawback of
very high hydration is cathode flooding due to
electro-osmotic drag of water which increases
with hydration.

e Adequate mechanical strength and stability to
avoid mechanical failure in the fuel cells and
prevention of accidental mixing of gases.

e Lower thickness: implies lower membrane
resistance, faster water equilibration, also
reduces electro-osmotic drag.

e Chemical and electrochemical stability under
operating conditions, e.g., stability to peroxides
which are produced due to fuel crossover.

e Form stability: Low swelling/deswelling, to
maintain form stability and good moisture
control. Large volume/area change during
swelling or deswelling results in rupture and
mechanical failure of the fuel cells.

e Extremely low fuel or oxygen by-pass to
maximize columbic efficiency as well as reduce
peroxide formation, which lead to chemical
degradation of the membrane and reduction in
the membrane life time.

e Low cost: this is extremely important for
commercialization of the fuel cells.

In 1970 Du Pont De Nemorous Co. invented
perfluorosulfonated membrane named “Nafion®”
that not only showed a two-fold increase in the
specific conductivity of the membrane but also
extended the lifetime by four orders of magnitude
(10°-10° h).

Perfluorosulfonated Membranes

Perflurosulfonated membranes were
synthesized from tetrafluorocthylene as a starting
material. These membranes have a PTFE like back
bone with side chains terminating with sulfonic acid
groups. Besides Du Pont, Asahi glass and Dow
chemicals also developed similar membranes.
However, the length of the side chains and the
distance between the side chains were different
(Table 1) [3]. The equivalent weight of these
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TABLE 1. Schematic structure of perfluorosulfonic acid membranes manufactured by different

companies.

—%EF;CF;H&F;TP-}-},—
—{OCF,CF }—0—{-CFy7;-S0:H

r

Fy

Structure parameter

Trade name and type

Equivalent weight Thickness (ym)

DuPont
Nafion 120
Nafion 117
Nafion 113
Nafion 112

m=1,r=3-133,
e dayr=l

Asashi Glass
Flemion-T
Flemion-5
Flemion=R

=0 1, n=1-5

m=n

x= 1.5-14 Aciplex-S

Dow Chemical
Dow

m=0,n=2,
x=3.6-10

3.5, Asashi Chemicals

1200 260
1100 175
1100 125
1100 80
1000 120
1000 50
1000 50
1000 ~ 1200 25100
800 125

electrolyte membranes ranged from 800 to 1200
g/equivalent of protons in dry form. Thickness was
in the range of 50 to 260 um. Apart from
perfluorosulfonated membrane like Nafion there are
several other electrolyte membranes made from
either perfluorinated or non fluorinated chemicals
and are commercially available. Some of these
electrolyte membranes are given in Table 2
[3]. These membranes were thoroughly studied for
their structure by various experimental techniques,
e.g., small angle X-ray scattering. The structure of
the perfluorosulfonated polymer was found to be
unique. A schematic of the cluster network model is
depicted in Fig. 2 [4]. The backbone PTFE like
structure forms the hydrophobic moieties and the
side chains forms the partially hydrophilic region.
The sulfonic acid groups forms clusters in the
presence of water. The overlapping clusters form a
transport channel responsible for the proton
transport in the membrane. Since the proton
transport takes place through the cluster region, the

conductivity is highly sensitive to the water content
of the membrane.

Development of Alternate SPE

The fluorinated polymers have shown the best
of the performance in the fuel cells (>5000 hrs of
operation).However, there is a need to develop
alternate non fluorinated polymers.Besides high
cost, the fluorinated membranes contribute to
environmental burden during their preparation as
well as disposal of the polymers. It is recently
reported that fluorinated compounds such as
hydrofluoric acid and other fluorinated fragments
[5] are released in the water during operation as well.
There has been a constant effort to develop new
types of electrolytes and is evident from the
increasing number of publications over the years
(Fig 3). Some of these electrolytes have been
classified based on the polymer types or methods of
preparation and shown in Fig. 4. The method of
preparation of these polymers is tabulated in Table 3.
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TABLE 2. Commercially available SPE materials

Membrane Membrane IEC Thickness | Gel | Conductivity Manufacured by
Type meq./gm (mm) water (Scm) at
(%) 30°C 100%
RH
K101 Sulfonatd 1.4 0.24 24 0.0114 Asahi Chemical
Polyarylene Industry Company Ltd.,
P Chiyoda-ku, Tokyo,
Japan
CMV Sulfonated 2.4 015 25 0.0051 Asahi Glass Company
polyarylene Ltd., Chiyoda-ku,
Tokyo, Japan
DMV Sulfonated - 0:15 - 0.0071
polyarylene
Flemion Perfluorinated - 0.15 - - )
MC 3470 - 1.5 0.6 35 0.0075 Ionac Chemical -
Company, Syborn
MC 3142 | - 1.1 0.8 - 0.0114 Corporation, USA
61AZL386 | - 2.3 0.5 46 0.0081 Ionics Inc., Watertown.
MA 02172, USA
61AZL389 | - 2.6 14.2 48 ¢ -
61CZL386 | - 2.7 0.6 40 0.0067 .
N 117 Perfluorinated 0.9 0.2 16 0.0133 Du Pont Company,
2 Wilmington, DE
N 901 Perfluorinated 1.4 0.4 5 0.01053 19898, USA
R-1010 Perfluorinated 1:2 0.1 20 0.0333 Pall RAI Inc.,
Hauppauge, NY 11788,
USA

Fig. 2 Phenomenological sketch of the nano
structure in NAFION.

Tnitial development of the solid polymer
electrolyte started with partially sulfonated
polymers, e.g., partially sulfonated polystyrene.
However, these sulfonated polymers displayed weak
mechanical property. The mechanical strength and
chemical stability [6] were improved by grafting
onto fluorinated polymers such as poly(vinyledene

“*fluoride) or fluoro-ethylene-propylene copolymer
(FEP). The polystyrene based polymers suffered
degradation due to peroxide attack on the o carbon
atom. M/s Ballard Power overcame this issue by

replacing the hydrogen by fluorine, i.e

a,B,B-trifluorostyrene, which offered excellent
stability.
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Fig. 3 The number of references found in the
scientific database ‘Sciencedirect’ by using
the combination of the words: ‘polymer’,
‘fuel’ and ‘cell’

Desalination Division of BARC, on the other
hand prepared poly(a-methyl styrene) in the
laboratory which was then partially sulfonated to
produce the polymer [7]. Sulfonated poly(ether
etherketone) (SPEEK ) which was also studied,
showed improved degradational stability. The
conductivity of these polymers were
lower.However, attempts to improve the ion
exchange capacity and hence the conductivity
resulted in the solubility of the polymer at higer
temperature. This difficulty was overcome by cross
linking of PEEK or SPEEK with divinyl benzene
(DVB). Parallely, composite membranes were
prepared to improve the stability. The results showed
that the structures of composite membrane made
from combination of SPEEK (acid) and poly benz
imidazole(PBI) (base) became more compact than
that of SPEEK, due to the acid-base interaction
between the sulfonic acid groups and amine groups,
which could lead to the increase of mechanical
properties and the reduction of excess swelling.

High Temperature SPE

Membranes operating above 100 °C are
preferred since fuel cell is more CO-tolerant,

{ Wen Muerinated! partially fluonnated SPE J

GrafujpoLym exs on Htanrun:d Acid-P—iE Blends Otheﬂ?!ends

+ PVDFg- + SPPEK +  SPEERP3 +  Nafion-MO,
PSSA +« SPPBP VP/PBI *  Si-sol gel

+ FEPg- = BAMIG * SPEEK/EI
PS5A »  SPSUMBLP

+ FEPg- ¢ SPEEK/Inor
PAMS ganic Acd

o PBI-FELPO

Fig. 4 Classification of different types of solid
polymer electrolyte being developed.

however, Nafion like membranes in which the
proton transport primarily depends on the water
content, conductivity decreases rapidly above 90 °C.
It was found that composite membranes such as
SPEEK-PBI[8] or Nafion-PBI can be used above
100°C. The majority of the new ionomers developed
currently are based ori different arylene main-chain
polymers, which are characterized by excellent
thermal, chemical, and mechanical properties. Some
of these ionomers are shown in Fig. 5. Hybrid
membrane systems such as Nafion -silica [9]
through sol-gel process suitable for high
temperature operation are also reported.

Degradation of Solid Polymer Electrolyte

Durability of the membranes in the fuel cell
still remains an unresolved issue even in case of
Nafion. The thermal stability/electrochemical
stability are the one of the key factors governing the
life time of the membrane in the fuel cell. Electrolyte
degradation in polymer electrolyte fuel cells occurs
due to in-situ formation of small amounts of
hydrogen peroxide (H,O,). It is generally accepted
that the degradation mechanism involves the
decomposition of H,0O,, which produces radicals
(OHe, OOH-) that attack the chemical bonds in
Nafion membrane [22]. Significant degradation of
the membrane results in pinhole formation [23] thus
mixing of gases and reduction in overall efficiency
of the fuel cells. The degradation of electrolyte
especially occurring with loss of sulfonic acid sites
increases the resistance of the membrane. In the
other hydrocarbon membranes, the H,O, formed
attacks the o-carbon atom that results in loss of the
sulfonic acid groups increasing the membrane
resistance. The degradation may be initiated from
polymer defects, e.g., polymer end groups that
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TABLE 3. Different membranes and their detail description.

SL

No.

Membrane

Discription

Perfluorinated Membranes/Partially fluorinated polymers

1

Gore-Select membrane

1

Composite membrane; a base material preferably made of
expanded PTFE that supports per?uorinated sulfonic acid resin,
PVA etc. [10]

BAM3G (Ballard Inc)

Polymerization of o,f3,B-tri?uorostyrene and subsequent
sulfonation [11]

Grafted Polymers

3 o, fB,B - TriXuorostyrene Grafting of o,B,B-triXuorostyrene and PTFE/ethylene
grafted membrane copolymers
4 Styrene grafted and sulfonated | Pre-irradiation grafting of styrene onto a matrix of PVDF after

poly(vinylidene Xuoride)
membranes [PVDF-g-PSSA]

elec-tron beam irradiation. The proton conductivity can be
increased by crosslinking with DVB [12]

Non fluorinated

5 a-methyl styrene blend PVDF | Partially sulfonated a-methyl styrene composite with PVDF
(7]

6 Sulfonated Poly(ether Direct sulfonation of PEEK in conc. sulfuric acid medium [13]
etherketone) (SPEEK)

7 Sulfonated poly(ether sulfone) | Partially sulfonated polysulfones [14]

8 Sulfophenylated polysulfone Sulfophenylation of polysulfone [15]

9 Methylbenzenesulfonated These alkylsulfonated aromatic polymer electrolyte posses very
PBI/methylbenzenesulfonate good thermal stability and proton conductivity when compared
poly(p- phenylene terephthal to PFSA membranes, even above 80 NC [16]
amide) membranes

10 | Sulfonated napthalenic Based on sulfonated aromatic diamines and dihydrides. Its

- polyimide membrane performance is similar to PFSA [17]

11 Sulfonated Derived from poly(p-phenylene) and structurally similar to
poly(4-phenoxybenzoyl-1,4-ph | PEEK. Direct sulfonation to produce the electrolyte. [18]
enylene) (SPPBP)

12 | Poly(2-acrylamido-2-methylpr | Made from polymerization of AMPS monomer. AMPS
opanesulfonic acid) monomer is made from acrylonitrile, isobutylene and sulfuric

acid [3]
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TABLE 3. (Contd.)

Sl Membrane
No.

Discription

Acid base blends

13 Imidazole doped sulfonated
polyetherketone (SPEK)

Complexation with imidazoles to obtain high proton
conductivities [19]

14 | Stlfonated Poly(ether
etherketone) (SPEEK)-PEI

Sulfonated Poly(ether etherketone) (SPEEK)-Poly ethylene
imine (PEI) blended [20]

15 | Sulfonated Poly(ether
etherketone) (SPEEK)-PBI
blend

PBI [8]

Composite membranes based on highly sulfonated PEEK and

16 PBI-H;PO,

PBI doped with phosphoric acid [21]

maybe different than the main chain and unstable
towards degradation. The initial degradation sites
form the active centers for further degradation and
then the process accelerates.

Conclusion

Constant efforts are in progress to increase the
thermal, chemical stability of polymer electrolytes
without compromising the conductivity. Large
number of polymers including aromatics in
combination with organic/inorganic acids is being
investigated. However, a cheaper and durable
electrolyte is still not available. The areas of
improvement include resistant to peroxide
degradation, stability and performance at high
temperatures, higher conductivity etc.
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