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Abstract

A two-phase model of an intermediate temperature (120-200 °C) proton exchange membrane (PEM) fuel cell is presented. This model is an
improvement on our previous intermediate temperature models, in that it accounts for two phase effects due to gas solubility in the phosphoric
acid/polybenzimidazole (PBI) electrolyte, and considers aqueous phase electrochemical reactions. The model accounts for all polarization and
transport phenomena, and exhibits a good fit with experimental data in the temperature range (150-170 °C). Parametric results are also presented,
to investigate the dependence of the fuel cell performance on membrane doping level, catalyst activity, and transport properties of dissolved gases
in the electrolyte medium. Results indicate that significant transport limitations exist at both electrodes, where catalyst utilization is between
0.1% and 1%. Alternative doping agents to phosphoric acid are suggested, as well as the need for more advanced catalyst deposition techniques.

© 2006 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have been
widely investigated as power sources for the future, particularly
for vehicular and stationary applications. In the past, PEMFCs
have been restricted to low-temperature (< 80 °C) operation,
due to the limitations associated with the Nafion® membrane
typically used in such fuel cells. The Nafion® membrane re-
quires a high degree of saturation to effectively conduct protons,
hence its performance decreases drastically above 100°C. As
a result, the inlet gas streams must be well humidified in order
to maintain proper water balance in low temperature fuel cells.

Recently, there has been growing interest in operating PEM-
FCs at elevated temperatures (120-200°C) and low humidity
(25-50% RH). This way, there is no need for external humid-
ification and cooling. In addition, high temperature operation
precludes the nagging problems associated with liquid water
management. Alternative membranes are needed, which main-
tain mechanical, chemical and thermal properties at elevated
temperatures, and which are able to conduct protons in low hu-
midity environments.
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One such membrane, which has been investigated, is poly-
benzimidazole (PBI) [1]. PBI is typically doped with phospho-
ric acid to attain proton conductivity. Phosphoric acid systems
have the advantage of good stability at elevated temperatures,
and being highly ionizing, is very conductive to protons [2].
One disadvantage, however, is its relatively poor transport of
dissolved gases [3—5]. Another drawback is that phosphoric acid
anions tends to adsorb onto the platinum (Pt) catalyst, thereby
reducing its effective surface area for electrochemical reactions
[4]. To date, no suitable alternative doping agent has been iden-
tified, which: (1) is highly ionizing, (2) is stable at high temper-
atures, (3) has a low propensity to adsorb onto the catalyst, and
(4) offers good transport characteristics for dissolved gases.

Mathematical modeling is a crucial element in the develop-
ment of fuel cell technology. Modeling is intended to gain fun-
damental insights into the processes occurring within the fuel
cell, which cannot be experimentally ascertained with the cur-
rent state of the art. In addition, modeling may highlight areas
where research should be focused, hence speeding up the de-
velopment process. Numerous models have been developed for
low temperature PEMFCs [6]. However, with the paradigm shift
toward higher temperature operation, there is need for model-
ing of such fuel cells. The only models of intermediate temper-
ature fuel cells developed, to date, are the ones by the present
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Nomenclature

a effective surface area, m—!

specific heat capacity at constant pressure,
Jkg 'K™!
concentration, mol m—3
diameter, m

species diffusivity, m? s~
effective thermal diffusivity, m? s~
Faraday constant, 96487 C mol~!
Henry’s constant, mol m—3 atm~!
current density, A m~2

exchange current density, A m~>
reaction rate, A m >

thermal conductivity, W m- K1
gas permeability, m?

mass fraction, mass loading, kg m~2
molar mass, kg mol~!; molarity, mol 1~}
pressure, Pa

universal gas constant, 8.3143J mol ! K~!
source, entropy

temperature K

velocity, m g1

potential, V

mole fraction

doping level

)
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o charge transfer coefficient
Y concentration parameter

€ porosity, volume fraction
n electrode polarization

0 blockage factor

u dynamic viscosity, Pas

) density, kgm™3

o electrical or ionic conductivity, Sm™!
¢ electrical or ionic potential, V
Subscripts

a anode

c cathode

e electrolyte phase

f fluid property

i,] species i, j

m mass quantity

S solid phase

T thermal

Superscripts

d dispersion

eff effective

authors [7-12]. Our previous models range from 1D to 3D, but
are all single phase models that consider only gas interactions.

The present model improves on the previous ones by consid-
ering a two phase media. There is still no liquid phase, due to
the temperatures of operation. Nevertheless, it has been shown
that reacting gases (oxygen and hydrogen) must first dissolve
in the electrolyte before undergoing electrochemical reaction
[13]. The present model accounts for gaseous dissolution into
the aqueous phase. Unlike the previous models, which assumed
gas phase kinetics, this model assumes aqueous phase kinet-
ics. It is a comprehensive model, which accounts for all trans-
port and polarization effects. Model predictions are validated
by experiments performed by Qingfeng et al. [14]. After model
validation, parametric analyses are presented which investigate
the effects of acid doping level, temperature, catalyst activity,
catalyst layer thickness, and transport properties of dissolved
gases on fuel cell performance.

2. Model development
2.1. Physical description

Fig. 1 (not drawn to scale) shows a two-dimensional
schematic of a fuel cell with seven major subdomains: the
anode and cathode gas channels, gas diffusion layers, catalyst
layers, and the PEM/electrolyte. In this paper, the membrane
considered is PBI doped with phosphoric acid.

Hydrogen and oxygen are supplied, respectively, to the an-
ode and cathode gas channels. Some of the flow in the channels
permeates the porous gas diffusion layers, where it is trans-
ported, primarily by diffusion, to the catalyst layers. The gases
then dissolve in the electrolyte phase, which “wets” the cata-
lyst, after which they diffuse to the Pt sites where the following
half cell reactions take place:

Ha(aq) — 2H" (aq) +2¢~  (anode), (1)

%Oz(aq) +2H%"(aq) + 2¢~ — H,0 (aq) (cathode). 2)

The protons (H) ions, produced at the anode, flow across
the membrane, via a Grothus mechanism [15], to the cathode
where it reacts with oxygen. The electrons flow around in an
external circuit. The current is generated by the movement of
the electrons, which flow under the influence of the potential
difference created between the two electrodes. There is also
an electrolyte phase current resulting from the flow of protons,
which will be discussed later.

Fig. 2 shows a schematic of the catalyst layer. The catalyst
layer is a fused region between the membrane and the diffusion
layer, with sputtered Pt particles. An effective catalyst layer
contains electrolyte phase for the transport of protons and dis-
solved gases, solid (carbon) regions for the flow of electrons,
and sputtered Pt particles, on the surface of which electrochem-
ical reactions occur. For the purpose of analysis, the catalyst
layer is assumed to be a homogeneous region where electrolyte
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Fig. 2. Schematic of the cathode catalyst layer.

and solid regions are well connected to the evenly distributed
catalyst particles.

2.2. Governing equations

This section details the governing equations which are used
to model the phenomena described above. The bulk flow in the
gas channels, is laminar due to the low velocities typical in fuel
cells, and hence is governed by the Navier Stokes equations.
The flow in the porous diffusion layers is characterized as Darcy
flow, and hence Darcy’s law may be used to model it. The flows
in both the channels and the diffusion layers may be combined
by incorporating the Darcy’s law source term in the Navier
Stokes equations, which apply only in the porous regions:

pou-Vu=—-VP+V . (uVu) — k_ u, 3)
P

V- (pu) = 0. 4)

There is no consumption or generation of species in the gas
flow regions, hence continuity of the fluid flow exists (Eq. (4)).
The transport of individual gas species is governed by the Stefan
Maxwell equations:

M VM
puVm,:V pSm,Z Deff{ﬁ<Vm,~+m,~ 7)}

&)

At the catalyst layers, the gas species dissolve in the acid doped
electrolyte. It is assumed that there is no net translation of the
electrolyte medium, hence the transport of dissolved species is
purely diffusive, and governed by Fick’s law:

V. (-Dfvey) = ;. (©6)

Due to the flow of charged species, and the exothermic nature
of the fuel cell reactions, heat is generated within the cell. The
energy equation accounts for convection, conduction and heat
generation due to ohmic or Joule heating, as well as heat of
reaction:

pepu - VT = pepyV - (DTVT) + St, (7
ST = Sohm + ern- (8)

Due to the flow of electrons and protons within the cell, there
are associated solid phase and electrolyte phase currents and
potentials, respectively. The charge conservation equations in
the both phases are given by

V.is=V-(=o"V¢)=—j, 9)

Veie=V-(=0d"V,) =+, (10)

e G\ (1 —a)
]:alof<@> {exp[%n]—exp[%n]}. (11)

The quantity, j, may be considered the local reaction rate,
and is defined as the rate of charge transfer between the solid
and electrolyte phases. Crer is the reference reactant concentra-
tion at which the exchange current density, i, is reckoned. This
is usually the saturation concentration at 1 atm. The effective
surface area, a, is defined as the ratio of the total active cata-
lyst surface area to the total catalyst region volume, and thus
takes into account surface roughness in the catalyst layer. The
Butler—Volmer equation (11) states that the rate of electrochem-
ical reaction is driven by the difference in potential between
the two respective phases, and is affected by the concentration
of reactants at the catalyst sites.

2.3. Source terms

The source terms depend on the reaction rate in each catalyst
layer and the stoichiometry of the overall cell reaction. With
the exception of the ohmic heating term, all other source terms
are non-zero only in the catalyst layers. The reaction rate, j, is
positive in the anode catalyst layer and negative in the cathode.
Thus, the following equations define the local rates of oxygen
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consumption, water vapor production, hydrogen consumption,
reactive heat and ohmic heat generation:

So, = # (molm~3s71), (12)

St0 = —# (molm~3s7 1), (13)

S, = —# (molm=3 s~ 1), (14)
, TAS -

Sexn = — <¢>e — ¢y — TF) (Wm™), (15)
is | e -

Sohm = pr + gelt (Wm™). (16)
S (&

2.4. Boundary conditions

In the y-direction, the computational domain spans the length
of the gas channels passing over the membrane electrode
assembly (MEA). At the inlet of the gas channels, the flow
velocity, temperature and species mass fractions are specified
according to the supply conditions. In the experimental work of
Qingfeng et al. [14], pure un-humidified hydrogen and oxygen
are supplied to the cell at flow rates of 160 ml min~'under one
atmosphere of pressure. This translates to an inlet y-velocity of
0.16ms~! and hydrogen and oxygen mass fractions of unity.
The pressure at the outlet of the flow channels is specified at
one atmosphere and convective flux boundary conditions are
specified for the species and thermal equations. Every other
boundary in the y-direction is considered to be thermally in-
sulated or impervious to fluid flow, hence Neumann boundary
conditions apply.

In the x-direction, the domain spans the anode gas channel to
the cathode gas channel. No slip boundary conditions are spec-
ified at the gas channel outer walls, which are also impervious
to species flow and thermally insulated (assumed). At the dif-
fusion layer/catalyst layer interfaces, there are phase changes
between gaseous and aqueous/dissolved species. There is con-
tinuity of flux between the gaseous and aqueous species, i.e.
p(—DF*Vm; +um;) = —M; D{*VC;. In addition, the concen-
tration of dissolved species at the interface is related, by Henry’s
Law, to the partial pressure of the gas at the same interface, i.e.
Ci=H;P.

The solid phase electrical potential is set to zero at the anode
gas channel/diffusion layer interface, and to the cell voltage
at the cathode gas channel/diffusion layer interface. Since no
electrons flow through the membrane, the solid phase potential
gradient is set to zero at the membrane/catalyst layer interfaces.
The electrolyte phase potential gradient is set to zero at the
catalyst layer/diffusion layer interfaces since protons cannot
flow through the diffusion layer.

2.5. Constitutive relations

The most significant factor affecting the performance of a
PBI membrane is the acid doping level. When PBI is doped

or immersed in phosphoric acid, the latter is absorbed into the
polymer matrix, forming a single phase material [1]. The doping
level, X, is defined as the number of moles of acid absorbed per
PBI repeat unit. The PBI repeat unit contains two bonding sites
for phosphoric acid, thus two moles of acid per repeat unit can
be bonded to PBI. However, it is possible for the doping level
to exceed 2. Any additional absorbed acid is termed free or un-
bonded acid. It forms an amorphous phase within the polymer
matrix. It is believed that the transport of protons and dissolved
gases takes place in the free acid inside the PBI matrix [13].
The doping level is a function of the concentration of acid
used in the doping process, an equilibrium being established
between the acid absorbed into the polymer matrix and the
acid in the immersion solution. The following correlation exists
between the doping level and the phosphoric acid concentration,
where M is the concentration (mol 1~1) of the acid solution [16]:

X =0.012M% — 0.2111M? + 1.2363M + 0.7119. (17)

The volume fraction of amorphous phosphoric acid in the mem-
brane is related to the number of moles of free acid present
[13] in accordance to the following equation:

4.81 -
8PA:< +1) . (18)

X -2

The amount of phosphoric acid within the membrane is de-
termined by the concentration of the acid solution used during
the doping procedure. As a result, water is also absorbed by
the membrane producing a phosphoric acid solution within the
membrane (as opposed to pure phosphoric acid). In addition,
the concentration of the acid within the membrane depends
on the operating conditions. As a consequence, an equilibrium
is established between the humidity in the environment and
the water inside the membrane. It is shown that for most fuel
cell applications, the acid concentration within the membrane
ranges from 85 to 95 w% phosphoric acid [13,16].

The membrane ionic conductivity is related to both the tem-
perature and the doping level. The conductivity may also de-
pend on the humidity, in as much as the humidity affects the
acid concentration in the membrane. The following relation is
used, in this work, to determine the membrane conductivity
[14],

100 2605.6 — 70.1X
O = —— exp [8.0219 — (fﬂ Sm~'. (19)

The transport and electro-kinetic properties of the electrolyte
are also related to the doping level. Liu et al. [13] show that the
effective diffusivity of oxygen in the acid doped electrolyte is
related to the diffusivity of the amorphous phosphoric acid by
a Bruggeman relation,

(PBI) (PA) 1.8
D02 = DO2 bPA. (20)

The Henry’s constant pertaining to oxygen solubility in
acid doped PBI is also related to the solubility in amorphous
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phosphoric acid [13]:
HOPY = gl 34 LHE)PZA) +5.79(1 — a{;ﬁ)J molm =3 atm™". (21)

The transport properties of oxygen in concentrated phospho-
ric acid are related to the temperature and the acid concentra-
tion (mass fraction) [17]:

In(10° Do,)
= (—192.55mp, +323.55mpa — 125.61)
N 62010 m3, — 105503 mpa + 40929 2

-, 22
T (22)
In(10Ho,)
= (257.13 m%,A — 431.08 mpa + 178.45)
—93500 m?2 156646 — 64288
+ Mea T mea molm ™3 atm™!.
(23)

The exchange current density for the oxygen reduction reac-
tion over a Pt catalyst in contact with acid doped PBI, is related
to that in a phosphoric acid solution [13]:

log(i ") =log(i™) — 4.16(1 — epa) Am ™2, (24)

The exchange current density in 85 wt% phosphoric acid is
described by Huang et al. [5]:

2193
log(i§™) =3.509 — — Am2.

(25)

Although much attention has been given to properties affect-
ing the oxygen reduction reaction at the cathode, not much has
been devoted to the oxidation of hydrogen at the anode. It has
been traditionally assumed that the hydrogen reaction is fast,
and hence does not warrant much research. As a result, data
for the transport properties of hydrogen in phosphoric acid sys-
tems are not readily available. It is assumed, in this work, that
the solubility of hydrogen in phosphoric acid is four times that
of oxygen, and its diffusivity is twice as much, as is the case
with water systems [18]. It will be assumed that the exchange
current density for the anode reaction is 10° times that at the
cathode.

It can be shown geometrically that the effective surface area
per unit volume of the catalyst region (or per agglomerate vol-
ume) is given by the following expression, where 0 is a block-
age factor:

6 mpt
a pocdoLon (1-10. (26)

There are numerous causes of catalyst blockage. CO ad-
sorbed onto the catalyst may block hydrogen. Liquid water may
block the oxygen. But at elevated temperatures, CO poisoning
becomes less significant and liquid water does not exist. The
only cause of blockage considered in this model is the adsorp-
tion of phosphoric acid anions onto the catalyst sites. This re-
duces the effective surface area of the catalyst, thus reducing its
activity. This blockage is not as yet quantitatively understood,
nevertheless it is believed to be a function of acid concentra-
tion, temperature, and electrode overpotential. The following

relation is obtained from data presented by Zelanay et al. [4]
to quantify the blockage factor in this model:

0=—0.8937% + 1.7141. 27)

This is based on experiments performed at 25°C in a 0.02M
phosphoric acid solution. The blockage decreases with temper-
ature, but increases with acid concentration, so in the absence
of other experimental data, this correlation will be used in this
model.

Other constitutive relations, such as the correction of fluid
and material properties for porous media, are the same as in
Cheddie and Munroe [10].

2.6. Computer hardware

The governing equations, with applicable boundary condi-
tions, are solved using the coupled multi-physics software,
FEMLAB 3.1i. The domain is divided into approximately
80,000s order triangular finite elements. The mesh is espe-
cially dense on the outer surface of the catalyst layers, which
is necessary to accurately model the sharp concentration gradi-
ents existing there. Computations were conducted on a 64 bit
Linux platform with a 4 GB, 3.8 GHz processor. Computations
required up to 2 h of processing time to generate data for each
current—voltage (/V) curve.

3. Results and discussion

3.1. Model validation

Tables 1-3 list the numerical values used in this work, in
addition to the equations in the previous section. Fig. 3 com-
pares the model predictions with corresponding experimental
data [14] at 150 and 170°C. It shows a good fit for the 150
and 170°C data. The concentration overpotential regions oc-
cur mainly due to the blockage caused by the adsorption of

Table 1
Base case membrane and diffusion layer properties (423 K)

Membrane

Thermal conductivity, kp, [19] 40 Wm!'K~!
Doping level, X 6.2

Tonic conductivity, omy, 4.25 Sm~!
Thickness 8 x 107 m

Cross section 5% 1074 m?
Diffusion layer (Graphite) [18]

Thermal conductivity, kq [20] 1.15 Wm! K]
Electrical conductivity, a4 120 Sm~!
Porosity, & 0.4

Permeability, k, 1.8 x 1071 m?
Thickness 2.5x107* m
Channels [14]

Channel length 0.0225 m

Channel width 7.5 %x 107 m
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phosphoric acid anions (Eq. (27)). Fig. 3 shows that at the
higher temperatures, this blockage is more pronounced, pos-
sibly because its effect is more significant as the current den-
sity increases. According to Eq. (27), the actual fraction of the
blocked catalyst surface area is the same at any given cell po-
larization, however, the effect of the blockage may be more sig-
nificant as the current density increases. Physically, at higher
current densities, there is a higher reaction rate, hence a greater
demand for catalyst surface area. Thus at higher current densi-
ties, the effect of the blockage is more strongly “felt”.

Table 2
Catalyst layer properties at 423 K

Anode Cathode
aifef 1.27 x 10" 1.27 x 10* Am~3
Diffusivity, D; 336 x 10719 1.68 x 10710 m?s7!
Solubility, H; 3.20 0.80 mol m~3 atm ™!
o [18] 0.5 2
v [18] 0.5 1
Thickness, Ly 1x107° m
Loading, mp; 45x 1073 kgm~?2
Particle diameter, dp; 1x107° m

Table 3
Fluid properties at 423K [21,22]

Oxygen Water vapor Hydrogen
M 32 x 1073 18 x 1073 2% 1073 kg mol !
k 0.036 0.030 0.239 Wm—K™!
cp 956 1980 14500 Jkg 'K!
U 27 x 1070 14 x 107¢ 1.1 x 107° Pas
o 44.4 x 1076 30.8 x 107° 217 x 1076 m2s~!
D 41.9 x 107 m2s~!

3.2. Parametric analyses

The membrane doping level of 6.2 with the fuel cell operating
at 150 °C, and all the other conditions listed in Tables 1-3 will
be considered the base case. In this section, we vary the main
parameters affecting the fuel cell to observe the effect on the
performance, as predicted by the model.

Fig. 3 also shows the model predictions at 110 and 130°C
although experimental results were not given for those temper-
atures. The exchange current density, reactant solubility and
diffusivity, and membrane conductivity all increase with tem-
perature, hence the performance of the fuel cell improves with
temperature. In every case, the cell power density peaks at ap-
proximately 0.4 V. At 110 °C, the peak power density predicted
is 1.35 kW m~2, while the peak value at 170 °Cis 3.67 kW m~2,
nearly three times as much. The model predicts that the peak
power output increases by 25-50% for a temperature increase
of 20 °C within the temperatures range, 110-170°C.

Fig. 4 shows the predicted performance as the membrane
doping level is varied. As expected the fuel cell performance
increases with doping level, because at higher doping levels,
there is a greater amount of amorphous phosphoric acid present
in the membrane, leading to higher membrane conductivities.
The exchange current density and the transport properties also
increase slightly with doping level, thus augmenting the per-
formance enhancement. The peak power output increases by
38% as the doping level is increased from 6.2 to 8. In fact,
the performance of the cell with a doping level of 8 at 150°C
(Fig. 4), is better than that of the cell with doping level 6.2 at
170°C (Fig. 3). So increasing the doping level can have the
same effect as increasing the temperature. This is especially
useful information for vehicular applications, where an upper
limit for the desired temperature exists. It should be noted,
though, that at excessively high doping levels (> 10), the me-
chanical properties of the membrane begin to degrade.

Cell Potential (V)

0 2000 4000 6000

1=

8000 10000 12000 14000

Current Density (A m?)

Fig. 3. Polarization curves as a function of temperature. &>—model (110 °C), O—model (130 °C), Cl—model (150 °C), A—model (170 °C), B—experimental

(150°C), and A—experimental (170 °C).
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Cell Potential (V)
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Fig. 4. Polarization curves as a function of acid doping level: <& (X =4.5), 0 (X =6.2), and A (X =8).
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Fig. 5. Polarization curves as a function of exchange current density: [ (base); A (10 times ig ¢); < (100 times i ¢); x (10 times ig 4); and O (100 times i( 5).

Fig. 5 shows the effects of varying the cathode and anode
exchange current densities, ip c and ig o from their base values.
Increasing the exchange current density can be achieved by
reducing the diameter, hence increasing the surface area of the
catalyst particles, or by distributing the catalyst over a thinner
layer (see Eq. (26)). It is usually expected that the fuel cell
performance is much more sensitive to ip than i ,, because
the hydrogen oxidation reaction is much faster than the oxygen
reduction reaction.

Generally it is seen that increasing ip . by a factor of 10
results in approximately a 10% increase in peak power output.
Increasing ip , by a factor of 10 from its base value results in
an 8% initial increase in peak power. Further increasing it by a

factor of 10 results in a 1% increase in power. This is because
as ip , 1s increased, the anode polarization decreases. The effect
of increasing ip, becomes smaller as it is increased beyond
a certain limit. Another notable feature of this figure, is that
increasing i , results in a more significant increase in limiting
current density, than is the case when i ¢ is increased. This is
explained later.

Fig. 6 sheds more light on these trends. It shows the variation
of the solid phase and electrolyte phase potentials across the
catalyst layers and the membrane for the base case condition at
a cell voltage of 0.4V (peak power operation). The activation
overpotential at the catalyst layers is defined as the deviation
between the reversible electrode potential (~1.154V at the



D.F. Cheddie, N.D.H. Munroe / International Journal of Hydrogen Energy 32 (2007) 832—-841

839

I
........ : I
04 - i Cathode

Anode Membrane = ; ]

Catalyst i e ICatalyst |

s 0.3 1 Layer 0. Layer |

= P I

g 021 ; o |

2 P e |

S o1{ i - |

2 I
>

© o0- I

I

0.1 1 e |

|

I

I

0 10 20 30 40 50 60 70 80 90 100
X (am)
Fig. 6. Solid and electrolyte potential variations across the cell.
e
S
=
[
°
o
3
(3}
0 T T T T — T A B T S
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Current Density (A m?)

Fig. 7. Polarization curves as a function of transport properties: [J (base), A (2.5 times H;), < (25 times D;), and O (2.5 times H; and 25 times Dj;).

cathode) and the magnitude of the difference between the two
phase potentials. The anode activation overpotential is 0.12V
while the cathode activation overpotential is 0.35V. Normally
the overpotential at the anode is less than 0.05V, which is why
increasing the anode activity does not usually improve the per-
formance significantly. In this case, there is a relatively large
anode polarization, hence increasing the exchange current
density results in a large improvement in performance. As the
anode polarization decreases, further increasing the exchange
current density results in a smaller improvement in perfor-
mance, as predicted by the model. These results indicate that
the anode polarization is not negligible, at least for phospho-
ric acid systems, and there is much room for performance
enhancement by improving the anode performance.

Fig. 7 shows the IV performance as the transport properties
of the catalyst layers are improved. It is reported that oxygen
has 2.5 times higher solubility and 25 times higher diffusivity in
CF3SO3H than in H3PO4 [4]. So these values were inputted to
the model, with all other quantities remaining unchanged from
the base condition, to observe the effect on the performance.
As the solubility of dissolved gases in the electrolyte increases
by 2.5 times, the peak power output increases by 17%. Increas-
ing the diffusivity 25 times results in a 28% increase in peak
performance. A combination of both results in a 42% improve-
ment in performance.

A higher solubility implies that the concentration of the dis-
solved gases in the electrolyte is higher, and hence the reaction
rate is faster (Eq. (11)). A higher diffusivity implies that the



840 D.F. Cheddie, N.D.H. Munroe / International Journal of Hydrogen Energy 32 (2007) 832—-841

€02 (mol m?)

Direction of oxygen flow

0.8 -
0.6
04 - d
0.2 C b
0 _— i
5.0 55 6.0 6.5 7.0 75 8.0 85 9.0 95 10.0

Cathode Catalyst Layer Co-ordinate (pm)
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Fig. 9. Hydrogen concentration in the outer 0.1 pm of the anode catalyst layer: (a) base case, 0.4V, (b) base case 0.7V, (c) 2.5 times H; and 25 times D;, 0.4,V.

dissolved gases are better able to permeate the catalyst layer.
Figs. 8 and 9 shed more light on why the performance in-
creases as the transport properties are enhanced. Fig. 8 shows
the oxygen concentration variation in the outer half (5 um) of
the cathode catalyst layer. As oxygen enters from the right,
the initial concentration is related to the partial pressure of the
gas at the interface. For the base case at 0.4 V (a), the con-
centration quickly falls to zero (as oxygen is consumed in the
electrochemical reactions) within the outer 0.1 um of the cat-
alyst layer. This means that 99% of the catalyst is unutilized.
Once the concentration falls to zero, no more reaction takes
place (Eq. (11)). This sharp decrease in concentration is due to
two effects: the low diffusivity (~ 1071°m?s~") and the high

reaction rate. As the cell voltage is increased to 0.7V (b), the
reaction rate is smaller since less current is produced, and con-
sequently the oxygen is able to permeate a little further into
the catalyst layer. When the solubility and diffusivity increase
(c and d), the oxygen is able to permeate even further into the
catalyst layer, hence better catalyst utilization is achieved. For
the high solubility and diffusivity case operating at 0.4V (opti-
mum conditions), the outer 10-15% of the catalyst is utilized.

Fig. 9 shows the equivalent plots for the dissolved hydrogen
concentration on the outer 0.1 um (1%) of the anode catalyst
layer. The catalyst utilization at the anode is even worse, pri-
marily due to the higher reaction rates. For the base case, the
reactions take place on the outer 0.05% of the catalyst layer,
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with 99.95% of the catalyst being wasted. As the solubility and
diffusivity increase, the hydrogen is able to permeate further
into the catalyst layer, but still the catalyst utilization is less
than 1%. This helps to explain why an improvement in perfor-
mance is expected when the transport properties increase.

Because of the low solubility and diffusivity of phosphoric
acid systems, significant transport limitations exist at both elec-
trodes. It was seen in Figs. 8 and 9, that the transport limitations
are more severe at the anode than the cathode. This may explain
why the limiting current increases significantly when the an-
ode exchange current density increases (Fig. 5). So the model
predicts that the fuel cell performance can be considerably im-
proved if an alternative doping agent to phosphoric acid can be
found, which has higher transport properties, comparable ionic
conductivity, and similar stability at high temperatures.

The model results also raise another issue that warrants fur-
ther research. Figs. 8 and 9 showed that a miniscule fraction
of the catalyst is actually utilized in electrochemical reactions,
since the reactants cannot permeate very far into the catalyst
layer. Typically 0.5mgcm™2 of catalyst are loaded onto the
electrodes, and usually after assembly, the catalyst region de-
velops a thickness in the order of 10 um. It is intuitive that if,
instead, 0.05 mg cm 2 of Pt were loaded over a 1 pm thickness,
then the fuel cell performance would be unaffected, since the
inner 90-99% of the catalyst layer is unutilized anyway. But
although the performance would not change, 90% of the cost
of the catalyst would be saved. If it were further possible to
load 0.005 mg cm ™2 of Pt over a 0.1 pm thickness at the anode,
then once again the fuel cell performance would be unchanged,
but a 99% catalyst cost reduction would be realized. Consider-
ing that the Pt catalyst is one of the most expensive elements
in the PEMFC, this is a very useful revelation. With the emer-
gence of nano-fabrication technologies, the ability to distribute
the catalyst over such narrow regions may not be unrealistic,
and may be a crucial step in the commercialization of fuel cell
technology.

4. Conclusions

A two-phase two-dimensional model of an intermediate tem-
perature PEM fuel cell was presented. The model attempted
to simulate experimental results produced using a fuel cell
equipped with a phosphoric acid doped PBI membrane. The
model was able to predict the polarization performance, as well
as the transport characteristics within the cell. The polarization
results matched well with the experimental results at 150 and
170°C.

Parametric analyses were then performed, from which the
following conclusions were drawn: (1) increasing the acid dop-
ing level of the membrane has more or less the same effect as
increasing the temperature of operation, so high performance
could be achieved without using excessively high temperatures
(— 200°C). (2) Significant anode polarization occurs in this
type of fuel cell, evidenced by the fact that significant im-
provements in limiting current occurred as the anode exchange
current density increased. (3) Significant transport limitations
exist at both electrodes, due to the low diffusivity and solubility

of phosphoric acid systems. (4) Catalyst utilization is less
than 1%, implying that significant cost reductions are possible
through more advanced catalyst deposition techniques.
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