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Summary

A mathematical model was developed to describe the performance of
hydrogen electrode catalyst particles that are bonded to the proton exchange
membrane of a hydrogen—bromine fuel cell. Macrohomogeneous porous
electrode theory was applied to the catalyst particles. Fundamental equa-
tions were used to describe the transport of protons and dissolved hydrogen
in the catalyst zone. The distribution of the electrode particles in this zone
was also included in the model. Parametric studies on the numerical solution
to this model indicate that the performance of the membrane electrode
assembly is optimized when the volume fraction of polymer and catalyst
is equal in the catalyst zone.

Introduction

Proton exchange membranes, (PEMs) that have platinum catalyst
particles bonded to them are used in hydrogen—bromine fuel cells, hydrogen—
chlorine fuel cells, SPE (H,~O,) fuel cells, SPE water electrolyzers, and in
some electro-organic syntheses [1 - 5]. In these systems, the PEM acts as
both a separator and as the electrolyte. When an electrode is bonded to a
PEM, gaseous species can directly undergo an electrode reaction without
additional electrolyte. A primary advantage of the catalyzed membrane is
that bonding of the electrode to the membrane ensures the direct contact
necessary for adequate transport of cations and electrons.

In this research we modelled the performance of these catalyzed
membranes, referred to as the membrane electrode assembly (MEA). The
specific application of our work is the rechargeable hydrogen—bromine
fuel cell. The hydrogen half-cell is a gaseous hydrogen phase in contact with
the MEA. The bromine half-cell contains a porous flow-by electrode through
which aqueous hydrobromic acid and bromine flow. During discharge,
hydrogen gas dissolves into the membrane and diffuses to the catalyst
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particles where it is oxidized to form protons. The protons are transported
through the PEM to the aqueous bromine half-cell, where bromine is reduced
to bromide ions. Nafion is typically used as the PEM in H,~Br, fuel cells.

The functional groups in a Nafion membrane are believed to be in
the form of ion clusters [6, 7]. In these clusters, the polymeric ions and
the absorbed electrolyte phase separate from the fluorocarbon backbone
into spherical clusters connected by short, narrow channels [6]. Protons
are associated with the fixed, functional polymeric groups and with the free
water phase, and are transported through the membrane via a migration/
diffusion mechanism. Ogumi et al. [8] concluded from hydrogen solubility
data in Nafion and PTFE that permeation of gases takes place in the fluoro-
carbon backbone.

In an earlier communciation [9] we reported results of charge and
discharge modelling of the hydrogen—bromine fuel cell system to determine
the effects of kinetics, mass transfer, and cell design on single-cell perfor-
mance. The hydrogen electrode was assumed to be a planar electrode with
extended surface area that was bonded to the PEM. Proton transport across
the membrane was described by a diffusion—migration mechanism, assuming
a linear concentration gradient. The results of that modelling effort indicated
that there were optimum specific surface areas for both the hydrogen and
bromine electrodes. Also, the modelling work indicated that membrane
properties such as proton diffusion and concentration had the greatest effect
on the cell performance.

A detailed modeiling study of the MEA was therefore initiated to
examine the effects of mass transfer, kinetics, and the distribution of the
catalyst loading. Some results of this modelling effort are reported here.

Model development

A schematic of the MEA model system is shown in Fig. 1. The Figure
depicts a closely packed arrangement of platinum particles at the edge of the
membrane, and a looser arrangement of platinum particles deeper in the
catalyst zone. One method of preparing MEAs is to hot-press a mixture of
platinum and solubilized Nafion onto a Nafion film, which gives this type
of catalyst distribution. In this work a linear equation was assumed to
describe the distribution of platinum volume fraction in the catalyst zone
for computational ease. Also, the performance of the MEA was simulated
for a uniform catalyst distribution.

Macro-homogeneous porous electrode theory [10,11] was used to
describe the electrode formed by the catalyst particles that are bonded to
the membrane. In this model, two phases are assumed to exist in the catalyst
zone. The polymer phase is assumed to be a continuum of the fluorocarbon
backbone, polymeric ions, and absorbed electrolyte phases of the PEM.
The parameters used to describe the transport in the Nafion are those
reported elsewhere for hydrated Nafion [1, 4,7, 12]. The second phase is
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Fig. 1. Schematic of membrane electrode assembly.

the platinum particles that are dispersed throughout the catalyst zone. The
basis of the model and the resulting equations are now presented. The
particles are assumed to be platinum spheres with an electrochemically active
surface area of

3
a= —(1—e¢) (1)
Tp
The nomenclature is presented at the end of this paper. The diffusion of
dissolved hydrogen to the catalyst particles and its subsequent reaction can
be described by the following expression

ai" = 2FDy 4 (e 291*—’) (2)
tdx \ dx

where i” is the local current density on the particles. The boundary con-
ditions for eqn. (2) are:

x=0, Cu, = C3, (3)
dcC C
x=tg, e—n= (4)
dx tg— 1t

In eqn. (4) the left hand side represents the flux of hydrogen through the
catalyst zone while the right hand side represents the flux through the
remaining catalyst-free polymer film. It is assumed that the hydrogen con-
centration in the solution phase adjacent to the membrane is negligible.

In the PEM, there are protons associated with the fixed functional
groups that migrate through the MEA, as well as protons in the free acid
phase that diffuse through the membrane. The transport of protons in the
membrane is described with a diffusion/migration mechanism which can be
expressed as
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d dCH+) d ( d¢'2)

.”="“FD + € "‘qu + €Cy+ 5
“ = dx ( dx B\ ax ®)
with boundary conditions on concentration of

dCy+
x=0, =0 (6)
dx
X = tS’ CH* = C‘I-)I* (7)

Transport of water through the membrane was not considered to be a
major problem in the hydrogen—bromine fuel cell, since the membrane is in
contact with the aqueous hydrobromic acid solution, so drying effects
should not be severe. However, since the water concentration in the Nafion
film decreases with increasing acid concentration [13], if the local hydrogen
ion concentration becomes too high there may not be enough water mole-
cules associated with the hydrogen ion for proton transport. The concentra-
tion of water in the membrane was estimated [13] to be 30% at the highest
local proton concentration in the membrane and 31% at the lowest local
proton concentration. These estimates indicate that the transport of water
in the membrane is not expected to have a major impact on cell performance.

The potential distribution in the catalyst zone is described by the
charge balance, shown as eqn. (8). It was assumed that the diffusion coef-
ficients for hydrogen ions and bromide ions are equal.

" d [ d¢,
ai’ =—k — |e ﬁ’-) (8)
dx \ dx

The boundary conditions for the charge balance are:
dg;

x =0, — = 9
dx ©)

x = ts, $3= 97 (10)

In the balance equations (eqns. (2), (5), and (8)), the effective transport
constants contain an explicit linear dependency on é. The terms €Dy,
€Dy+, euy+, and ex are all effective constants which take into account
porosity as well as tortuosity [11].

A Butler-Volmer form of kinetic expression is used to represent the
interfacial reaction rates.

. l( Cu, )1/2 0 F :
1 =1 ———— -—
o, ref 1 at /R'T exp RT (¢l ¢2)

CH+ ""OlcF ' ' g]
— ex —
1 mol/l p? RT (¢1—¢2) (11)
Simulation studies were performed to determine the effect of a non-
uniform metal phase potential for the case where the platinum catalyst
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distribution is uniform. In this case, the metal phase charge balance can be
written as

d’¢;
ai" = go(1 — €)1 '5.1}71 (12)
with boundary conditions
x=0, p1=V (13)
dg;
x=ts, —_—=
5 e 0 (14)

The effective conductivity used in eqn. (12) was developed by Brugge-
man [14] for a continuous conducting phase, and its use here is an approxi-
mation.

Simulation results

The equations of the model described in the previous section were
made dimensionless. Scheme 1 shows the dimensionless equations used to
model the MEA when the platinum distribution is non-uniform in the
catalyst zone. The parameters used in the dimensionless equations are given
in Scheme 2.

The magnitude of the dimensionless parameters PA, PB, PC represent
the magnitude of the gradients of potential, dissolved hydrogen, and protons.
The ratio of these parameters indicates the predominance of a controlling
resistance. For example, the ratio PB/PA represents the ratio of hydrogen
diffusion resistance to ohmic resistance. The other parameters, PD, PE, Q
represent dimensionless forms of the exchange current density, metal phase
potential, and catalyst penetration into the polymer membrane.

Examining the dimensionless equations in Scheme 1, one sees that the
balance equations include a (1 —€) term on the left hand side while the
kinetic expression does not. This implies that as the polymer volume fraction
increases, the kinetic resistances become larger relative to the effects of
transport gradients.

The dimensionless equations were cast into finite difference form. The
resulting matrix was solved using the BAND program, an iterative, implicit
method developed by Newman [15]. The computer simulations were per-
formed on a DSI-780 board of Definicon Systems, on an IBM-XT computer.

The base case parameters used in the simulations are given in Scheme 3.
The mobility of the protons in the membrane was estimated from the
conductivity data reported by Yeo and Chin [1]. Then, the Nernst-Einstein
relationship was used to estimate the diffusion coefficient of protons in the
membrane. The solubility of hydrogen in the membrane, Cy,, was calculated
from the hydrogen permeability data at 100 °F and 150 psi of Nuttall [4],
using the H, diffusion coefficient determined by Yeo and McBreen [12].
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Proton mass balance

poi1 c dc, dC; | c de dC; d2C3)
— T — P, —— a—— e—_— ——
A—el=—ltx & " Cax ax T " axz

1 (de dC, dZCI‘
— —|— —= +te¢
o \dx dX .
Hydrogen mass balance
de d02 dZsz
PB(1—¢€)Cy= — — +¢€ 5
dX dX dx

Charge balance

de dC d*c
—PA(l —€)Cs= — —2 + € ——0p
dX dX dx?
Kinetic expression
PDC4 = C21/2 eXp(PE - C3) - Cl eXp(C3 _PE)

Boundary conditions

X=0 St C,=C3 16
’ ax L dx

. dc, .

X=1, Cl= 1s Cz=Q'—_]X9 C3= 3

Scheme 1. Dimensionless equations used to model the catalyst zone of the membrane

electrode assembly for a non-uniform distribution of platinum particles in the catalyst
zone.

Variables
C + C'H2 aF¢’
C1='——E'—:1, Cr= ——————7> Cs= z,
1 moll 1atm(R'T) RT
C.= i’ x= X
4 1 Acm™? ts
Parameters
A = 3aF(1 Ajem?)ts? PB = 3(1 A/cm?)ts?R'T
KRTr, ’ 2r, Dy, F(0.001 mol cm™3)
3(1 A/ecm?)ts? 1 A/cm?
= (1 AJem?)ts __ PD = ”/
rpDH+F(O.001 mol cm 3) io‘ ref
aFg] ts—t
PE = __..?i_l. . Q =¢ B 6
RT ts

Scheme 2. Definitions used in the dimensionless equations of Table 1.
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Dy,=6.6 X1077 cm?s7! [12] PA =2043
Dy+ =98 X107 cm?s7! [1] PB=1007.1
C+=6.8moll7![1] PC =554.7

%, = 0.59 mol 1714, 12] PD = 1000
r, = 0.5 X107 cm PE=0

tg=0.025 cm [1]

k = 0.05 mho cm™! [1]
ts =9.35 X105 ecm
T=298K

io,ret = 0.001 A cm™
(V= 63)lsmty = 0.05V

Scheme 3. Base case parameters used in the simulations.

The proton concentration in the membrane was estimated from the data of
Yeo and Chin [1]. A platinum particle diameter of 100 A was used in the
simulations [16] with an exchange current density of 1 mA cm™2, a typical
value for hydrogen evolution on platinum {19].

For the base case studies, the platinum loading was 1 mg em™2. The
thickness of the catalyst zone, ¢;, was estimated from the catalyst loading
and the fraction of the catalyst zone that is filled with catalyst (1 —e¢).
The base case dimensionless parameters are given in Scheme 3. As indicated
by the magnitudes of PA, PB and PC, the potential gradient across the cata-
lyst zone is small relative to the gradients of hydrogen and proton con-
centration. The distributions of the dimensionless potential, hydrogen
concentration, and proton concentration for the base case are shown in
Fig. 2.

Further sensitivities of the dimensionless parameters are demonstrated
in Table 1. The last column of this Table represents the integration of C,
over the catalyst zone. Multiplying this quantity by 3¢;/r, will give i’, the
current density based on PEM geometric area. In row 1 of Table 1 is shown
the calculation result for the base case. In row 2, only PB is decreased by
an order of magnitude (i.e., an increase in H, diffusion coefficient). In row 3,
both PA and PC are decreased by an order of magnitude (i.e., an increase in
proton mobility). Both cases show only a marginal effect on electrode
performance. However, in row 4, one sees the effect of intrinsic catalyst
activity for the otherwise base case, which is sizable. In row 5, PA, PB and
PC are all increased by an order of magnitude (i.e., t? [rp increases). Recalling
that i’ is obtained by multiplying the last column by 3t;/r,, one sees that the
effect is significant. However, as shown in row 6, the effects of intrinsic
catalytic activity is not as great when 2 /r, becomes larger.
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Fig. 2. Distributions of the dimensionless variables relative to the value at X = 0 for the
base case: C1(0) = 7.316; C5(0) = 14.33; C5(0) = —0.936; C4(0) = 0.006 79.

TABLE 1

Electrode performance sensitivity to dimensionless parameters

Row PA PB PC PD fdc,dXx
1 a a a a 0.0027
2 a 100.71 a a 0.0029
3 2.043 a 55.47 a 0.0029
4 a a a 100 0.0109
5 204.3 10071 5547 a 0.0011
6 204.3 10071 5547 100 0.0016

2Value for the base case.

To provide a more physical feel for the calculation results, further
analysis is reported for dimensional quantities. Simulations of charge and
discharge reactions were performed for a linear platinum distribution de-
scribed by the expression

€=0.32 +0.48 tf (15)
]

The local current density and dissolved hydrogen concentrations for the
discharge reaction are shown in Fig. 3. The current density is largest at the
gas phase/MEA interface, and it decreases rapidly into the catalyst zone.
The dissolved hydrogen concentration follows a similar profile, but with a
steeper gradient near the gas phase/MEA interface. The dissolved hydrogen
concentration and current distributions suggest that the reaction is limited
by the diffusion of dissolved hydrogen into the dense catalyst region at the
gas phase/MEA interface.

The magnitude of the local current density and the local dissolved
hydrogen concentration profiles for the charge reaction are shown in Fig. 4.
The current density shows a minimum near the gas phase/MEA interface and
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Fig. 3. Predicted local current densities and dissolved hydrogen concentrations for the
simulated discharge reaction.
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Fig. 4. Predicted magnitude of the local current densities and the local dissolved hydrogen
concentrations for the simulated charge reaction.

has a maximum at the edge of the catalyst zone. Although the current in-
creases about fifty percent. across the catalyst zone, the dissolved hydrogen
concentration increases nearly three hundred percent. This demonstrates
that slow dissolved hydrogen diffusion causes a substantial build-up of
dissolved hydrogen deep within the catalyst zone. Consequently, in practice,
it may be necessary to charge the cell slowly to avoid rupturing the mem-
brane due to hydrogen phase-change.

The local current densities as shown in Figs. 3 and 4 for the reactions
appear to be low because they are based on the high specific surface areas
of the catalysts, ranging from 4.1 X 10° cm? cm™ at the gas phase/MEA
interface to 1.2 X 10° cm? cm™ at the edge of the catalyst zone. The current
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density based on apparent PEM geomefric electrode area can be calculated
by

i'=a f i" dx (16)

where the integral was estimated numerically in this work, using the trape-
zoidal rule.

The effect of a non-uniform metal phase potential (eqn. (12)) was
examined. When electrode structures are composed of a collection of solid
particles, a low and unpredictable value of the metal conductivity is observed
due to contact resistance between the particles [17]. Metal phase conduc-
tivities of 9.26 - 92 600 mho cm™! were used in the simulations. The dif-
ference in the predicted apparent current density between these extreme
values of conductivities was less than 0.5% for a platinum loading of
1 mg cm™2. This result demonstrates that the simpler model of assuming a
uniform metal phase potential is reasonable for future simulations.

Additional calculations of MEA performance are reported as polariza-
tion curves. The reported driving forces are given as the potential of an
H,-Br, cell, less the overpotentials associated with the porous bromine
electrode and less the ohmic resistance of the uncatalyzed portion of the
membrane.

The performance of the MEA was simulated for both a linear platinum
distribution within the PEM and for a uniform distribution of platinum
particles. The linear platinum distribution is described by eqn. (15),
and for the other case the polymer volume fraction is assumed to be
0.56. The total platinum loading in both cases is kept constant at 1 mg cm™2,
Simulated polarization curves for the discharge reaction are shown in
Fig. 5. A uniform platinum distribution gives slightly better performance
than an MEA with a linear platinum distribution. In the latter case,
the dense packing of spheres at the MEA/gas phase interface somewhat
restricts the diffusion of hydrogen gas into the catalyst zone. Other depen-
dencies of effective transport constants on porosity may give a different
result. However, as was shown earlier, the effect of conductivity on SPE base
case performance is minimal. All other results reported here will be for the
case of a uniform platinum distribution in the catalyst zone.

Simulated polarization curves demonstrating the effect of catalyst
zone polymer fraction on the MEA performance are shown in Fig. 6. The
platinum loading for all cases is kept at 1 mg cm 2. The optimum catalyst/
polymer ratio is 1:1. MEAs with polymer fractions that are much higher
than 0.5 exhibit kinetically limited behavior, and those with polymer frac-
tions much lower than 0.5 show diffusion limitations.

The effect of platinum particle diameter was examined. The results are
shown in Fig. 7 for particle diameters of 50, 100 and 200 A, and platinum
loadings of 1 mg cm™2. These calculations demonstrate that an increase or
decrease in the catalyst particle size of a factor of two can have a large
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Fig. 5. Predicted MEA performance during discharge for linear and uniform catalyst
distributions.
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Fig. 6. Predicted MEA performance during discharge for polymer fractions in the catalyst
zone of 0.4 - 0.7.

impact on MEA performance. Examining the dimensionless groups, the
quantity t/r, is incorporated into PA, PB and PC, but not PD. Therefore,
it can be seen that the kinetic resistance becomes less important as t? ro
becomes larger. Also, examining eqn. (16), one can see that the current
density based on apparent PEM geometric electrode area becomes greater
as the ratio of 5 /r, increases.
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Fig. 8. Predicted MEA performance during discharge for platinum loadings ranging from
0.5 to 4.0 mg em™2.

The effect of platinum loading on MEA performance during discharge
is shown in Fig. 8. MEAs with platinum loadings of 4.0, 2.0, 1.0, and 0.5
mg cm™? were simulated for a polymer fraction, €, of 0.5. The best per-
formance occurs with the 1.0 mg em™ loading. The current densities are
highest at the gas phase/membrane interface (x = 0). At high loadings the
local current density decreases rapidly into the catalyst zone. Improved
performance is achieved with an intermediate loading of 1 mg cm™2 because
the local current density becomes more uniformly distributed in the catalyst
zone.
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Fig. 9. Predicted hydrogen oxidation limiting current for comparison with the experi-
mental data of ref. 16.

Fedkiw and Her [16] reported experimental data for the hydrogen
oxidation reaction on MEAs prepared by an impregnation-reduction meth-
od. The authors reported the specific surface area of the MEA and the
limiting current of hydrogen oxidation for several Pt loadings. MEA per-
formance was simulated for similar Pt loadings and electrode specific surface
areas, and the results are compared with their data. Since many details in
their work were not available, a number of assumptions, including particle
diameters, catalyst zone thickness, and void fractions had to be made [18].
In these simulations Cf;, was assumed to be 0.0245 mole 17! [12], since the
experiments were performed at 1 atm hydrogen. The calculated results are
shown in Fig. 9. The calculated currents show the same trends as were
measured experimentally [16]. However, the magnitude of the currents
differed significantly, probably because many of the parameters required
for accurate comparison were not available and had to be estimated.

Conclusions

The model reported here is a useful tool for designing an optimally
performing MEA. The structure of the catalyst zone has been shown to
affect the performance of the MEA. Generally, the performance is kinetically
limited. However, when the particles become densely packed, performance
becomes gas diffusion limited.

The calculated results are based on estimates of a number of physical
parameters, such as the concentrations of protons and hydrogen gas in the
membrane, and the proton diffusion coefficient. Thus, experimental work is
currently being done to measure some of these parameters using a.c. im-
pedance techniques. This should improve the value of the model by allowing
it to predict MEA performance more accurately.
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