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Simulation of a polymer electrolyte fuel cell electrode
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A detailed one dimensional dynamic model of a gas diffusion electrode as part of a complete fuel cell
model is presented. Various effects of parameter changes are considered. Comparison of experi-
mental results and simulation is performed and a new approach to simulation of a complete current
voltage curve is discussed.
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1. Introduction

The need for highly efficient and low emission energy
conversion is directing increasing attention towards
fuel cells. The polymer electrolyte fuel cell (PEFC) is
considered a promising future option for vehicular
propulsion [1-4] and for combined power units [5]
producing both electricity and heat for low tempera-
ture purposes, for example, heating. This is due to its
attainable high power density and convenience vis-a-
vis other fuel cell types. With this increased interest in
this kind of fuel cells goes an increasing wish to fully
understand the governing physics in the cell and to
gain ability to predict the performance of the cell under
various circumstances as load, pressure and tempera-
ture based on basic parameters of the cell. Moreover, a
working simulation would enable to workout further
possible improvements of the fuel cell.

As part of the PEFC research programme at the
Institute of Technical Thermodynamics at DLR
Stuttgart [6-8] a model for a polymer electrolyte fuel
cell has been developed [9—11]. As the different effects
of the numerous parameters in the electrode, mem-
brane and flow field are difficult to describe and iso-
late in only one paper, we will concentrate here on the
fuel cell electrode which comprises a reactive layer
and a diffusion layer. Since, it is generally accepted,
the major difficulty in fuel cell development lies in
improving cathodic performance [12-14], our focus
will be on the cathode only. In the complete fuel cell
model this module of the electrode is used for the
oxygen side as well as for the hydrogen side with
varying parameters.

2. PEFC modelling:background

Simulations of PTFE-bonded gas diffusion electrodes
in a liquid electrolyte are usually based on the flooded
agglomerate model [15]. Typical examples are the
models of Bjoérnholm [16] or Chan [17] for the
phosphoric acid fuel cell (PAFC). For the PEFC
the classical cylinder model [18] is preferred be-
cause the electrode gas transport properties can only
be explained satisfactorily if there is incomplete filling
of electrode pores by the solid electrolyte, especially
when it is prepared from an electrolyte/catalyst paste
[19-21]. Therefore, only limited transport of gases to
reaction sites via the electrolyte is assumed.

The most extensive models so far have been pre-
sented by Bernardi [19] and Springer [20]. In both
cases a complete model of the electrode/mem-
branelelectrode ‘sandwich’ or membrane electrode
assembly (MEA) has been proposed. Simulations with
emphasis on the role of the membrane have been re-
ported by Springer [12], Hill, Fales and Fuller [22-24].
Savinell [25] concentrated on the description of the
anode, whereas Rho [26] gives a detailed model for the
cathode. However, all the simulations mentioned
above describing the electrode have in common that a
satisfactory fit of experimental data could not be
achieved. Large deviations between model predictions

and experiment are seen, especially in the low current
density region, where reaction kinetics control. Apart
from Springer’s model [20], the region where trans-
port properties control is not considered or cannot be
fitted to the simulation. Kim [27] fits the experimental
data using a combination of an exponential and a
logarithmic function, but fails to give a physical ex-
planation of the parameters used and the parameters
are changed for every curve for the same electrode.

The goal of the present work is to incorporate the
known physics into a simulation, to consider the in-
fluence of changing different parameters on fuel cell
performance, and to focus on the gaps and the
problems that must be solved to simulate the fuel cell
completely. Based on the work of Wohr [9], a
dynamic simulation of the fuel cell electrode (reactive
layer and diffusion layer) has been achieved. The flow
field of the bipolar plates has been purposely
neglected to isolate the processes that are influenced
by the properties of the electrode itself. The mem-
brane and flow field are incorporated in the overall
model of Wohr [9]. Because it is commonly accepted
that voltage losses at the anode may be neglected
compared to those at the cathode [12, 13, 26], the
simulation focuses on the cathode. An analysis of the
anode is possible by varying certain parameters, but
this is far less productive than analysis of the cathode.
Solution of the differential equations has been carried
out using a program package developed at the Uni-
versity of Stuttgart, based on the LIMEX [28] inte-
grator. Using a modular structure, the single layers of
the fuel cell, in this case the reactive layer and the
diffusion layer, can be modelled and tested separate-
ly. The coupling of the modules (i.c., transfer of the
boundary variables) is organized by the program
package. The simulation described here is unidimen-
sional perpendicular to the layers and has its
boundaries at the interface membrane/reactive layer
(z = 0) and diffusion layer/flow field. A scheme of the
model is shown in Fig. 1.

The reactive and the diffusion layer are sand-
wiched between the membrane and the flow field.
Both layers consist of a substrate with a certain
thickness, tortuosity and porosity. The reactive layer
has, in addition, a continuous electrolyte channel to
the membrane inside certain pores. Nevertheless,
oxygen can access reaction sites via certain pores,
with no intervening electrolyte. In the simulation, it is
assumed that the distribution of pore radii and tor-
tuosities can be approximated by effective mean
values in each layer.

3. Governing equations in the diffusion
and reaction layer

The diffusion layer is described by the following dif-
ferential equations:
Material balance of gases
_epdT b e & dp
RT?>dt  RT dr  RT dt dz
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solid is independent of its volume fraction in the
z=0 « gas inket electrode. This assumption does not hold at very low
| S volume fractions of the solid, which would also
change the conductivity of the solid drastically, but it
can be taken into account if necessary.
Gas transport
2 k
b _%_p Vp @_RT J] pl‘]]_p]‘]’
membprane | ] - &, &,
i flow field dz 7’[ng8 dz iDj =it piDll
(5)
4 2RT
e [
S0P nM;
— T1.5 1 1

— gas outlet

electrolyte

reactive layer diffusion layer

Fig. 1. Model schematic.

Material balance of water vapour

_ apmodl’ | pwode | & dpao
RT? dt  RT dt RT dt
Aoy op

~ " dz RT (p“zo - pﬁzlo) (2)

The saturation pressure of water vapour is calculated
according to the Antoine equation. The pressure
difference on the right side of the equation describes
condensation and evaporation of water. If the water
vapour pressure exceeds the temperature dependent
saturation partial pressure, water will condense until
the saturation pressure is reached.

However, water will evaporate (if the water load-
ing is greater than zero) until saturation pressure is
reached. If not stated otherwise, calculations are
made assuming water saturated gas at all times, that
is, a large evaporation surface. In view of the large
surface of the carbon supports used in fuel cell elec-
trodes and the amounts of water involved, this
assumption is justified.

Material balance of liquid water

ps  dX; d/mor | o ( sat )
= — — N — 3
Mipo d iz T Rr\Pro~Pino) ()
Energy balance
dr N dr\ . d°r
PsCs ar == ; (J_/'M/‘Cp-,j E) + 4 a2
o ﬁMH'yO 6

2P0 511 (o il ) @)

In the energy balance, gas and solid phases are con-
sidered simultaneously. This assumes that gas and
solid are isothermal at every base point and that the
heat capacity and thermal conductivity of the gas can
be neglected compared to that of the solid. Com-
paring the corresponding values of the media, this
assumption is reasonable. It is further assumed that
the thermal conductivity and heat capacity of the

-3
D;; =1.8583 x 10 pol‘szij 7 +Mj (6)
The use of this equation allows simultaneous con-
sideration of the following losses: partial pressure
drop due to Stefan—-Maxwell diffusion (intermolecu-
lar), Knudsen diffusion (molecule/pore—wall interac-
tion) and Poiseuille flow caused by the total pressure
gradient.
Liquid water transport

JH,0L = _A%SZODHzO,L % (7
This equation probably represents the greatest
uncertainty. There is relatively little known about
water transport in heterogeneous porous systems
such as the fuel cell electrode and there are different
approaches to the problem. The one adopted here is
to emphasize the mechanism of surface diffusion as
dominant. Another possibility would have been an
approach via the hydraulic pressure and the potential
gradient [19]. If not stated otherwise, the simulations
were performed with a large surface diffusion coeffi-
cient of water (which results in fixed porosity of the
electrode) to avoid interdependencies with other
parameters and misinterpretations.
Total Pressure

k
P=>_p (8)
=

iG]

_ PH0L (1 — & —ea1)
Ps &s

o __
agfl—ss—sel

Porosity

X (10)

(11)

In connection with Equation 7, it becomes obvious
that, although water transport is a function of water
loading, an increase in the latter does not result in a
decrease of the effective pore radius but rather a
decrease in the global value of porosity. This is a
decisive assumption because water transport in fuel
cells is a not well understood phenomenon. The
prevailing literature opinion is that the gas is trans-
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ported to the reaction sites via hydrophobic pores
whereas the water is transported out of the electrode
through the hydrophilic pores. Based on these as-
sumptions, the simulation states that with increasing
water loading pores are closed by the water for gas
transport and vice versa. Water-filled pores therefore
do not contribute to gas transport. This approach can
be supported by the theory of capillary condensation
which predicts a condensation in small pores beyond
the actual saturation pressure [29]. For example, in
pores of 10 nm diameter condensation already starts at
0.8 Py (T), and in smaller pores it occurs even earlier.
Once all of these pores fill with water and can no
longer handle water transport, larger pores will sub-
sequently become flooded. This effect of decreasing
porosity results in a diffusion hindrance of gas trans-
port from pore flooding (via Equations 1 and 5) which
will finally reduce the partial pressure of the gas.

The equations for the diffusion layer are also valid
for the reactive layer after additional terms in certain
equations are included to account for chemical trans-
formation and its physico-chemical consequences.
Material balance of oxygen

_&p0,dT | po,dsy | & dpo,  dJo, 1
RT2 dr " RT dr ' RT dr dz  nF’
(12)
Material balance of liquid water
ps dXs  dJmor | P sty 2.
Mo dr ~  dz T RT P0 T Pio) T g
(13)

Energy balance
dr u dr\ . d’r
psCs g7 =~ (21: JiM;Cy j E) Tz
=

o ﬁMHZO o
+ VT AH, (szO - Pfi%)

e,

Modelling the reactive layer requires the following

additional equations:
Bulter—Volmer equation for ORR

. . |po, ank
J = Qactlo [gexp W”D

—1(l —a)nF
TEXP\ Ty b

(14)

(15)

where a,.l, 1s the apparent exchange current density
at open circuit potential. The anodic part of the
equation becomes irrelevant in most cases (high
overvoltage) but is included for completeness.

lonic conduction

(16)
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Electronic conduction
. . & d¢s
+(0) —igr = ——Ks 17
ig+(0) — iy T Ks dz (17)
Overpotential
o = Us + Qo — ¢ (18)
Volumetric current
diH+
—— = 19
& = (19)

In summary, the major assumptions for the presented
simulations are:

(1) temperature of gas phase equals temperature of
solid phase at every point

(i1) rapid water transport in the electrode, no
ﬂOOdil’lg (DHZO > DHgO, real)

(ii1) no gradient of gas concentration in the flow field

(iv) constant temperature at the boundaries

(v) rapid condensation and evaporation of water
(via high specific surface of condensation; par-
tial pressure of water vapour =saturation pres-
sure of water in the entire cathode)

(vi) no heat storage in the gas and no heat transport
through the gases by heat conduction (con-
ductive heat transfer in gas < conductive heat
transfer in solid)

(vil) negligible change in /s, ¢s with decreasing
fraction of solid phase

Boundary conditions
for z =0 (membrane)
. . d
T7 Jj7JH207L7¢el)ZH’ = lappl, %:0
z
for z=rea/diff (interface reactive and diffusion
layer)

d¢ .
d—;l =0, iy =0
for z = L (gas channel)
T7X57pj

On the one hand, the gradient of the solid phase
potential, ¢, at the membrane interface is zero as
there is no electron flow into the membrane. On the
other hand, the gradient of the electrolyte phase
potential, ¢, at the interface between the reactive
and the diffusion layers is zero as there is no ionic
current flow into the diffusion layer.

A list of the free variables of the simulation can be
found in Table 1. Table 2 shows the base case
parameters. If not otherwise stated, the results are
the values in the stationary state.

4. Example simulations to illustrate the model

To make the following discussion more understand-
able and to show the potential of the simulation some
general simulations will be given. These will give an
idea of the quality and the quantity of the influence of
major parameters (all other things being equal) on the
simulation results. Stated pressures are always total
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Table 1. Model variables

Reactive and diffusion layer:
T, &, X5, Ju,, Jo,, INy;» JH,01, JH,0y5 PHy s POss PNy PH,O5 P
Additional variables in reactive layer:
ine, 1, Qay Py J
Additional variable at the boundaries:
heat flux

pressures, therefore include the partial pressure of
water vapour at that temperature. The Tafel slope is
kept constant in these figures (b = 60 mV). It will be
shown later that this assumption cannot be used to
simulate a real system.

Fig. 2 shows the influence of changing the open
circuit potential used to describe the electrode. It can
be seen that a change of the open circuit potential

Table 2. Base case parameters for the reactive and the diffusion layer

Different values for each layer are possible

simply systematically shifts the complete curve along
the voltage axis. It is important to know the influence
of the variation of this parameter, since the simula-
tion assumes an ideal system. Even if all other
experimental conditions remain the same, the open
circuit potential in fuel cell experiments varies with
the membrane electrode assembly (MEA) used. This
is due to impurities on the catalytic surfaces, side
reactions, differences in the effective active surface
and cross-over of hydrogen and oxygen. Therefore, in
simulations the open circuit potential is often used as
a fitting parameter. We would like to emphasize that
using a different potential than the measured open
circuit potential, or the theoretical thermodynamic
open circuit potential, will result in the necessity of
using an apparent exchange current density which
can not be verified by experiment.

Parameter Symbol Units Default (base)
Surface diffusion coefficient of H,O Du,oL m2s! 1.0 x 1073
Heat capacity of the solid cs Jkg ' K™! 840
Heat conductivity of the solid As Wm! K1 6.5
Density of the solid Ds kgm™3 2000
Tortuosity factor for gas pores T - 5
Exponent of adsorption m - 1
Specific condensation surface oty m? m~3 1 x10°
Material transfer coefficient p ms~! 0.001
Layer thickness (diffusion/reactive layer) diiftrea m 170 x 1076/60 x 10~°
Pore radius rp m 20 x 107°
Additional parameters in reactive layer
Exchange current for ORR on smooth o Am™? 1.0 x 102
Pt surface at b = 60 mV
Transfer coefficient o - 0.6
Tortuosity factor for electrolyte Tel - 1
Tortuosity factor for solid s - 1
Volumetric fraction of the electrolyte &el - 0.2
Conductivity of the solid Ks Q 'm! 1000
Boundaries
z =0 (membrane) T=80°C, Jj=0,Jy;01L =0, ¢q=0
z = L (gas channel) T=80°C, X;=0
11 !
NN |
P ——
0.9
> MQ\\
<
gp o8 N\ _l
.:‘g. N\\}\
o
=t=U0=1060 mV \
06 | === U0=1020 mV
|
0.5 \\ !
0 0.5 1 15 2 2.5

current density / Acm’

Fig. 2. Effect of a variation of the open circuit potential (Po, = 4.87bar, e (diff/rea) = 12.5%/2.5%, 7} gifijrea = 20 nm/20 nm,

dgiftjrea = 170 um /60 um, @y = 5.9 x 107, k6 X g = 0.8Q 'm™").
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voltage / V

current density / Acm?

Fig. 3. Effect of a variation in the active surface (po, = 4.87 bar, &g dif/rea = 12%/2%, rpdifijrea = 20 nm/20 N, dyiy/rea = 170 um/60 pum,

Kl X & = 0.8Q7'm™!, U, = 1020 mV).

The next parameter of interest is the reactive sur-
face. It is assumed in the simulation that the actual
exchange current on the platinum surface is fixed.
The apparent exchange current will therefore be
determined by the amount of catalytic surface per
unit volume. As can be seen in Fig. 3, changing this
parameter also leads to a systematic displacement of
the curve at any significant current density. Only in
the low current density regime does it influence the
rate of the voltage drop, which is an important fact
that has to be considered if this region is simulated.

The most promising approach to increase the effi-
ciency of the electrodes in polymer electrolyte fuel cells
is to incorporate solid electrolyte within the internal
porous network, thereby optimizing interfacial con-
tact and increasing reactive surface. The influence of
varying the conductivity of the electrolyte within the
electrode is shown in Fig. 4. As well as a similar effect
as that which results from an increase in the effective
reactive surface (shift of the curve at constant open
circuit potential), a change in this parameter also in-
fluences the shape of the curve in the diffusion-con-
trolled region. This effect is related to the distribution

of the oxygen partial pressure and the corresponding
local currents in the reactive layer, as shown in Fig. 5
and Fig. 6 for two high electrolyte conductivities (0.8
and 1.6 Q" 'm~"; the bulk value for the Nafion 117®
membrane is 10-17 Q™' m~! [13, 19]) at current den-
sities of 1000 mA cm~2 and 2200 mA cm™—2.

For both cases (0.8 and 1.6 Q' m~!, Fig. 5) the
pressure drop in the reactive layer for the electrode
with lower electrolyte conductivity is slightly higher
compared to the higher conductivity case. This is due
to the different distribution of the local volumetric
current, as Fig. 6 shows. The pressure drop in the
diffusion layer is naturally the same for both cases,
since the same amount of oxygen must be transported.

For the high proton conductivity case, current
production extends more deeply into the electrode.
This results in a lower local reaction rate at the
reactive sites and, therefore, to a smaller overvoltage
due to charge transfer resistance. Moreover, gas
transport is also facilitated, so that the partial pres-
sure drop is less. In other words, the higher the
electrolyte conductivity the broader is the distribu-
tion of the reaction. If the conductivity is low, most of

**** |
z m
I
S 07 T
> == K=0.1 Q" m
o6 Lo k=04 Q"m” )
7| o kg=0.8 ©'m” \ \ \
o5 |~ kg=1.6 @"'m’ | \
{
BN
0.4 | X
0 0.5 1 1.5 2 2.5 3

current density / Acm’?

Fig. 4. Effect of a variation of the effective conductivity of the electrolyte (Po, = 4.87 bar, &g difr/rea = 12.5%/2.5%, 7y difi/rea
=20nm/20 nm, dgifyrea = 170 um/60 pm, @uee = 5.9 x 107, Uy = 1060 mV).
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Fig. 5. Partial oxygen pressure in the reactive layer at different effective conductivities of the electrolyte and at two different current

densities (data as in Fig. 4).

the reaction is restricted to the front region of the
electrode contacting the membrane. Approaching the
diffusion-controlled region, the electrode can only
compensate the low partial pressure of oxygen by a
high overvoltage and will loose potential very rapidly
(see Fig. 4). For electrodes with high proton conduc-
tivity, the reaction will initially take place throughout
the electrode. Approaching the diffusion-controlled
area, the reaction will preferably take place closer to
the gas inlet. In the case shown in Fig. 6 these effects
result in a different position for the peak current
production and naturally in a different absolute value
of the peak in local volumetric current production:

(i)at 1 A cm™?
1719 A cm™? at 0.8 Q' m'and 1016 A cm™
at1.6Q 'm-!
(i) at 2.2 A cm ™2
2196 A cm™ at 0.8 Q' m'and 1134 A cm™
at1.6Q 'm™!

It should be mentioned that the effect of changing the
electrolyte conductivity resembles the effect of the
parameter n in Kim’s model [27], where a physical
interpretation was lacking.

Another parameter with a large impact on fuel cell
performance is the Tafel slope . The value of this
parameter depends on the charge transfer factor «, the
number of electrons transferred in the rate-deter-
mining step n and the temperature 7. Fig. 7 illustrates
the influence of this parameter on the current—voltage
curve. The current-voltage curve drops faster over the
complete range for larger b.

Finally, the influence of the pore size and the
porosity of the electrode will be considered (Fig. 8).
Generally speaking these two parameters determine
the point of onset of diffusion control. For the case of
a change of these parameters in the diffusion layer,
the effect is not only a parallel movement of this re-
gion but also a change in slope. By analogy with the
influence of electrolyte conductivity, the physical
meaning is illustrated best by again consulting the
partial pressure and local volumetric current plots.

The change in slope when changing one of these
parameters in the diffusion layer is due to the
resulting change in the ‘input’ partial pressure seen by
the reactive layer. The shift in the onset of the dif-
fusion control is due to the different location in the
electrode where po, approaches zero (Fig. 9). Beyond

\ o= kgr=1.6Q'm?

— Kerr

=08Q™m?

1
0.9
0.8

\

5 o
N ]
fm—

=]

w
et
el

I_local/I_local_max
S . -
-
|

el

\\ N
N D VG

i

mﬁ%%

0 10 20

30 40 50 60

position in reactive layer / pm

Fig. 6. Local current density in the reactive layer at different effective conductivities of the electrolyte and at two different current densities

(data as in Fig. 4).
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Fig. 7. Effect of a variation of the Tafel slope (po, = 4.87 bar, & girr/rea =12.5%/2.5%, rp difijrea = 20 nm/20 nm, dyify/rea = 170 pm /60 pm,

ot =5.9 X 107, k¢ X &g = 0.1Q7'm™!| U, = 1060 mV).
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Fig. 8. Effect of a variation of the pore radius and the porosity in the reactive layer or the diffusion layer (po, = 4.87 bar, base:
&g diff/rea = 12.50/0/2.5%1, Tp diff/rea =20 nm/20 nm, ddiff/rea =170 um/éO um, @t = 5.9 x 107, Kel X & = 1.6 Qil m", UO = 1020 mV)
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Fig. 9. Partial pressure dependence of oxygen in the reactive layer on pore radius and porosity in the reactive or the diffusion layer at

i = 1800 mA cm~? (data as in Fig. 8).

this point the low partial pressure must be compen-
sated by large overvoltage. Before this point the in-
fluence of lower po, is only minor because the
overvoltage is in the exponent of the Butler—Volmer
equation and therefore dominates numerically. The

worse the electrolyte conductivity is, the greater will
be the contribution of porosity and pore size in de-
fining the onset of the diffusion control. Figure 10
shows the corresponding local volumetric current
distributions.
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Fig. 10. Local current density dependence in the reactive layer on pore radius and porosity in the reactive or the diffusion layer at

i = 1800 mA cm~2 (data as in Fig. 8).

The width of the reactive area is about the same in
all cases due to the fixed electrolyte conductivity. The
maximum is again determined by the point of
exhaustion of po,. Moreover, a shift of the reaction to
the diffusion layer side of the reactive layer can be
seen for a small pore size in the diffusion layer. The
influence of the layer thickness is equivalent to
changing the pore diameter or the porosity, and so
this is already implicit in these plots. Again, we em-
phasize the correspondence of the parameters deter-
mining the position of the diffusion controlled region
to the empirical factor m from [27].

5. Model fit to experimental data

The main goal of this simulation was to fit a set of
experimental data precisely over the complete range
of observed current densities. As far as they were
available, we used values for the different parameters
from measurements or the literature. Nevertheless,
the number of variables with no available parameters
is still considerable.

Figure 11 shows a set of /IR-drop corrected current—
voltage curves as measured at ONRI (Osaka National
Research Institute) with in-house-prepared electrodes
[30, 31]. The only parameter changed in these mea-
surements was the pressure. At every point an /R-drop
was measured because of the known dependence of
membrane resistance on current density [13, 32]. The
parameters used for the simulation, if other than base
case values, are given in the Figure legends.

The measured data were fitted for the 4.87 bar case
in the low current region using a Tafel slope of
60 mV dec™! (which is most often referred to as the
Tafel slope for the oxygen reaction on platinum in
this region in the literature [33-35]), using the mea-
sured open circuit potential, U,, and varying the
apparent exchange current density (by varying the
active surface) until a satisfactory fit is obtained.
Subsequently, the other pressures are simulated by
changing the system pressure in the simulation only.
The result is shown in Fig. 12.

Fitting the 4.87 bar curve results in a satisfactory
fit for the other pressures up to potentials of about

0.9

0.8 1

==exp.1.97 bar
=0=exp.2.94 bar

e
9

=v=exp.3.9 bar

=*=exp.4,87 bar

=>=exp.5,84 bar
[

voltage / V

e
S

0.4

0.3

current density / Acm’?

Fig. 11. Experimental data, ONRI, Nafion® 112, 90°C, 0.1 mg Pt/cm?.
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Fig. 12. Fit of the low current region of experimental data (pressures: 1.97, 2.94, 3.9, 4.87 and 5.48 bar, &g gifijrea = 22.5%/2.3%,
Fpdift/rea = 20 NN /20 nM, dgirjrea = 170 um /60 pm, b = 60mV, @ = 2.3 x 107, ket X £ =0.8Q7' ' m~!, U, = 946mV, p° = 4.87 bar).

830 mV, when the experimental curves and the sim-
ulation start to deviate. Moreover, the result for the
lowest pressure deviates most from experiment.
However, the likelihood is that the measured data are
suspect due to the apparent insensitivity of voltage to
pressure from 3.9 to 5.84 bar, suggesting some vari-
ation in electrode condition during the experiment.
This is an almost unavoidable limitation in any
attempt to simulate data where self-consistency is
difficult to achieve. This is the case with fuel cells and
does not reflect on the quality of the model itself.
Differences may occur if electrochemical measure-
ments are made starting at high pressures and going
to low pressures, or vice versa. Such changes can
hardly be introduced by simulation. It is, in any case,
obvious that the complete curves cannot be simulated
without changing the Tafel slope for the lower volt-
age (higher current) region. It is known [34, 35] that
the reaction mechanism of the oxygen reaction on
platinum changes around a potential of 800 mV.
Therefore, we simulated the higher current regions by
using a Tafel slope of 120 mV [34] and adopting the
apparent exchange current density, i, (indicating a
change of the reaction kinetics due to a change of
catalyst from Pt with adsorbed oxygen to bare Pt)
until a satisfactory fit for the 4.87 bar case was
achieved, but keeping all other parameters the same
as those in the low current density simulation. Fi-
nally, all other pressures were calculated with the set
of parameters which gave a satisfactory fit for the
4.87 bar case. The result is shown in Fig. 13.

All curves may be described with the same set of
parameters. Accounting for the already mentioned
obvious drift in the condition of the membrane—
electrode—assembly the fit can be considered as
excellent. Only in the very high current density region
does the simulation give better results than the
experiment. An explanation could be a gradual
decrease in the active surface due to pore flooding. As

seen in Fig. 3, this would result in a parallel shift of
the curve towards lower voltages. This could be an
indication that the porosity of an electrode should be
larger than the amount necessary regarding gas dif-
fusion alone, since product water will close some
pores due to the requirements for water transport.
This idea is supported by experimental results from
the DLR [36] and independent work [37]. Another
explanation could be the existence of higher Tafel
slopes than the ones chosen resulting from tempera-
ture correction of the reported values. A real diffu-
sion hindrance is a much more unlikely phenomenon,
since the translation of the current voltage curve
would then be much sharper, unless the ionic con-
ductivity in the electrode is very high.

6. Conclusion

The simulation described here is a powerful tool for
determining the influence of different parameters in
an electrode on the characteristics of the PEFC.
Comparison of the model with real data shows the
importance of incorporating the experimental verified
effect of a changing Tafel slope at about 800 mV to
achieve a satisfactory fit. In addition, the simulation
indicates the importance of having sufficient porosity
to maintain rapid removal of product water at any
practical current density. A significant outcome of the
simulation is the importance of keeping the cathode
potential as far as possible above the potential in
which the change of the Tafel slope occurs. This can
only be achieved by large values of the apparent
exchange current density (excellent catalyst or large
active surface). Questions remaining for further in-
vestigation concern: (i) the methodology necessary to
incorporate the gradual change in Tafel slope in the
simulation; (ii)) a method of verification of the
assumed transport mechanism of water; (iii) the real
electrolyte conductivity in the electrode, and its gra-
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Fig. 13. Fit of complete current voltage curves (data as in Fig. 12, but b= 120mV and i, = 14.3 x 1072 Am™2).

dient within the electrode; and (iv) a method whereby
a mean pore size reflects the real case of a distribution
of larger and smaller pores.
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