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Abstract

This paper describes a novel diagnostic test method that provides insight into the distribution of liquid water in a fuel cell under operation.
The amount and distribution of liquid water in afuel cell is measured indirectly through the measurement of certain physico-chemical properties
which are functions of the liquid water content.

The MEA resistance and electrode diffusivity (MRED) method allows the measurement of (i) the pure ohmic cell resistance, (ii) the effective
diffusivity of the electrodes and (iii) the free gas volume of the fuel cell. The pure ohmic resistance enables the determination of the membrane
water content whereas the free gas volume measurement allows the amount of liquid water in both the anode and cathode compartments
be deduced. The MRED method was used to study the pure ohmic resistance distribution during a drying/re-hydration cycle and the effectiv
oxygen diffusion coefficient of the cathode electrode. Furthermore, the accuracy of the liquid water volume determination was investigated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction conductivity of the most commonly used perfluorosulfonic
acid (PFSA) electrolyte membrane Naffoimcreases almost
One of the main obstacles impacting fuel cell development linearly with water content. Therefore, the water content of
progress is the fact that many of the fundamental processegshe membrane should be larger than a threshold value (mini-
still are only partially understood. Consequently, fuel cell de- mum condition) under all operating conditions. The gas dif-
velopment has been relying heavily on empirical evaluation fusion electrode (GDE) can be divided into the gas diffusion
through testing which is both time consuming and expen- layer (GDL) and the catalyst layer (CAL). The catalyst layer
sive. In order to increase the benefit of fuel cell testing it is mainly consists of catalyst particles, ionomer and pore space
necessary to maximize the amount of information that can each of which are critical for the formation of the three-phase
be extracted by utilizing advanced diagnostic methods andboundary where the electrochemical reactions take place. If
procedures. Such information can then be used (i) to supportthe CAL contains too little water, its ionic conductivity will
development of empirical correlations and/or (i) to validate drop and not all of the catalyst surface will be accessible,
theoretical models predicting cell performance as function of which will contribute to resistive and kinetic cell voltage
operating conditions and characteristic properties. losses. Too much liquid water on the other hand will im-
Liquid water plays a key role in PEM fuel cells because pede reactant gas transport and lead to mass transport related
its presence is closely linked to the functionality of the main performance losses. Similarly, liquid water in the GDL will
components of thenit cell (Fig. 1). For example, the ionic  impede gas transport from the flow channels to the catalyst
layer. Consequently, the water content of the catalyst layer
Wispaperwas presented at the 2001 Fuel Cell Seminar in San Antonio should lie p(_etween a minimum and a maximum value (opti-
ey "mum condition) and the GDL water content should be less
* Corresponding author. Tel.: +1 604 454 0900; fax: +1 604 412 4700,  than a maximum value (maximum condition). Finally, the
E-mail addressjurgen.stumper@ballard.com (J. Stumper). amount of liquid water in the channels should also obey a
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Nomenclature channel 0 x
- ‘_L@y
List of symbols z
A cell active area (%) ot
b=2.3031T/anF Tafel slope (V) GDE | membrane
c oxygen concentration (moln3)
Ccat) OXygen concentration at the catalyst layer Fig. 1. Schematic cross section of a PEM fuel cell indicating the possible
(molm~3) presence of liquid water in membrane, GDE and channel.
cch(t)  oxygen concentration in the channel (moth
cH+ proton activity at the catalyst (molmd)
cH,0  Water activity at the catalyst (molmd) neutron sources are available only at few research institutes
co=Cen(0) initial oxygen concentration (moln3) worldwide equipped to deal with radioactive radiation.
Deft effective @ diffusion coefficient (M s™1) Consequently, we have taken an alternative approach
Ecen(t) cell voltage (V) which relies on (i) the measurement of characteristic fuel
Ecen(0) initial cell voltage (V) cell properties and (ii) the back-calculation of the water con-
EQ(r) reversible cathode potential (V) tent from the known dependence of these properties on water
E (r) reversible cell voltage (V) content. For example, the water content of the membrane
F Faraday’s constant (9.64810* C mol~1) can be determined from the membrane ohmic resistance us-
i current density (A m?) ing the known relationship between proton conductivity and
imax=4FDetrCch/L limiting current density (A n2) water conten{2]. The membrane ohmic resistance can be
io exchange current density (ATR) determined from the ohmic resistance of a fuel cell if the
I current (A) contributions of the other cell components such as electrodes
L thickness of the GDL (m) and plates are known. Recently, a novel method for the de-
n number of electrons transferred termination of the pure ohmic resistance of a fuel cell was
Nmol number of moles presented using the membrane resistance and electrode diffu-
p gas pressure (Pa) sivity (MRED)[3] method. In this paper we show thatthrough
R cell resistancesg m?) a combination of the MRED method with current mapping
N ideal gas constant (8.314 Jkmol1) [4,5] it is possible to obtain further information on the local
T temperature (K) membrane water content distribution across the cell area. To
Vv free gas volume (%) this end the MRED method is performed using a custom de-
z coordinate perpendicular to MEA (m) signed cell hardware with segmented current collection plates
allowing measurement of the current distribution along the
Greek letters length of the unit cell. Using the MRED method, profiles of
n(t) activation over-potential (V) the mass-transport free membrane resistance can be obtained.
nmt(t)  mass transport over-potential (V) In addition, the cell hardware allows the investigation of dy-
namic phenomena such as transient drying and re-hydration
Subscripts of the membrane by monitoring changes in current distribu-
a anode tion over time. Such investigations are particularly interest-
c cathode ing for automotive applications, which are characterized by
dynamic load cycles with high turn-down ratios leading to

non-stationary operation over significant time periods. The
characterization of the water distribution in the cell under
maximum condition as the presence of liquid water in the such non-stationary conditions is of crucial importance for
flow channels increases gas flow resistance, which in turnthe improvement of fuel cell reliability and durability.
increases the parasitic load of supplying the reactant gases.

Because water management is critical for durability and
performance of PEM fuel cells, Ballard has been develop- 2. Experimental
ing advanced diagnostic tools to study the distribution and
movement of water within the unit cell. Among the require- The experimental results were obtained using a single
ments for such diagnostic tools are (i) in situ applicability, Ballard™ Mk 9 fuel cell. The test cell was operated with
(i) minimal invasiveness and (iii) ability to provide local a current collection plate segmented on the cathode along the
information, i.e. information on the distribution of liquid wa-  reactant flow direction (se€ig. 2); the flowfield plate and
ter over the active area. To date, there is only one diagnosticgas diffusion layers were not segmented allowing the use
method known to the authors that fulfills all three of the above of standard flowfield plates and membrane electrode assem-
requirements: neutron-imagirigj]. However, the necessary blies (MEAS). In order to correct for in-plane currents in the
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Fig. 2. Schematic diagram of the experimental setup for a cell voltage decay experiment in combination with current fRaspimgt resistorsy;: shunt
voltages,Vj: in-plane voltages. Operating conditions;/B;, H; stoichiometry 1.5, cathode inleVy;) and outlet {,) valves closed, arrows on anode side
indicate gas flow during cathode discharge. Only three shunt resistors are shown for simplicity.

flowfield plate, both the voltageg across the shunt resis- For a cathode diffusivity determination, the cell discharge

torsR; as well as the in-plane voltag¥si+1 were measured  was continued until the current through the external load de-

(wherei=1,..., 16). This allowed the determination of the cayed to zero (complete discharge) corresponding to a charge

true through plane currentsthrough the MEA. of about 1500 C. In addition to the currents and voltages, the
For atransient polarization, the cellwas first run under pre- pressure on the cathode side was also recorded during the

scribed operating conditions until a steady state was reacheddischarge.

Then current flow was interrupted and the cell was switched  For the determination of the amount of liquid water, a

to O, as oxidant until the cathode compartment was com- complete discharge was performed with/8, as reactants

pletely filled with & and the pressure the same as on the and inlets as well as outlet valves closed on both the anode

anode side. Thereafter the inlet and outlet valves on the cath-and cathode side. In addition to the currents and voltages,

ode side were closed and the cell was discharged at constanthe gas pressures on the anode and cathode side were also

current while the H flow was kept constant. During the dis- recorded during the discharge. Cell temperatures are given

charge, the currents through the shunt resistors, in-plane curby the coolant inlet temperature.

rents and cell voltages were recorded. Then the oxidant inlet

valve was opened, the cathode compartment refilled with O

and the cell discharge was repeated at the next current. Typi-3. Results and discussion

cally, transient polarizations were recorded starting with the

highest current in descending order. In order to minimize any 3.1. Determination of the pure ohmic resistance of a fuel

change in membrane hydration due to product water which cell

might affect the resistance distribution, the duration of the

discharge was limited to about 100 C (partial discharge) for ~ The cell voltage of a fuel cell under current flow is de-

each current point of a transient polarization. termined by a number of loss mechanisms that are kinetic,
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resistive or mass transport related. Mass transportlossesare¢ 1.0
major cause for performance inefficiencies especially on the
cathode. One method to determine the ohmic voltage losses
as function of current density is a fit of E({.) to the steady

state polarization curve. However, this approach suffers from =
an interdependence of the ohmic and mass transport related g, 06 -

0.8

parameters, imax in the equation so that often no unique %
solution is found. Z 04
8

i i
E:E%FwMQ<f)—bbg<fﬂﬂ{)—MA 1) .

10 Imax — 1 '

One way to circumvent this problem is to determine the 0.0 ‘ ‘ ‘

ohmic cell resistance through AC-impedance spectroscopy 0 500 1000 1500 2000
[6]; however, the corresponding experimental setup is more Charge/ C

complex requiring specialized equipment such as lock-in am-

plifiers or frequency response analyzers particularly if spa- Fig. 3. Transients of the average cell voltage for various average current

tial resolution is desire7]. The MRED method works in densities plotted against charge. Operating conditiongO}] T=75°C,

the ti instead of the f d . d utili p=45 psia, fuel inlet open, fuel outlet closed, oxidant inlet and outlet valves
e ume — |.ns ea .0 e req_ue_ncy omain and utilizes a closed. The topmost curve of the graph corresponds to the lowest current

galV&nOStat'? cell-discharge with interrupted reaCtant SUPPIY. density. The initial cell voltag&cen(0) is measured for timets< 0.1 s.

For an experiment on the cathode, the reactant flow is stopped

by closing th_e mlefc and outlet valves on the cathode Slde! thepjified Srinivasan equatiof8) [8] to the experimental data.

cell current is switched on and the voltage—time transient

) . . ;

is reporded. As there is no gas flow, reactant concentration , _ E9, —blog (L) —irA 3)

gradients along the flow channels are eliminated. After the ig

current has been switched on, the €ncentrations in the

channel and at the catalyst layer become time dependent3.2. Membrane water content

leading to a time dependent mass transport over-potential

(1) For NafiorP membranes, the proton conductivity is a
strong function of the water content. If the membrane re-
imax ceh(?) sistance and membrane thickness are known, the membrane
mmi(t) = blog | ——— | =blo 2) L
Imax — i ceat(t) water content can be deduced using literature f§tarhe

membrane ohmic resistance can be calculated from the cell

At t=0 however, the mass transport over-potential is zero resistance by subtracting the bulk resistances of the flowfield
becausean(0)=ccaf0) =Co. Consequently, the mass trans- plates and electrodes as well as the contact resistances from
port over-potential rises from zero on a timescale determinedthe pure ohmic cell resistance determined with the transient
by the relaxation time, of the reactant transport from the polarization. By combining the cell voltage decay experiment
channel to the catalyst layer. Assuming that this transport with current mapping, spatially resolved transient polariza-
process is of diffusive nature and can be described by an ef-tions corresponding to each of the collector plate segments
fective diffusion coefficienDesr, thent, = L2/Deg. If the initial can be obtained-ig. 4 shows a series of 16 transient polar-
cell voltageE¢e(0) is measured on a timescale smaller than ization curves and the corresponding pure ohmic resistance
ty, i.e. beforeconcentration gradients across the GDL have distribution of the fuel cell determined from a fit of E).
developed, then the cell voltage measurement is mass transThe latter shows a characteristic “bathtub” shape, indicating
port free. WithL =0.025 cm an®eg ~ 6 x 103 cm? st we membrane drying at the inlets of both reactants. This type of

gett;~0.1s. membrane hydration profile is typical under operation with
Repeating the measurementiy,(0) for different cur- sub-saturated gases.
rentsi yields the transient polarizatidge(0,i) which is free Fig. 5shows a drying and re-hydration experiment where

of mass transport contributions and contains only ohmic and the humidification was switched off (a) and then on again (b)
kinetic losse$3]. Fig. 3shows the cell voltage transients for and the resulting shift in current distribution was monitored
complete galvanostatic discharges at different current den-over time. The individual currents are numbered from the
sities against charge, therefore all transients have the sam@xidant inlet (1) to the oxidant outlet (16) and it can be seen
duration of about 1500 C, which is a function of the amount that drying occurs at the oxidant inlet with the highest rate.
of Oy in the cathode volume and the current/voltage charac- Also, whereas the current at the oxidant inlet drops quickly
teristic of the electronic load. to about 50% of its previous value, the current further down
Fromthe previous discussion it follows thatthe pure ohmic the channel actually increases (see currents # 8, 16). This
resistance of the fuel cell can determined by a fit of the sim- current shift towards the oxidant outlet is a consequence of
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Fig. 4. Transient polarization curves for operation aii®». Numbers denote the individual current collector elements along flow channel Igrdjte¢tion).
Inset: the resulting pure ohmic resistance distributRly) as determined from a fit of E@2). Oxidant inlet: left, fuel inlet: right (counterflow operation).
Operating conditions before transient polarization1 A cm~2, Hy/air stoichiometry 1.6/1.8T = 65°C, p= 45 psia, RH = 50% for both H air.

the higher gas flow on the oxidant side resulting in a higher current shift away from the oxidant inlet towards the oxidant
drying power and the fact that the total current remains con- outlet.

stant during the experiment. In order to determine the effect The comparison ofFig. 5a and b also shows that upon
of the dry operation on the resistance distribution, a transient switch-back to humidified gases the recovery of cell voltages
polarization was performed after the 20 min of dry operation and currents occurs significantly faster than their decay dur-
in Fig. 5a and the results are shownHhig. 6 together with ing drying. Whereas the cell voltages show a gradual, almost
the baseline resistance distribution corresponding to opera-linear decrease during drying, they recover almost instanta-
tion with fully humidified gases. Again, the typical bathtub neously after switch-back to humidification. This appears to
shape is visible, but in contrast fig. 4, the resistance at  be true also for the partial currents, all of them showing a
the oxidant inlet is now much higher relative to the mid- much faster change in the firsf75% of their total recovery.
dle of the cell (350 rf2 cn? compared to 150 & cn?). This I1 at the oxidant inlet appears to have the slowest recov-
ohmic resistance profile is in accordance with the observedery compared to the other partial currents; this may be due

20 20
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Fig. 5. Local currents (solid lines) and cell voltages (dashed lines) (a) after switching from RH=100% to dry reactant gases and (b) after staitch-back
RH =100%. For clarity only the currents at oxidant inlet (1), middle (8) and fuel inlet (16) are shown. Operating conditdnd+i/O, stoichiometry 1.6/8.0,
ltot =260 A, counterflow operatio,=70°C, p=45 psia.
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Fig. 6. Pure ohmic resistance profile after 20 min operation without humid- Conditions:p= 45 psia,T = 70°C, H,/O, operation, fuel/ox inlet and outlet

ification (open circles, see al$dg. 5a) compared to a baseline profile for \5\yes closed. Solid line: current, dashed lines: anode and cathode pressure.
operation with fully humidified gases (full circles). Operating conditions as

n Fig. 5 cathode side from the pressure change during a galvanostatic
cell discharge. If the valves on both anode and cathode side
are closed, the free gas volumes on both sides can be de-
termined simultaneousl¥tig. 7 shows the result of such an
experimentand it can be seen that thegressure drops about
twice as fast as the Qpressure as expected if the gas free
volumes are about the same on both the anode and cathode
side.

The first derivatives of the pressure versus time curves
typically show a distinctive plateau which can be used for
the volume determination with Eq. (6). In order to minimize
| effects due to external leaks or gas permeation through the
membrane it was found to be advantageous to perform the
discharge at current densities >0.5 Ath

to the fact that membrane re-hydration is also a function of
water production, which is lowest at the oxidant inlet. The
difference in drying and re-hydration rates can have impor-
tant implications for the dynamic operation of fuel cells in

automotive applications. The control of membrane hydration
is also of critical importance for rapid startup from ambient
and sub-zero temperatures.

3.3. Free cell volume

In addition to the pure ohmic resistance, the experimenta
setup allows the determination of the free gas volume of the

unit cell (between the inlet and outlet valves). If the free gas ) ,
volume is known for the dry state of the fuel ceVlgfy), In order to verify the accuracy of the free volume determi-

the volume of liquid water present under a given operating nation, known gmounts o'f water were added to the fuel cell

condition on the anode or cathode can simply be determinedf[h”:Jugh faradaic production and the correspond_mg change

by subtracting the corresponding free gas volifg. in volume Vet was measured. During water add!tlon, both
During the galvanostatic discharge, the inlet and outlet the fuel and oxidant outlet valves were closed in order to

valves are closed and consequently reactant gas is consumeffake sure that all product water remained inside of the cell.
at the constant rate of With this arrangement, the cell was run for about 10 000 C on

H2/O2 corresponding to a water production0.9 ml and
d d the vol determined with a galvanostatic disch
— Hmol = — 4) e volume was determined with a galvanostatic discharge.
dr nk This cycle was repeated several times and the free anode and
wherenmg is the number of moled,the currentn=2 or 4 cathode volumes were plotted against the product water pro-
for H, or Oy, respectively, anéf Faraday’s constant. Onthe duced.

other hand, using the ideal gas law The results irFig. 8demonstrate the accuracy of determi-
d v d nation of thetotal amount of liquid water (anode + cathode)
d_an' = 5T % (5) in the cell with an error of =4 x 103, On the other hand,

r § r

the slope for the cathode shows a large deviation from 1 and
wherep, V, T denote pressure, volume and temperature, re- the anode slope even a negative value. This indicates that a

spectively, andi the gas constant. Using E@t) and (5)it significant amount of water is dragged from the anode to that

follows: cathode during faradaic water production between consecu-

RT | 1 7 tive volume determinations. The slope of the anode line gives
dp/dinF ~ dejdinF (6) directly the water transfer factor

wherec denotes the reactant concentration. @jallows the ~ , _ H20 (transferred fromA — C)
determination of the gas filled (free) volume on the anode or H20 (produced)

()
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12 between flow channel and catalyst is constant during the gal-
1o [ & Tomma 1 2a2xe0.068 vanostatic transient if this is also true gs. Consequently,
v oo wate . s e if both ccaf(t), cen(t) can be measured, the effective diffusivity
£ ® (& Cathodo water P i can be determined. The channel concentratig(t) can be
> el = - measured using a fast pressure sensor whereas the concen-
L B //«r///”’ y=0.896x+0.039 tration at the catalyst can be calculated from the cell voltage
§ 4 /A/’//’ decayEce(t) as explained in the following section.
£ s = i * For convenience, the cell voltage decay can be expressed
g2 o el relative to the initial cell voltag&.e(0) as follows:
= 0= f ~
ﬁ%ﬁr“iv‘(_flk_ﬁ 4=-0.246.0.026 AEcei(t) = Ecell(0) — Ecen(t)
2 T gead 0 0
= E¢e(0) — nc(0) — Eggy(t) + nc(?) (10)
-4 . . T
0 2 4 6 8 whereEge” is the reversible cell voltage amd the activation
Water produced/ ml over-potential at the cathode. It is worth noting thde(t)

contains no ohmic losses, as they are constant during dis-

Fig. 8. Calibration of the volume determination method conducted at :
) o charge. Due to the continuous supply of, /e also assume
1Acm2 using product water and3/O, as reactants. The small deviation 9 PPy o

from unity of 4x 10~3 for the slope of the total (=anode + cathode) water no Cha”ge in the activation Oger'pOtentlal atthe anOde_'
demonstrates the accuracy of the volume determination. The negative slope 1 he time dependence df,, can be calculated using

for the anode water gives the transfer factor from anode to cathode. Nernst's equation for the cathode

: _ : , 2 ref
and fromFig. 8 we concludex = 0.246 for these particular 29y — g0 RT I cen(@®) [ens \ Ciho 1
operating conditions. This indicates water transport in the Ec(f) = E¢ e + 2F n cref \ zref | o g (11)
same direction but at a slightly larger value than the range H* 2

—0.05 < < 0.2 which was observed previously for operation

with Hy/air and gas flow on both anode and cathode ile where E¢(r) denotes the reversible cathode potentii:)

is time dependent as the;@oncentratiorcen(t) in the flow
channels continually decreases during the discharge. Assum-

3.4. Cathode diffusivity ing cy+, cH,0 are time independent it follows:

On the cathode side, mass transport losses associated with T ©)
transport of reactants and products to and from the active cat-£2,,(0) — E2,,(r) = =—=1In ( Ceh ) (12)
alyst sites are a major cause of inefficiencies in fuel cells. A 2F cen(?)
large part of these mass transport losses is associated with . .

L2 . nc(t) can be expressed as function of the oxygen concentration
diffusion/convection processes through the porous electrodeat the catalvst laver usina the Tafel equation
structure. A technique for the determination of these diffu- ystiay g a
sion losses under operating conditions would therefore be of . ceaf?) ( nc(t)>
exp

great value for the improvement of fuel cell performance. In i(r) = ioc c 2.303—— (13)

b

this section it will be discussed how the galvanostatic cath- ¢

ode discharge of a fuel cell allows the determination of the Whereigc denotes the exchange current densigy, a refer-
cathode diffusivity. ence concentration (e.go, = 1 atm) andy. the Tafel slope

After the initial relaxation processes have subsided, i.e. for Which leads to

for t > t; the fuel cell exhibits quasi-stationary behavior dur- ccaf0)
ing a galvanostatic discharge and the curieain be written  71c(?) — n¢(0) = bclog (c—t(t)>
using Fick’s law @

ref

(14)

9 ; With (12) and(14) Eqg. (10) simplifies to

Deﬁa_z T aF ®) {0) RT (0)
Cca ‘ Cch
. . . . Ecen(0) — E = bclo —In
or, assuming a linear concentration gradient across the GDL: cell(0) = Eceilt) = belog ( ceal(t) ) *oF ( cen(t) )
iL (15)

Ac = con(t) = ceall) = 7 p )

eff Eqg. (15) shows that the change in cell voltage over time is
wherecca(t) denotes the oxygen concentration at the catalyst, due to the change of the ratigy(0)/ccat) at the catalyst sites
Ceh(t) the oxygen concentration in the flow channélghe corrected with respect to the change in oxygen concentration
GDL-thicknessDest the effective diffusivity of the GDL and in the flowfield channels.
F Faraday’s constant. Althougtia(t), cch(t) are functions With (15) we can now calculate the JOconcentration

of time, Eq.(9) implies that the difference in concentrations ccaft) at the catalyst sites as a function of time using the fact
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mined independently using a non-linear four-parameter-fit to

—=
Y

- experimental helox and air polarization curves obtained with
a similar setup and fuel ce®].
10
8
E ) 4. Conclusions
Q
%ﬂ 41 % The galvanostatic discharge of a fuel cell (MRED method)
5 provides important information related to the amount and
distribution of liquid water in a fuel cell in a minimally inva-
21 } sive manner and under in situ conditions. The mass transport
2 ® experimental free transient polarization allows the determination of the
—— linear regression . . .
4 ‘ ‘ r — pure ohmic cell resistance from which the membrane water
0.0 0.2 0.4 06 08 10 12 content can be deduced. The combination of galvanostatic

discharge with current mapping allows the determination
of the distribution of water in the membrane across the
Fig. 9. Experimental plot ofAc against current density Circles: exper- active area. Secondly, the total free gas \_/0|Ume allows the
imental values, solid line: straight line least-squares fit, other parameters: determination of the total amount of liquid water present
be=55mV,T=75°C, L =250pm. Error bars represent experimental errors  jn the anode or cathode compartment. Thirdly, the cathode
in vo_Itag_e and pressure measurement75. Expfrlmental value for the effectlveeﬁective diffusivity can be determined from the pressure
O3 diffusion coefficientDe =6.1x 107 m=s™ . . . .

and voltage decay during the cell discharge. Literature data

that without currentt(< 0) the @ concentration at the cat- Suggest that the electrode diffusivity decreases as a function

alyst sites equals the @oncentration in the flow channels. Of €lectrode water content, which might enable differen-
With tiation between water in the electrode and the flowfield

channels.

Current density/ Alcm®

ccal0) = cch(0) = co (16)

it follows that

ccat(t) = coexXp(—(2.303/bc) x Ecen(0)

1] R. Satija, D.L. Jacobson, M. Arif, S.A. Werner, J. Power Sources 129

—Ecell(t) — (NT/2F) x In(y/co/ccn(?))) (7) . (2004)1238.
[2] K.D. Kreuer, in: W. Vielstich, A. Lamm, H. Gasteiger (Eds.), Hand-
book of Fuel Cells — Fundamentals, Technology Applications, vol. 3,
In order to validate this analysis the series of galvanos-  wiley, Chichester, UK, 2003, pp. 420-435.

tatic discharge experiments shownhig. 3 was analyzed [3] J. Stumper, H. Haas, A. Granados, J. Electrochem Soc., in press.
and Ac plotted against current density. According to E®). (4] Az'ogikirggs' K. Tueber, J.0. Schumacher, C. Hebling, Fuel Cells 4
a p|0t of A(.: ag_alnstl should yleld a stra|g.hF line allowmg [5] g Stu)rnper, S.A. Campbell, D.P. Wilkinson, M.C. Johnson, M. Davis,
the determination oDefr. As can be seen iRig. 9, the ex- Electrochim. Acta 43 (1998) 3773.
perimental points are very close to the expected straight line[e] B. Andreaus, A.J. McEvoy, G.G. Scherer, Electrochim. Acta 47 (2002)
through the origin. Between each of the experiments, the fuel ~ 2223.
cell was reconditioned for about 10 min before the next dis- [7] Zogg)”fg; M.S. Wilson, T.A. Zawodzinski, J. Power Sources 123
char_ge was pfgfor_n;eg.lThe SIOpe of the _stralght line ylelds [8] S. Srinivasan, E.A. Ticianelli, C.R. Derouin, A. Redondo, J. Power
Def =6.1x 107" m~<s™~. The corresponding value for the Sources 22 (1988) 359-375.
mass transfer coefficient de/L=2.44x 1073ms ™t is  [9] p. Berg, K. Promislow, J. St-Pierre, J. Stumper, B. Wetton, J. Elec-

close to the value des/L = 2.8 x 10~3 m s~ that was deter- trochem. Soc. 151 (2004) A341.
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