
Journal of The Electrochemical Society,152 ~4! A837-A844 ~2005! A837

Downlo
In Situ Determination of MEA Resistance and Electrode
Diffusivity of a Fuel Cell
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This paper describes a novel method to determine the membrane electrode assembly~MEA! resistance and electrode diffusion
~MRED! coefficient for a fuel cell~the MRED method! underin situ conditions. It is shown that the MRED method allows the
determination of~i! the ohmic resistance of an MEA and~ii! the mass-transport coefficient of the electrodes. The method is based
on the galvanostatic discharge of a fuel cell with interrupted reactant supply. Application of the method to the cathode of a polymer
electrolyte membrane fuel cell is demonstrated, and the experimental results are analyzed using a theoretical model based on a
simple one-dimensional diffusion process using Fick’s law. Comparison of the experimental O2 mass-transport coefficient with
theoretical values indicates that diffusion in the active layer is mass-transport limiting.
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To meet the power density, reliability, and cost requirements
enable a widespread use of fuel cells, cost reduction and incr
power output remain key challenges. To reduce development
and cost, a rapid and convenient means for the optimization o
cell designs is needed. This requires foremost a sufficient u
standing of the structure-property-performance relationships fo
fuel cell and its components. In particular, the dependence o
voltage and cell voltage degradation on the physicochemica
structural properties of the components of the fuel cell mus
better understood. Due to the complexity of the heat- and m
transport processes occurring in fuel cells, there is typically a
titude of parameters to be determined. Therefore, the challen
the identification of those critical parameters that which have
highest impact on fuel cell performance. This can be done thr
either theoretical or empirical models, which can then be use
design tools to optimize fuel cell designs more quickly. For
development of these design tools, accurate measurement to
needed to provide reliable data to establish empirical correlatio
provide model inputs, or to validate model predictions.

In this study, we present a novel method for determination o
cell resistance and the effective diffusion coefficient for a fuel
cathode, which can be used as a measurement tool to provide
able experimental data for the investigation of the struc
performance relationships for fuel cell electrodes. The memb
electrode assembly~MEA! resistance and electrode diffus
~MRED! method allows the investigation of the effect of opera
conditions as well as structural properties of the electrodes on
formance and can thus support the development of improved d
tools for fuel cells.

Generally, the cell voltage losses can be kinetic, ohmic,
mass-transport related;1 therefore, one of the design challenges i
optimize electrode structures so that these cell voltage losse
minimized. Especially on the oxidant side mass-transport losse
sociated with transport of reactants and products to and from
active catalyst sites are a major cause for performance inefficie
of fuel cells. The most widely used method for the determinatio
the different voltage loss components for the cathodic reaction
sists of the least-squares fitting of an analytical expression com
ing all the various loss components to the experimental cell vo
vs.current density~E vs. i! curves. Srinivasan and co-workers2 have
been using the simple equation

E = Ecell
0 − b · logS i

i0
D − iRA f1g
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to fit experimentalE vs. i curves. Here,Ecell
0 , i0, b, R, andA denote

the reversible cell voltage, exchange current density, Tafel slope
resistance, and cell area, respectively. The typical assumption h
that the anodic contribution to the total overpotential is small c
pared to the cathodic contribution, which is generally justified
pure H2 operation. However, Eq. 1 contains no explicit term for
mass-transport or diffusion overpotential and therefore does n
count for deviations from the linear behavior observed at hi
current densities and/or lower oxygen concentrations on the ca
Also, the resistanceR as determined from a fit of Eq. 1 to expe
mental data should more appropriately be labeled pseudo-ohm3 as
it depends on operating conditions such as current density an
composition and is therefore partially determined by mass-tran
effects as well. Rho and co-workers compared polymer electr
membrane~PEM! fuel cell performances for heloxsO2/Hed, O2/Ar,
and O2/N2 mixtures as cathodic reactants and showed thatR de-
pends on the inert component and, more strongly, on the catho
pressure.4 To more accurately describe theE vs. ibehavior including
mass-transport effects, Kimet al. extended Eq. 1 by including a
empirical term5 m · expsnid

E = Ecell
0 − b · logS i

i0
D − iRA − m · expSn

i

i0
D f2g

The disadvantage of this approach is that it does not provide a p
cochemical interpretation of the associated fit parametersm,n. An-
other alternative is the inclusion of a mass-transport related co
tration overpotentialhc based on Fick’s law of diffusion6

E = Ecell
0 − b · logS i

i0
D − iRA − hc f3g

where

hc =
RT

nF
lnS imax

imax − i
D f4g

However, upon fitting experimental data with an equation base
Eq. 3, this approach suffers from an interdependence ofR and the
mass-transport related limiting currentimax. However, Squadritoet
al.7 have described the mass-transport losshc by a term such as th
one in Eq. 4 multiplied by an amplification termas i /i0dk

hc = aS i

i0
Dk

·
RT

zF
lnS imax

imax − i
D f5g

The amplification term takes into account nonlinear effects ar
from mutual correlations between the mass-transport contribu
of different MEA components such as diffusion and catalyst la
as well as the fact that the local operating conditions depend o
sx,yd position within the MEA area. However, as with the empir
) unless CC License in place (see abstract).  ecsdl.org/site/terms_uses of use (see 
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term added by Kimet al., the fit parametersa,k do not allow a
quantitative determination of mass-transport related fuel cell p
erties.

Hence, in this study we present a novel method that allow
separation of the ohmic and mass-transport related perform
losses of a fuel cell and yields~i! the true ohmic cell resistan
unaffected by mass-transport effects and~ii! the effective O2 diffu-
sivity of the cathode electrode including the catalyst layer.

Theoretical Analysis of Cell Voltage Transients
during Cathode Discharge

During a cathode discharge experiment according to the M
method, the cathode compartment is separated from the gas
by closing both inlet and outlet valves, whereas the anode side
tinues to be supplied with H2. Then the load is switched o
s i = const.d, and the cell voltage transient is recorded during
discharge of the fuel cell. The resulting discharge curve~see Fig. 1
is similar to those observed on batteries. The initial voltage
after the current has been switched onst = 0d is due to the ohmi
and kinetic overpotentials, which react practically instantaneo
~on a time scale larger than the charging of the double layer!. How-
ever, no mass-transport losses are present att = 0 as the O2 concen
tration at the catalyst sites is identical to the bulk concentratio
the flow channels. However, the rapidly accelerating voltage
crease observed for timest . 0 is determined by~i! the decrease
O2 concentration in the cathode compartment and~ii! the O2 con-
centration gradient across the electrode necessary to sustain
ternal current.

In the following sections, we~i! develop a solution for the O2
concentrationcs0,td at the catalyst sites by solving the correspo
ing differential equation with the appropriate boundary condit
and ~ii! show how the O2 concentrationcs0,td at the catalyst site
can be calculated by using the measuredEcellstd profiles. Using the
MRED method it is possible to extract valuable information on
mass-transport properties of the electrodein situ under fuel cel
operating conditions.

Calculation of O2 concentration during cathodic discharge.—We
use the schematic diagram in Fig. 2 for the discussion of the
charge experiment. We describe the electrode as a single la
thicknessL with the catalyst located atz = 0.

To model the transport of O2 through the gas diffusion lay
~GDL! we assume the following.

1. The electrode is modeled as a single layer with a catalyst
of zero thickness.

Figure 1. Cell voltage transient under H2/O2 operation ati = 1 A/cm2.
Operating conditions: H2/O2, T = 75°C, p = 300 kPa, fuel inlet open, O2
valves closed.
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2. A one-dimensional~1D! model is used for the GDL usin
Fick’s law.

3. No production/condensation of water vapor and assoc
convective effects are considered.

4. The effect of liquid water in the GDL on O2 diffusion is
ignored.

5. Heat transfer effects are neglected.
6. The current densityi is constant during discharge.
Even though most fuel cells operate with air instead of oxy

on the cathode, we compare our model predictions with experi
tal data obtained for pure O2. The intent is to include O2/inert gas
mixtures in the future.

We denote bycsz,td the O2 concentration in the GDL and b
cchstd the O2 concentration in the flow field channels. The differ
tial equation forcsz,td is then

]

]t
csz,td = Deff

]2

]z2csz,td f6g

whereDeff is the effective O2 diffusion coefficient of the cathod
electrode. The boundary conditions are as follows

csz,0d = c0

4FDeff
]

]z
cs0,td = i for t . 0 f7g

whereF is Faraday’s constant. The boundary condition at the G
channel interface can be written as

csL,td = cchstd f8g

wherecchstd satifies the following partial differential equation

]

]t
cchstd = U −

ADeff

Vch
·

]

]z
csz,tdU

z=L

f9g

with the initial condition

cchs0d = c0 f10g

A theoretical solution~see the Appendix!of Eq. 6-10 is shown i
Fig. 3, wherecs0,td andcchstd are displayed for a range of diffusi
coefficients andi = 1 A/cm2. See also Fig. 4.

After a short initial relaxation time on the order oftr < L2/Deff,
the O2 concentration at the catalyst sites decreases at the sam
as the O2 concentration in the channel. We also note that the
centration differenceDc = cchstd − cs0,td is time independent and
function ofDeff only. Under these quasi-stationary conditions, E
yields

Figure 2. Schematic diagram for cross section of an electrode.L: electrode
thickness,W = Vtot/A whereVtot = VGDL + Vch is the total cathode volum
A: cell active area.
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Dc = cchstd − cs0,td =
iL

4FDeff
f11g

Therefore, ifDc can be derived from experimental data, then E
allows the determination of the effective O2 diffusion coefficien
Deff of the electrode. Whereascchstd can be measured simply usi
a pressure sensor, the calculation ofcs0,td from the cell voltage
transient during discharge is explained in the next section.

Calculation of oxygen concentration c(0,t) at catalyst layer f
cell voltage transient Ecell(t).—The cell voltage can be express
as

Ecellstd = Ecell
0 std − hcstd − ha − iRA f12g

whereEcell
0 is the reversible cell voltage,h the overpotential, and th

subscripts a,c denote the anode and cathode, respectively. In
we further assume that the overpotential for the anode is con
after the current has been switched on att = 0 as H2 is continuously

Figure 3. Analytical solution for time dependence ofcchstd ~upper three
curves!and cs0,td ~lower three curves! for current density ofi = 1 A/cm2,
Vch = 34.6 cm3, Vtot = 42.1 cm3, c0 = 92.3 mol/m3, L = 250mm, and a
range of diffusion coefficientsDeff = 10−7 m2/s, Deff = 2 3 10−7 m2/s, and
Deff = 10−6 m2/s.

Figure 4. Calculated profile~see Appendix! of O2 concentration across t
GDL for different times;i = 1 A/cm2, Deff = 6.1 3 10−7 m2/s, other param
eters as in Fig. 3.
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being supplied during the discharge,i.e., the cell voltage decrease
interpreted exclusively as the change in the reversible cell vo
Ecell

0 std and the overpotentialhcstd on the cathode side.
The cell voltage decay can therefore be expressed as

Ecells0d − Ecellstd = Ecell
0 s0d − hcs0d − Ecell

0 std + hcstd f13g
The time dependence of the reversible cell voltage can be calc
using the Nernst equation for the cathode

Ec
0std = Ec,ref

0 +
RT

2F
lnSÎcchstd

cref · S cH+

cH+
refD2

·
cH2O

ref

cH2O
D f14g

whereEc
0std is the reversible cathode potential.Ec

0std is time depen
dent as the O2 concentration in the flow channelscchstd continually
decreases during the discharge. AssumingcH+, cH2O are time inde
pendent, it follows that

Ecell
0 s0d − Ecell

0 std =
RT

2F
lnSÎcchs0d

cchstd
D f15g

hcstd can be expressed as a function of the oxygen concentrat
the catalyst layer using the Tafel equation

istd = ic
0 ·

cs0,td
cref

· expS2.303
hcstd

bc
D f16g

where ic
0 denotes the exchange current density,cs0,td the oxygen

concentration at the catalyst layer,cref a reference concentrati
~e.g.,pO2 = 1 atm!, andbc the Tafel slope, which leads to

hcstd − hcs0d = bc · logScs0,0d
cs0,td D f17g

With Eq. 15 and 17, Eq. 13 simplifies to

Ecells0d − Ecellstd = bc · logScs0,0d
cs0,td D +

RT

2F
lnSÎcchs0d

cchstd
D

f18g
Equation 18 does not contain any ohmic contribution as the o
overpotential remains constant during the transient. Thus
change in cell voltage over time is due to the change of the
cs0,0d/cs0,td at the catalyst sites corrected with respect to
change in oxygen concentration in the flow field channels whic
as a reactant reservoir. Therefore, the cell voltage transient d
cathode discharge can be considered as an electrotitration of2 at
the cathode catalyst sites.8

With Eq. 18 we can now calculate the O2 concentrationcs0,td at
the catalyst sites as a function of time using the fact that wit
currentst = 0d the O2 concentration at the catalyst sites equals
O2 concentration in the flow channels. With

cs0,0d = cchs0d = c0 f19g
it follows that

cs0,td = c0 · exp1− 2.303

Ecells0d − Ecellstd −
RT

2F
lnSÎ c0

cchstd
D

bc
2

f20g

Experimental

The experimental results were obtained using a single Ba
Mk 9 MEA with a Nafion 112 membrane. The data acquisition
tem consisted of a PXI-1002 chassis with an embedded proc
coupled to an SCXI-1001 chassis via a PXI-6052E 16 bit dat
quistion card from National Instruments Corporation connected
personal computer.

The test cell was operated on a custom-designed test stati
lowing accurate control and monitoring of all operating parame
) unless CC License in place (see abstract).  ecsdl.org/site/terms_uses of use (see 
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Steady-state polarization curves were obtained under constan
and oxidant stoichiometry with respect to the total cell current.
a transient polarization, the cathode inlet and both outlet valves~see
Fig. 5! were closed. The anode inlet valve was left open to kee
H2 pressure constant during discharge. After each discharge
cathode inlet and outlet valves were opened for<1 s to recharge th
cell for the next transient experiment. Cell temperatures are giv
the coolant inlet temperature.

Results and Discussion

Figure 1 shows a typical cell voltage transient for H2/O2 opera-
tion at i = 1 A/cm2 together with the load current. Att = 0 the
current is switched on and the the cell voltage drops to its in
valueEcells0d. The current stays constant untilEcellstd drops to abou
0.4 V, a cutoff point that is determined by the characteristics o
electronic load used for the experiment. Figure 6 shows a ser
cell discharge voltage profiles obtained at a range of different
rent densities. When displayed against charge instead of tim
transients correspond to the same charge capacityQ

Figure 5. Schematic diagram of experimental setup. p: pressure sensoai,
Vao, Vci, Vco are anode and cathode inlet and outlet valves, respective
anode, C: cathode.

Figure 6. Cell voltage transients for various current densities for clo
cathode compartmentvs. capacity. Operating conditions: H2/O2, T = 75°C,
p = 300 kPa, fuel inlet open. Topmost curve of the graph corresponds
lowest current density.
 address. Redistribution subject to ECS term130.203.136.75aded on 2016-09-15 to IP 
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Q < c04FVtot f21g

of about 1500 Cs=0.41 Ahd. With Eq. 21 the total cathode free v
ume Vtot can be estimated to be about 38.8 cm3, which is large
compared to the amount of product water per discharge of
0.135 cm3. This justifies the assumption ofVtot = const. during th
discharge experiment.

From the discharge transients in Fig. 6, the initial or “transi
cell voltage Ecells0d can be extracted and plotted against cur
density i ~transient polarization curve!. Figure 7 shows transie
polarization curves for three oxidant gases: O2, helox, and air. Th
corresponding traditional steady-state polarization curves are
shown for comparison. For air, the transient polarization curve
markedly above the steady-state polarization, whereas for helo
difference is reduced to less than<15 mV. For O2, the two polar
izations are practically identical. This indicates the presence o
creased mass-transport losses under steady-state operation
changing reactants from O2 over helox to air. The results of a fit
Eq. 1 to the experimental data shown in Table I confirm this, s
ing a monotonic increase in the steady state “pseudo” resis
from O2 to air. However, the transient resistancesRt are essentiall
the same within the error~averageRt = 120 mV cm2! and in agree
ment with the O2 steady-state resistance, further supporting the
thatRt measures the actual ohmic fuel cell resistance independ
the reactants.

Figure 8 shows an experimental result together with a m
calculation for the time dependence of the O2 concentrations in th
flow channels and at the catalyst sites calculated using Eq. 20
O2 concentrations in the flow channels and at the catalyst site
crease linearly with time as long as the currenti is constant except
short timess,0.5 sd, where relaxation effects9 play a dominant role
The observed time independence ofDcstd shows that a simple 1
Fickian diffusion model with a time-independent O2 diffusion coef-
ficient provides a satisfactory explanation of the observed vo
transients during cathode discharge. Moreover, this also implie
the thus determined effective O2 diffusion coefficientDeff is pres-
sure independent. The total cathode volumeVtot = 42.1 cm3 used for
the model calculations is slightly larger than the value determ
from Eq. 21, the difference indicating that there probably rem
some residual Oafter completion of the transient.

Figure 7. Comparison between transient and steady-state polarization
sient voltagesEcells0,id were taken at chargeQ = 6 C. Symbols: experime
tal data, lines: fit of Eq. 1. Squares: oxidant O2, triangles: oxidant helox
diamonds: oxidant air, full symbols: transient polarization, open sym
steady-state polarization, other operating conditions: fuel = H2, T = 70°C,
p = 300 kPa.~i! Transient polarization: anode inlet open, cathode inlet
outlet valves closed.~ii! Steady-state polarization, H2 stoich 1.5; O2, helox,
air stoich: 10, 2, 2.
2
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For the experimental determination ofDeff according to Eq. 1
the discharge experiment is repeated for different currents an
resultingDc plotted againsti. Figure 9 shows thatDc is proportiona
to the current density. Ascs0,td is very sensitive to the value
Ecells0d, the transient cell voltage after switching on the curren
nonlinear fit routine was used to extract those values forEcells0d that
minimized the error between the calculatedcs0,td and a straight lin
parallel tocchstd. In all cases, the fittedEcells0d was within ±5 mV
of the experimental value.

The experimental value for the mass-transfer coefficientDeff/L
= 2.443 10−3 m/s determined from the linear fit is close to
value of Deff/L = 2.8 3 10−3 m/s that was determined indepe
dently using a nonlinear four-parameter fit to experimental h
and air polarization curves obtained with a similar setup and
cell.10 Using L = 2.5 3 10−4 m, these experimental values cor
spond toDeff = 6.1 3 10−7 m2/s and Deff = 7.2 3 10−7 m2/s, re-
spectively, which are more than an order of magnitude smaller
the binary diffusion coefficientsDij for O2 in H2O vapor, N2, or He
~see Table II!. This difference could be due to~i! local 2D effects
related to the flow channel geometry,~ii! the presence of liqui
water in the GDL reducing the porosity, or~iii! the presence of
secondary layer limiting the O2 diffusivity of the electrode.

Table I. Results of least-squares fit of Eq. 1 to transient and steady
to a doubling of the x2 error (while all other fit parameters are held

E0 ~mV! b

O2 transient 848 ± 5 58
O2 steady state 862 ± 3 53
Helox transient 811 ± 4 58
Helox steady state 825 ± 3 53
Air transient 807 ± 6 58
Air steady state 824 ± 5 53

Figure 8. Experimental and theoretical time dependence of oxygen co
trations in flow field channelscch and at catalyst layercs0,td for the experi-
ment in Fig 1. Symbols: experimental data, lines: model calculation. O
ating conditions: H2/O2, p = 300 kPa,T = 75°C, i = 1 A/cm2, O2 inlet and
outlet valves closed, H2 inlet valve open, H2 outlet valve closed. O2 concen-
tration cch was corrected for water vapor concentration assuming
= 100%.Cs0,td ~triangles!was calculated from cell voltage transient in F
1. Theoretical calculations were performed as outlined in the Appendix
D = 6.1 3 10−7 m2/s, V = 34.6 cm3, V = 42.1 cm3, c = 92.3 mol/m3.
eff ch tot 0

 address. Redistribution subject to ECS term130.203.136.75aded on 2016-09-15 to IP 
Case (i).—Local 2D effects could be caused by the fact
reactants must deviate from the through planeszd direction to reac
catalyst sites located under the flow channel landings. Althoug
would increase the diffusion length, an increase of no more
50% can be expected for the plate geometry used in the experim

Case (ii).—The presence of a porous medium generally inh
gas diffusion, which can be taken into consideration usin
Bruggeman-type correction11

Deff = «1.5DO2
f22g

under the assumption of a hard sphere model for the porous
ture.« denotes the porosity of the porous material andDO2

the free
space O2 diffusion coefficient. From Eq. 22 it follows that a diff
sivity reduction by a factor of 10 would mean a porosity o«
< 0.21, compared to a value of 0.7-0.8 for the porosity of a
GDL. To explain the low experimental value forDeff ~more than on
order of magnitude difference!, we therefore have to assume a liq
water saturation of.75% for the GDL, which seems rather high
a recent study,12 it was reported that liquid water saturation level
the GDL even at 1.4 A/cm2 do not exceed 10%.

Case (iii).—The fact that the mass-transfer coefficient is es
tially independent of the gas composition could also indicate
another transport process such as diffusion through the active~cata-
lyst! layer ~in series with diffusion though the GDL! determines th
O2 flux to the catalyst sites. Typically, electrodes are fabricate

polarization curves in Fig. 7. Errors for the fit parameters correspond
tant), « is the mean relative error of the fit.

R/mV cm2

Fit error, « ~%!

« = Î1

n
o
j=1

n s yj
data− yj

fit

yj
data d2

113 ± 7 0.36
121 ± 6 0.31
128 ± 10 0.53
153 ± 7 0.38
120 ± 14 0.72
181 ± 12 0.63

Figure 9. Experimental plot ofDc vs.current densityi. Circles: experimen
tal values, solid line: straight line least-squares fit, other parametebc
= 55 mV, T = 75°C, L = 250mm. Error bars represent experimental er
in voltage and pressure measurements. Experimental value for effect2

−7 2
-state
cons

~mV!

± 3
± 3
± 3
± 3
± 5
diffusion coefficient:Deff = 6.1 3 10 m /s.
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ing a highly porous substrate such as carbon fiber paper wh
coated with one or more~active! layers containing carbon blac
poly~tetrafluoroethylene!, a proton conductor~Nafion!, and catalys
particles.13

Using the O2 diffusion coefficents in the membrane or the ac
layer reported in the literature~see Table III!and the experiment
value forDeff/L, the diffusion lengthLexp in the active layer can b
estimated. Table III shows thatLexp ranges from 0.02 to 8mm. This
appears reasonable considering the physical thickness of the
layer ~typically in the order of several 10mm!, which should con
stitute the upper boundary for the diffusion length. Conseque
the assumption of a transport-limiting step in the active layer s
the most plausible explanation for the low value forDeff.

The bilayer model for the electrode also explains the obse
independence ofDeff on pressure. In the substrate layer, O2 transpor
is governed by continuum diffusion~and/or viscous flow!, wher
molecule-molecule collisions dominate over molecule-wall co
tions. Continuum diffusion is described by the binary diffusion
efficientsDij ~see Table II!, which are inversely proportional to
total gas pressure. According to Eq. 11, this would lead to a pre
~time! dependence ofDc contrary to the experimental observatio

The mean free path length for O2 at 300 kPa and 70°C is abo
5.5 nm, which is on the same order of magnitude as the particle
in the active layer. Therefore, O2 transport through the active lay
most likely is dominated by interactions with the pore walls~Knud-
sen diffusion!. The corresponding Knudsen flow parametersDiK are
independent of the total gas pressure20 leading to a time-independe
Dc in agreement with the experimental results.

Conclusions

A novel in situ method has been developed to determine
MRED of a fuel cell electrode under operating conditions.
MRED method~i! provides, information on both the kinetic a
resistive cell parameters without interference by mass-transpo
fects ~by means of the transient polarization! and ~ii! additionally
allows the determination of the effective reactant diffusion co
cient Deff of the electrodes.

The MRED method was applied to the cathode electrode
PEM fuel cell to determine the pure ohmic resistance of the M
and the effective diffusion coefficientDeff for O2 for the cathod
electrode. A comparison of the results for pure O2, air, and O2/He
mixtures showed thatDeff is ~i! essentially independent of react
gas composition and~ii! independent of the total gas pressure. T
indicates that the active layer in the electrodes, where Knudse
fusion dominates due to the small pore size, is most probably m
transport limiting. The calculated diffusion length in the active la
covers a relatively wide range from 0.02 to 8mm due the larg
spread in literature values for the active layer O2 diffusion coeffi-
cient.

An analytical solution was developed for the cathode disch
of a fuel cell using an iterative procedure. Assuming a simple
Fickian diffusion process with time-independent diffusion co
cient, good agreement was found between model and experim

Although the experimental results reported in this study
apply to the cathode of a PEM fuel cell, the MRED method can
be used on the anode side to provide information on the H2 diffusion
properties of the anode. Furthermore, the method appears to
plicable to any type of fuel cell that can tolerate a pressure d
ential across the gas separator.

Table II. Binary diffusion coefficients for gas mixtures calcu-
lated using the Fuller, Schettler, Giddings relationship15 for p
= 300 kPa,T = 70°C.

Gas mixture Binary diffusion coefficients,Dij s10−5 m2/sd

O2-N2 0.883
O2-He 3.06
O2-H2O 1.12
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Appendix

In this appendix we describe the solution of Eq. 6-10.z is the axis across the GD
perpendicular to the membrane,z P f0,Lg, where L is the width of the GDL. Th
interface between the catalyst and GDL is located atz = 0 and atz = L is located the
interface between the channel and the GDL.csz,td andcchstd denote the concentrati
of O2 in the GDL and flow channel, respectively.

Nondimensional formulation.—It is convenient to introduce the nondimensio
variablesz̃ = z/L, t̃ = t · D/L2. Equations 6-10 become

]

]t̃
csz̃, t̃ d =

]2

]2z̃
csz̃, t̃ d fA–1g

csz̃,0d = c0 fA–2g

4FD

L
·

]

]z̃
cs0,t̃ d = i fA–3g

cs1,td = cchstd fA–4g

where the equations forcchstd are

5 ]

]t̃
cchst̃ d =

− LA

Vch
·

]

]z̃
cs1,t̃ d

cchs0d = c0
6 fA–5g

In what follows, we writez,t instead ofz̃, t̃.

Discretization.—As all the oxygen initially present in the flow channel beco
consumed, the concentration vanishes at a finite time, sayt. We take small time inte
vals ftl,tl+1d, l ù 1 with t1 = 0 and constant incrementstl+1 − tl = Dt, which we take a
small as 53 10−4 s to make sure the results are accurate within 5%.

The process to solve forcsz,td is iterative inl, the time-step interval. For eachl, the
solutionclsz,td involves an infinite sum in cosines; for our accuracy purposes of 5
is enough to take the first 100 components~see Eq. A-14!.

In each interval, the concentration of oxygen in the channel,cchstd, is assumed to b
constant. After obtaining a solutionclsz,td for z P f0,1g andt P ftl,tl+1d, at t = tl+1, the
concentration is updated using Eq. A-5. Taking the limitDt → 0, keepingt fixed,
provides the analytic solutioncsz,td ~see Fig. 3!.

Discretizing equations A-1-A-5

]

]t
clsz,td =

]2

]2z
clsz,td z in f0,1g, t P ftl,tl+1d fA–6g

clsz,tld = cl−1sz,tld fA–7g

]

]z
cls0,td = a fA–8g

Table III. O 2 diffusion coefficients for Nafion membranes and
active layer reported in the literature together with diffusion
lengths Lexp calculated using experimental result forDeff/L.

Reference

Membrane
DO2

s10−8 m2/sd
Lexp

smmd

Active layer
DO2

s10−8 m2/sd
Lexp

smmd

Jaouenet al.14 0.005 0.02
Rho et al.16 0.5 2.05 0.1 0.41
Um et al.11 2 8.20 2 8.20
Parthasarathyet al.17 0.0074 0.03
Parthasarathya et al.18 0.087 0.36
Beattieb et al.19 0.13 0.53

a T = 80°C.
b T = 70°C.
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cls1,td = el fA–9g

where the value for cl−1sz,td is calculated from the previou
step, with c0sz,t1d = c0, a = iL /4FD, and el = cchstld = el−1
+ Dts−AL/Vchd · ]/]zcl−1s1,tld, for l ù 2, with e0 = e1 = c0. Equation A-7 is a continu
ity condition: the initial value forcl, at t = tl, is given bycl−1 at the end of its tim
interval.

We set the boundary conditions atz = 0 and z = 1 according to the change
variables

clsz,td = Wlsz,td + a · z + el − a

and solve

]

]t
Wlsz,td =

]2

]2z
Wlsz,td fA–10g

]

]z
Wls0,td = Wls1,td = 0 fA–11g

Wlsz,tld = Wl−1sz,tld − sel − el−1d fA–12g

In particular,W1sz,0d = b − a·z − e1 + a.
By separation of variables, setWsz,td = Zszd·Tstd, and use Eq. A-10 to obta

Zszd·T8std = Tstd·Z9szd, thus

Z9szd
Zszd

=
T8std
Tstd

¬ − l2

soZszd = A cosslzd + B sinslzd, Tstd = exps−l2td, and the general solution to Eq. A-
is

Wlsz,td = o
n=0

`

sAn
l cossln

l zd + Bn
l sinsln

l zddexps− sln
l d2td

For our accuracy purposes, it suffices to take the first 100 components. For eacl, the
boundary condition Eq. A-11 gives firstBn

l = 0 for all n, and then cossln
l d = 0, or

ln
l = ln = s2n + 1d

p

2
fA–13g

~that is,ln
l does not depend onl, the time interval!. hAn

l jn=0
99 can be calculated from E

A-12

Wlsz,tld = o
n=0

99

An
l cosslnzd = Wl−1sz,tld − sel − el−1d

by multiplying both sides by cosslmzd and integrating between 0 and 1; using
orthogonality of the vectorshcosslmzdjm=1

` , all these integrals are zero except when
= m, in which case

An
l

2
= E

0

1

sWl−1sz,tjd − sel − el−1ddcosslnzddz

The values forhAn
l jn=0

99 are then calculated by iteration onl.

Iteration.—We proceed as follows: forl = 1 we obtainhAn
l jn=0

99 as

An
1

2
= E

0

1

sb − az − e1 + ad · cosslnzddz = sb − e1d
s− 1dn

ln
+ aln

whereln is as in Eq. A-13. Thus

c1sz,td = o
n=0

99

An
1 cosslnzdexps− ln

2td + e1 − a + az

AssumehAn
l−1jn=0

99 is known. Then

An
l

2
= E

0

1

sWl−1sz,tjd − sel − el−1ddcosslnzddz

= E
0

1So
m=1

99

Am
l−1 cosslmzdexps− lm

2 stl − tl−1ddDcosslnzddz

− E
0

1

sel − el−1dcosslnzddz

Using the orthogonality of the vectorshcosslmzdjm=1
` , the first integral is zero exce

whenn = m, therefore
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An
l

2
= E

0

1

1

2
An

l−1 expsln
2stl − tl−1dddz − E

0

1

sel − el−1dcosslnzddz

=
1

2
An

l−1 expsln
2stl − tl−1dd − sel − el−1d

s− 1dn

ln

Thus

Clsz,td = o
n=0

99

An
l cosslnzdexps− ln

2st − tldd + el − a + az

The error made in the Fourier series forclsz,td when taking only 100 components,El,
can be estimated by

El ø E1 + 2SsE1 − ads2S + 1dl fA–14g

where

S = o
n=100

`

1

ln expsln
2«d

ø o
m=315

`

1

mexpsm2«d
ø 4 3 10−22

E1 = 2 3 10−5 · o
n=100

`

ln

expsln
2«d

ø 2 3 10−5 o
m=315

`

m

expsm2«d
ø 10−21

Thus, forD = 6.1 3 10−7 m2/s, a time-step interval ofDt = 5 3 10−4, and a channe
O2 consumption time of 5 s

El ø E1 + 2SsE1 − ads2S + 1dl ø 10−21 + 10−23expsl2Rd ø 10−20

List of Symbols

A cell active area, m2

An
l nth Fourier coefficient forclsz,td, mol/m3

b = 2.303RT/anF Tafel slope, V
cH+ proton activity at the catalyst, mol/m3

cH2O water activity at the catalyst, mol/m3

csz,td oxygen concentration in the GDL, mol/m3

cs0,td oxygen concentration at the catalyst layer, mol/m3

cchstd oxygen concentration in the channel, mol/m3

c0 = cchs0d initial oxygen concentration, mol/m3

clsz,td concentration of O2 in the GDL for t P ftl,tl+1d ~see Appen-
dix!, mol/m3

D = Deff effective diffusion coefficient, m2/s
Di,j binary diffusion coefficient, m2/s
DO2

free space O2 diffusion coefficient, m2/s
E0 = Ecell

0 + logs i0d fit parameter, V
E, Ecellstd cell voltage, V

Ecell
0 std reversible cell voltage, V
Ec

0std reversible cathode potential, V
el value of the concentration of O2 at the channel fort

P ftl,tl+1d, mol/m3

F Faraday’s constant, 9.6483 104 C/mol
i current density, A/m2

i0std exchange current density, A/m2

L thickness of the GDL, m
Q cell capacity, C
R cell resistance,V m2

R ideal gas constant, 8.314 J/K mol
T temperature, K

Vtot total cathode free volume, m3

Vch channel free volume, m3

Greek

« porosity
hstd overpotential, V

ln nth eigenvalue, m−1

Subscripts

a anode
c cathode
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