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This paper describes a novel method to determine the membrane electrode agséEflyresistance and electrode diffusion

(MRED) coefficient for a fuel cellthe MRED methodl underin situ conditions. It is shown that the MRED method allows the
determination ofi) the ohmic resistance of an MEA afiidd 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 experimentas3-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 thatto fit experimentaE vs. icurves. HereEge”, ig, b, R, andA denote
enable a widespread use of fuel cells, cost reduction and increasetie reversible cell voltage, exchange current density, Tafel slope, cell
power output remain key challenges. To reduce development timeesistance, and cell area, respectively. The typical assumption here is
and cost, a rapid and convenient means for the optimization of fuethat the anodic contribution to the total overpotential is small com-
cell designs is needed. This requires foremost a sufficient underpared to the cathodic contribution, which is generally justified for
standing of the structure-property-performance relationships for thepure H, operation. However, Eq. 1 contains no explicit term for the
fuel cell and its components. In particular, the dependence of celimass-transport or diffusion overpotential and therefore does not ac-
voltage and cell voltage degradation on the physicochemical andount for deviations from the linear behavior observed at higher
structural properties of the components of the fuel cell must becurrent densities and/or lower oxygen concentrations on the cathode.
better understood. Due to the complexity of the heat- and massaAlso, the resistanc® as determined from a fit of Eq. 1 to experi-
transport processes occurring in fuel cells, there is typically a mul-mental data should more appropriately be labeled pseudo-dlamic
titude of parameters to be determined. Therefore, the challenge i depends on operating conditions such as current density and gas
the identification of those critical parameters that which have thecomposition and is therefore partially determined by mass-transport
highest impact on fuel cell performance. This can be done througheffects as well. Rho and co-workers compared polymer electrolyte
either theoretical or empirical models, which can then be used agnembrandPEM) fuel cell performances for heloyO,/He), O,/Ar,
design tools to optimize fuel cell designs more quickly. For the and /N, mixtures as cathodic reactants and showed Bnale-
development of these design tools, accurate measurement tools affnds on the inert component and, more strongly, on the cathode gas
needed to provide reliable data to establish empirical correlations, tgressuré. To more accurately describe tEevs. ibehavior including

provide model inputs, or to validate model predictions. mass-transport effects, Kirat al. extended Eq. 1 by including an
In this study, we present a novel method for determination of theempirical terld m - exp(i)

cell resistance and the effective diffusion coefficient for a fuel cell
cathode, which can be used as a measurement tool to provide valu- 0 i . i
able experimental data for the investigation of the structure- E=Ec—b-log i) IRA—-m - ex - (2]
performance relationships for fuel cell electrodes. The membrane ) ) 0 ) ) 0 ) )
electrode assemblyMEA) resistance and electrode diffusion The disadvantage of this approach is that it does not provide a physi-
(MRED) method allows the investigation of the effect of operating cochemical interpretation of the associated fit parametens An-
conditions as well as structural properties of the electrodes on perother alternative is the inclusion of a maSS'tranSport related concen-
formance and can thus support the development of improved desigiration overpotentiat, based on Fick's law of diffusidh
tools for fuel cells. i

Generally, the cell voltage losses can be kinetic, ohmic, and E = Egell -b- Iog(,—) -iRA- 7, [3]
mass-transport relatédtherefore, one of the design challenges is to lo
optimize electrode structures so that these cell voltage losses ayghere
minimized. Especially on the oxidant side mass-transport losses as-
sociated with transport of reactants and products to and from the _ EI imax
active catalyst sites are a major cause for performance inefficiencies Me = nE n
of fuel cells. The most widely used method for the determination of - . . .
the different voltage loss components for the cathodic reaction coniOWeVer, upon fitting experimental data with an equation based on
sists of the least-squares fitting of an analytical expression comprisEd- 3, this approach suffers from an interdependenck ahd the
ing all the various loss components to the experimental cell voltageMass-transport related limiting curreipf,,. However, Squadrit@t
vs.current densityE vs. j curves. Srinivasan and co-workéteave  al.' have described the mass-transport lgsby a term such as the

[4]

Imax = |

been using the simple equation one in Eq. 4 multiplied by an amplification teran(i/ig)®
i RT i
) M = 0t<.—> - In(&) [5]
o i . i ZF  N\igax— i
E:Ece"—b~|Og_— _|RA [1] . . . . -
i The amplification term takes into account nonlinear effects arising

from mutual correlations between the mass-transport contributions

of different MEA components such as diffusion and catalyst layers
* Electrochemical Society Active Member. as well as the fact that the local operating conditions depend on the
2 E-mail: jurgen.stumper@ballard.com (x,y) position within the MEA area. However, as with the empirical
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time/s thickness,W = Vo/A whereV,,; = Vgp, + Ve, is the total cathode volume,

A: cell active area.

Figure 1. Cell voltage transient under }#D, operation ati = 1 A/cn?.
Operating conditions: KHO,, T = 75°C, p = 300 kPa, fuel inlet open, O
valves closed.
2. A one-dimensional(1D) model is used for the GDL using
Fick's law.
3. No production/condensation of water vapor and associated
term added by Kimet al., the fit parametera,k do not allow a  convective effects are considered.
guantitative determination of mass-transport related fuel cell prop- 4. The effect of liquid water in the GDL on Ldiffusion is
erties. ignored.
Hence, in this study we present a novel method that allows the 5. Heat transfer effects are neglected.
separation of the ohmic and mass-transport related performance 6. The current density is constant during discharge.

losses of a fuel cell and yield§) the true ohmic cell resistance Even though most fuel cells operate with air instead of oxygen
unaffected by mass-transport effects diidthe effective Q diffu- on the cathode, we compare our model predictions with experimen-
sivity of the cathode electrode including the catalyst layer. tal data obtained for pure OThe intent is to include @inert gas
mixtures in the future.
Theoretical Analysis of Cell Voltage Transients We denote byc(zt) the O, concentration in the GDL and by
during Cathode Discharge c.n(t) the O, concentration in the flow field channels. The differen-

During a cathode discharge experiment according to the MREDtIaI equation forc(,t) is then

method, the cathode compartment is separated from the gas supply d

by closing both inlet and outlet valves, whereas the anode side con- EC(ZJ) = Def‘fa_zzc(zvt) (6]
tinues to be supplied with H Then the load is switched on

(i = const.) and the cell voltage transient is recorded during the where Dy is the effective @ diffusion coefficient of the cathode
discharge of the fuel cell. The resulting discharge cusee Fig. 1)  electrode. The boundary conditions are as follows

is similar to those observed on batteries. The initial voltage drop

after the current has been switched (@r+ 0) is due to the ohmic c(z,0) = ¢

and kinetic overpotentials, which react practically instantaneously
(on a time scale larger than the charging of the double Jaytw-
ever, no mass-transport losses are preseintdl as the @ concen-
tration at the catalyst sites is identical to the bulk concentration in
the flow channels. However, the rapidly accelerating voltage de-whereF is Faraday's constant. The boundary condition at the GDL/
crease observed for timeés> 0 is determined byi) the decrease in ~ channel interface can be written as

O, concentration in the cathode compartment &ndthe O, con-

d
4FDeﬁa—Zc(0,t) =i fort>0 [7]

centration gradient across the electrode necessary to sustain the ex- c(L.t) = cenl®) (8]
ternal current. _ _ _ wherec(t) satifies the following partial differential equation
In the following sections, wei) develop a solution for the O
concentratiorc(0,t) at the catalyst sites by solving the correspond- d ADgy ¢
ing differential equation with the appropriate boundary conditions Sl = = Vo @ ) (9]
cl z=

and (i) show how the @ concentratiorc(0,t) at the catalyst sites

can be calculated by using the measulgg|(t) profiles. Using the  with the initial condition
MRED method it is possible to extract valuable information on the

mass-transport properties of the electradesitu under fuel cell Cer(0) = o [10]

operating conditions. A theoretical solutionsee the Appendixpf Eq. 6-10 is shown in

Calculation of G concentration during cathodic dischargewe ~ Fig. 3, wherec(0,t) andc(t) are displayed for a range of diffusion
use the schematic diagram in Fig. 2 for the discussion of the discoefficients and = 1 A/cn?. See also Fig. 4.
charge experiment. We describe the electrode as a single layer of After a short initial relaxation time on the order gf= L?/Deg,

thicknessL with the catalyst located at= 0. the O, concentration at the catalyst sites decreases at the same rate
To model the transport of Othrough the gas diffusion layer as the Q concentration in the channel. We also note that the con-
(GDL) we assume the following. centration differencéc = c(t) — ¢(0,t) is time independent and a
1. The electrode is modeled as a single layer with a catalyst layefunction of D¢« only. Under these quasi-stationary conditions, Eq. 7
of zero thickness. yields
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100 being supplied during the discharde,, the cell voltage decrease is
interpreted exclusively as the change in the reversible cell voltage
o E2,,(1) and the overpotentiai(t) on the cathode side.
g 80 _f oo 10T i The cell voltage decay can therefore be expressed as
<] NN e 2 10°
€ | Zbe2 g7 s Ecei(0) = Ecen(t) = Eei(0) = me(0) = Egey(®) + me(t)  [13]
T 604\ The time dependence of the reversible cell voltage can be calculated
] \ ) ;
= \ using the Nernst equation for the cathode
= \ 2 ref
c | RT Cen(t) Chy+ Ch0
@ 404 \ EAt) = EO o+ —— In| /- . = 14
%) \\ c( ) c,ref 2F Cref CH+ref CHZO [ ]
L:\. 20 1 AN whereEg(t) is the reversible cathode potentiE@(t) is time depen-
o dent as the @concentration in the flow channets,(t) continually
. 2 e decreases during the discharge. Assuntipg cy,o are time inde-
0 : ; — . J pendent, it follows that
0 1 2 3 4 5 6
RT c.(0)
i E%,(0) - EC t=—|n<\/L) 15
time/s cell( ) cell() oF Cch(t) [15]
Figure 3. Analytical solution for time dependence ofy(t) (upper three v (t) can be expressed as a function of the oxygen concentration at
curves)and c(0,t) (lower three curvesfor current density of = 1 A/cn?, the catalyst layer using the Tafel equation
Vg, = 34.6 cd, Vi, = 42.1cn?, ¢o=92.3 mol/n¥, L=250um, and a 01 ©
range of diffusion coefficient®q4 = 107 m?/s, Dgg = 2 X 107" m?/s, and . o C(Ot et
Dyg = 10°° m2/s. " o i(t) =i oy 2.303;—C [16]
whereig denotes the exchange current density),t) the oxygen
iL concentration at the catalyst layemes a reference concentration
Ac = cgt) — c(0,t) = 4FID [11] (e.9.,poz = 1 atm), andb, the Tafel slope, which leads to
eff
c(0,0)
Therefore, ifAc can be derived from experimental data, then Eq. 7 Ne(t) = Me(0) =g - |09( o0 t)) [17]
allows the determination of the effective, @iffusion coefficient _ S '
D Of the electrode. Whereas,(t) can be measured simply using With Eq. 15 and 17, Eq. 13 simplifies to
a pressure sensor, the calculationog6,t) from the cell voltage c(0,0) RT c(0)
. . . . . . . _ ’ ch
transient during discharge is explained in the next section. Ecen(0) = Egei(t) = bg - |og< ) +— |n< )
c(0,t) 2F Cen(t)
Calculation of oxygen concentration ¢(0,t) at catalyst layer from [18]
cell voltage transient kg, (t).—The cell voltage can be expressed ) . . _— .
as 9 &V g P Equation 18 does not contain any ohmic contribution as the ohmic
overpotential remains constant during the transient. Thus, the
Eceil(t) = Edy(t) = me(t) = ma = iRA [12]  change in cell voltage over time is due to the change of the ratio

whereEZ, is the reversible cell voltage, the overpotential, and the ¢(0,0)/c(0,h at the catalyst sites corrected with respect to the

subscripts a,c denote the anode and cathode, respectively. In Eq. £3/@nge in oxygen concentration in the flow field channels which act
we further assume that the overpotential for the anode is constarftS & réactant reservoir. Therefore, the cell voltage transient during

after the current has been switched ot at0 as H is continuously ~ cathode discharge can be considered as an electrotitration af O
the cathode catalyst sités.

With Eq. 18 we can now calculate the, @oncentratiorc(0,t) at
the catalyst sites as a function of time using the fact that without

100 current(t = 0) the O, concentration at the catalyst sites equals the
—0s O, concentration in the flow channels. With
© —1
E sof|—z ¢(0,0)= c0) = [19]
g """ 45_’_____,_._———-——""—’_— it follows that
S 60 RT C
-f—_? —————— Ecell(o) - Ecell(t) I ln( g )
c | o e—— 2F Cen(t)
= —— c(0,t) = ¢y - expg — 2.303
5“1 "
e | T [20]
§ |-
O‘\‘ 20 | RS Experlmental
"""""""""""" The experimental results were obtained using a single Ballard
] T T T . Mk 9 MEA with a Nafion 112 membrane. The data acquisition sys-
0.000 0.005 0.010 0.015 0.020 0.025 tem consisted of a PXI-1002 chassis with an embedded processor

zlem coupled to an SCXI-1001 chassis via a PXI-6052E 16 bit data ac-
quistion card from National Instruments Corporation connected to a

Figure 4. Calculated profilesee Appendixof O, concentration across the ~Personal computer. _ _
GDL for different times; = 1 A/cn®?, Dy = 6.1 X 1077 m?/s, other param- The test cell was operated on a custom-designed test station al-
eters as in Fig. 3. lowing accurate control and monitoring of all operating parameters.
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Figure 5. Schematic diagram of experimental setup. p: pressure sengor, V

Vao Ve Vo are anode and cathode inlet and outlet valves, respectively. A: Current density/ A/cm2

anode, C: cathode.
Figure 7. Comparison between transient and steady-state polarization; tran-
sient voltaged€ . (0,i) were taken at charg® = 6 C. Symbols: experimen-
tal data, lines: fit of Eq. 1. Squares: oxidans, @riangles: oxidant helox,

Steady-state polarization curves were obtained under constant fu&iamonds; oxidant air, full symbols: transient polarization, open symbols:
. L . Steady-state polarization, other operating conditions: fueb=TH= 70°C,
and ox!dant StOl(_:hlo_metry with respe_ct to the total cell current. Forp = 300 kPa.(i) Transient polarization: anode inlet open, cathode inlet and
a transient polarization, the cathode inlet and both outlet vab@s et vaives closedii) Steady-state polarization,,Htoich 1.5: Q, helox,
Fig. 5) were closed. The anode inlet valve was left open to keep theyjr stoich: 10, 2, 2.
H, pressure constant during discharge. After each discharge, the
cathode inlet and outlet valves were opened~dr s to recharge the
cell for the next transient experiment. Cell temperatures are given by
the coolant inlet temperature. Q = CoAF Vi [21]
of about 1500 C=0.41 Ah) With Eq. 21 the total cathode free vol-
ume Vi can be estimated to be about 38.8%ciwhich is large
compared to the amount of product water per discharge of about
Figure 1 shows a typical cell voltage transient foy/@, opera- 0.135 cmi. This justifies the assumption &f,; = const. during the
tion ati =1 A/cn? together with the load current. At= 0 the discharge experiment.
current is switched on and the the cell voltage drops to its initial ~ From the discharge transients in Fig. 6, the initial or “transient”
valueEg(0). The current stays constant urfilg(t) drops to about  cell voltage E.(0) can be extracted and plotted against current
0.4 V, a cutoff point that is determined by the characteristics of thedensity i (transient polarization curye Figure 7 shows transient
electronic load used for the experiment. Figure 6 shows a series ofjolarization curves for three oxidant gases; €elox, and air. The
cell discharge voltage profiles obtained at a range of different curcorresponding traditional steady-state polarization curves are also
rent densities. When displayed against charge instead of time, akhown for comparison. For air, the transient polarization curve lies
transients correspond to the same charge cap&rity markedly above the steady-state polarization, whereas for helox, the
difference is reduced to less thanl5 mV. For Q, the two polar-
izations are practically identical. This indicates the presence of in-
creased mass-transport losses under steady-state operation when
1.0 changing reactants from ver helox to air. The results of a fit of
Eqg. 1 to the experimental data shown in Table | confirm this, show-
ing a monotonic increase in the steady state “pseudo” resistance
from O, to air. However, the transient resistanégsare essentially
the same within the errqaverageR; = 120 m() cn¥) and in agree-
ment with the Q steady-state resistance, further supporting the fact
thatR; measures the actual ochmic fuel cell resistance independent of
the reactants.
Figure 8 shows an experimental result together with a model
calculation for the time dependence of the €@ncentrations in the
— 0.1 Aln? flow channels and at the catalyst sites calculated using Eq. 20. The
— 02Akcm’ O, concentrations in the flow channels and at the catalyst sites de-
— 0.26 A/cm' . . . ..
— 0.5 Alm? crease linearly with time as long as the currieistconstant except at
— ?-imlgmz short timeg(< 0.5 9, where relaxation effectplay a dominant role.
The observed time independenceaf(t) shows that a simple 1D
0.0 T . : Fickian diffusion model with a time-independenj @iffusion coef-
0 500 1000 1500 2000 ficient provides a satisfactory explanation of the observed voltage
Charge/ C transients during cathode discharge. Moreover, this also implies that
the thus determined effective,@liffusion coefficientDg is pres-
Figure 6. Cell voltage transients for various current densities for closed SU'€ independent. The t_Ota' _Cathode volwie= 42.1 crt used for_
cathode compartmens. capacity. Operating conditions:,F0,, T = 75°C, the model calculations is slightly larger than the value determined
p = 300 kPa, fuel inlet open. Topmost curve of the graph corresponds to thdrom Eq. 21, the difference indicating that there probably remains
lowest current density. some residual @after completion of the transient.
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Table I. Results of least-squares fit of Eq. 1 to transient and steady-state polarization curves in Fig. 7. Errors for the fit parameters correspond
to a doubling of the x, error (while all other fit parameters are held constant), € is the mean relative error of the fit.

Fit error, & (%)

. ‘&En (ydata_t y_fit)z
( C ata
Eo (MV) b (mV) RIMQ cn? \\ oY
O, transient 848+ 5 58+ 3 113+ 7 0.36
O, steady state 862 +3 53+3 121+ 6 0.31
Helox transient 8114 583 128 £ 10 0.53
Helox steady state 825+3 53+3 153 +7 0.38
Air transient 807 +6 58+5 120 + 14 0.72
Air steady state 824 +5 53+5 181 + 12 0.63
For the experimental determination Bty according to Eq. 11 Case (i)—Local 2D effects could be caused by the fact that

the discharge experiment is repeated for different currents and theeactants must deviate from the through plépedirection to reach
resultingAc plotted against. Figure 9 shows thakc is proportional catalyst sites located under the flow channel landings. Although this
to the current density. As(0,t) is very sensitive to the value of would increase the diffusion length, an increase of no more than
E.i(0), the transient cell voltage after switching on the current, a 50% can be expected for the plate geometry used in the experiments.
nonlinear fit routine was used to extract those valuegfg(0) that
minimized the error between the calculat6,t) and a straight line
parallel toc.(t). In all cases, the fitte . (0) was within £5 mV
of the experimental value. 1
The experimental value for the mass-transfer coefficgi/L Deyr = Do, [22]

=2.44X 10 m/s determined from the linear fit is close to the ynder the assumption of a hard sphere model for the porous struc-

value of Deg/L = 2.8 10°m/s that was determined indepen- (yre ¢ denotes the porosity of the porous material g the free
dently' using a n_onllnear four-pa_lramet(_ar fit to_ egxperlmental heloxspace Q diffusion coefficient. From Eq. 22 it follows that a diffu-
and air polarization curves obtained with a similar setup and fuelsivity reduction by a factor of 10 would mean a porosity of

10 : _ 4 .
cell.™ Using L = 2.5 X 10" m, these experimental values corre- _'q51 " compared to a value of 0.7-0.8 for the porosity of a dry

- 7 2 - 7 m2

spond 10Dey = 6.1 X 107" m*/s andDey = 7.2 X 107’ m*/s, re- GDL. To explain the low experimental value fBrg; (more than one

spectllvely, V\.'h'ch are more than an ordgr of magnitude smaller tharbrder of magnitude differengewe therefore have to assume a liquid

the b'_:]ak;?' dl'lff“?ﬁn quf?ﬁ'c'entEiJ f%% 'Tj H2? \l/apolr,zl\g, ofrf He  \vater saturation of- 75% for the GDL, which seems rather high. In

(see Table II). This difference cou € ue(tp loca effects = 3 recent studﬂf it was reported that liquid water saturation levels of

related to the flow channel geometiyi) the presence of liquid the GDL even at 1.4 A/cfdo not exceed 10%

water in the GDL reducing the porosity, 6ii) the presence of a ' '

secondary layer limiting the Qdiffusivity of the electrode. Case (iii)—The fact that the mass-transfer coefficient is essen-
tially independent of the gas composition could also indicate that
another transport process such as diffusion through the actre-

Case (ii)—The presence of a porous medium generally inhibits
gas diffusion, which can be taken into consideration using a
Bruggeman-type correctidh

100 lyst) layer (in series with diffusion though the GDldetermines the
% O, flux to the catalyst sites. Typically, electrodes are fabricated us-
= 14
g 70
= 12 A
C 60 -
2 10 A
E = N
S 40- o
& E
Q 301 ©°
o
~N S 4
O 207 N
O O, concentration in channel < |
1071 | v O;concentration at catalyst 2
— miodel calculation
0 T T T 0 |
0 1 2 3 4 5 -
2 ® experimental
time/s —— linear regression
4 T T T T T
Figure 8. Experimental and theoretical time dependence of oxygen concen- 0.0 0.2 04 06 0.8 1.0 1.2
trations in flow field channels,, and at catalyst layer(0,t) for the experi- . 5
ment in Fig 1. Symbols: experimental data, lines: model calculation. Oper- Current density/ A/lcm
ating conditions: H/O,, p = 300 kPa,T = 75°C,i = 1 A/cn?, O, inlet and
outlet valves closed, Hnlet valve open, H outlet valve closed. §concen- Figure 9. Experimental plot ofAc vs.current density. Circles: experimen-

tration ¢y, was corrected for water vapor concentration assuming RH tal values, solid line: straight line least-squares fit, other paramelgrs:
=100%.C(0,t) (triangles)was calculated from cell voltage transient in Fig. =55 mV, T = 75°C,L = 250 um. Error bars represent experimental errors
1. Theoretical calculations were performed as outlined in the Appendix within voltage and pressure measurements. Experimental value for effective O
D = 6.1 X 1077 m?/s, Vg, = 34.6 cni, Vo = 42.1 ¢, ¢q = 92.3 mol/n?. diffusion coefficient:Dgy = 6.1 X 1077 m?/s.
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Table Il. Binary diffusion coefficients for gas mixtures calcu-
lated using the Fuller, Schettler, Giddings relationshig® for p

Table 1ll. O, diffusion coefficients for Nafion membranes and
active layer reported in the literature together with diffusion

=300 kPa,T = 70°C. lengths L,, calculated using experimental result forDeg/L.

Gas mixture Binary diffusion coefficient®; (107° m?/s) Membrane Active layer
DOZ Lex DOZ Lex
822; gggg’ Reference (108 m?/s) (Mn”?) (108 m?/s) (Mn”’lj)
O,-H,0 1.12 Jaoueret al 0.005 0.02
Rhoet al® 0.5 2.05 0.1 0.41
Umet all* 2 8.20 2 8.20
ing a highly porous substrate such as carbon fiber paper which is Parthasarathet al*’ 0.0074 0.03
coated with one or moré¢active) layers containing carbon black, Parthasarattiyet al*® 0.087 0.36
poly(tetr??fluoroethyler)ea proton conductofNafion), and catalyst Beatti€ et al*® 0.13 0.53
particles:
Using the Q diffusion coefficents in the membrane or the active , | = 80°C.
layer reported in the literaturesee Table lll)and the experimental T=70°C.
value forDeg/L, the diffusion lengthLe,, in the active layer can be
estimated. Table Ill shows that,, ranges from 0.02 to m. This
appears reasonable considering the physical thickness of the active
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independence dd on pressure. In the substrate layeg,t@nsport  ogy and Complex Systems.

is governed by continuum diffusiotand/or viscous flow), where

molecule-molecule collisions dominate over molecule-wall condi-

tions. Continuum diffusion is described by the binary diffusion co-

efficientsD;; (see Table II), which are inversely proportional to the )

total gas pressure. According to Eg. 11, this would lead to a pressure Appendix

(time) dependence afc contrary to the experimental observations. i this appendix we describe the solution of Eq. 6-48 the axis across the GDL
The mean free path length for,@t 300 kPa and 70°C is about perpendicular to the membrane,c [0,L], whereL is the width of the GDL. The

5.5 nm, which is on the same order of magnitude as the particle Sizéyterface between the catalyst and GDL is located at0 and atz = L is located the

in the active |ayer. Therefore,ZOransport through the active |ayer |nterfa_ce between the channel and the GB(L_z,t) andc.(t) denote the concentration

. X . . . . of O, in the GDL and flow channel, respectively.

most likely is dominated by interactions with the pore wéKsiud-

sen diffusion). The corresponding Knudsen flow paramddgfsare Nondimensional formulatiar—t is convenient to introduce the nondimensional

independent of the total gas pressieading to a time-independent Variablesz = z/L, =t - D/L?. Equations 6-10 become

Ballard Power Systems, Incorporated assisted in meeting the publication
costs of this article.

Ac in agreement with the experimental results. PR
—c(zt) = —c(z1) [A-1]
Conclusions ® #2

A novel in situ method has been developed to determine the c(z,0) = ¢, [A-2]
MRED of a fuel cell electrode under operating conditions. The
MRED method(i) provides, information on both the kinetic and 4D 9 01 =i [A-3]
resistive cell parameters without interference by mass-transport ef- L &
fects (by means of the transient polarizatjoand (ii) additionally oL = e [A-4]

allows the determination of the effective reactant diffusion coeffi-
cient Do of the electrodes.

The MRED method was applied to the cathode electrode of a
PEM fuel cell to determine the pure ohmic resistance of the MEA
and the effective diffusion coefficied¢ for O, for the cathode
electrode. A comparison of the results for purg @ir, and Q/He
mixtures showed thaDg is (i) essentially independent of reactant
gas composition andi) independent of the total gas pressure. This Discretization—As all the oxygen initially present in the flow channel becomes
indicates that the active layer in the electrodes, where Knudsen difconsumed, the con(_:entration vanishes at a finite timey s¥ye take sr_naII time inter-
fusion dominates due to the small pore size, is most probably massg/2SLt-tiss). | = 1 witht, = 0 and constant incremertis; — {; = At, which we take as

i t limiti Th lculated diffusi | thin th {i | small as 5x 10 s to make sure the results are accurate within 5%.
ransport limiting. € calculate fusion length in the active layer The process to solve fa(zt) is iterative inl, the time-step interval. For eaththe

covers a relatively wide range from 0.02 tqun due the large  solutionc!(zt) involves an infinite sum in cosines; for our accuracy purposes of 5%, it
spread in literature values for the active layey dffusion coeffi- is enough to take the first 100 componefgse Eq. A-14).
cient. In each interval, the concentration of oxygen in the charmglt), is assumed to be
An analytical solution was developed for the cathode dischargeconstant: After obtaining a solutia(z) for z < [0,1]andt < [t,ty), 8t t= ty, the
. . : . . concentration is updated using Eqg. A-5. Taking the lihit— O, keepingr fixed,
of a fuel cell using an iterative procedure. Assuming a simple 1D ;o iges the analytic solutioa(z 1) (see Fig. 3).
Fickian diffusion process with time-independent diffusion coeffi- Discretizing equations A-1-A-5

cient, good agreement was found between model and experiment.

where the equations far,(t) are

J -LA 9 .
—cert) = —— - —c(;D)
ot Ven 2 [A-5]
Cch(o) =Co

In what follows, we writez,t instead ofz 1.

Although the experimental results reported in this study only %c‘(z,t) = &Zﬁzc'(z,t) zin[0,1] t e [t,tyy) [A-6]
apply to the cathode of a PEM fuel cell, the MRED method can also
be used on the anode side to provide information on thdifflision dzt) = d iz ) [A-7]
properties of the anode. Furthermore, the method appears to be ap-
plicable to any type of fuel cell that can tolerate a pressure differ- ﬁc'<o H=a [A_8]
ential across the gas separator. az
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dap=¢ [A-9]
where the value for c"Xzt) is calculated from the previous
step, with zty) = cq, a=iL/4FD, and e =cut) = ey

+ At(-AL/Vgy) - dlazd™X(1,1), for | = 2, with ey = e; = ¢,. Equation A-7 is a continu-
ity condition: the initial value forc', at t=t;, is given byc™! at the end of its time
interval.

We set the boundary conditions at= 0 andz = 1 according to the change of
variables

dzt) =Wzt +a-z+g-a

and solve
J i
EW'(ZJ) = ?ZW'(ZJ) [A-10]
ivv'(o,t) =W =0 [A-11]
9z
W(zt) = Wzt) - (g - g.y) [A-12]

In particular, W{z,0) =b - az- ¢, + a.
By separation of variables, s&¥(zt) = Z(2)-T(t), and use Eq. A-10 to obtain
Z(2)-T'(t) = T(t)-Z"(2), thus
Z(z) TV
s0Z(2) = Acos(\z) + Bsin(\2), T(t) = exp(-\?t), and the general solution to Eq. A-10
is
Wizt = >, (A, coshba) + B sinh2)expt (\p2)

n=0

For our accuracy purposes, it suffices to take the first 100 components. Fal, daeh
boundary condition Eg. A-11 gives firQ'n =0 for all n, and then cc(é\L) =0,or

M= =(2n+ 1)% [A-13]

(that is,\}, does not depend dn the time interval {Al}%%; can be calculated from Eq.
A-12
99

Wi(zt) = > A cosh,2) = Wizt) - (@ - er)

n=0

by multiplying both sides by cd¢&,2) and integrating between 0 and 1; using the
orthogonality of the vectorcos(\,2)}1-;, all these integrals are zero except when
=m, in which case

1
Al
?” = f Wz ) - (8 - g-1)coshp2)dz
0
The values fof AL}2S, are then calculated by iteration én
Iteration.—w/e proceed as follows: fdr= 1 we obtain{AL}2%, as

="
An

1
AL
E”:f (b-az-e +a) - coshzdz= (b - e) +ak,
0

where),, is as in Eq. A-13. Thus

99

clzt) = E Al cosih,z)exp(- \2t) + e, — a+az

n=0

Assume{AL 1% is known. Then
Ay

1
5= f W(zt) - (g - e_y))cosh2)dz
0

1 99
= J <E At coshmz)exp- xé(tl—tu)))coso\nzmz
0

m=1

1
- f (& — g-1)coshp2)dz
0

Using the orthogonality of the vectofgos(\,2)}1-;, the first integral is zero except
whenn = m, therefore

A843

A ! 1 '

5= EAL‘l expMa(t - tig))dz— | (& - ey)cosh2)dz
0 0

"

An

1
= EA'n‘l expa(t — t-1)) — (8 — &)

Thus

99

clzt) = E Al cosh,2expi- A3t - 1) + g —a+az

n=0
The error made in the Fourier series fiz,t) when taking only 100 components),
can be estimated by

E' < E'+ 29E! - a)(2S+ 1) [A-14]

where

S:E 1 s)sz !

2
St A expiy m=315mexp(mzs)

<4x10%

®

A m
El=2X10%. D — 10— <2x10°» ——— <102
n=100 P rE) mea1s PTe)

Thus, forD = 6.1 X 1077 m?/s, a time-step interval oAt =5 X 107, and a channel
O, consumption time of 5 s

E' < E'+ 2S5E! - a)(2S+ 1)' < 102t + 108exp(2R) < 102

List of Symbols

A cell active area, i
! nth Fourier coefficient foc'(z,t), mol/m?
Tafel slope, V
proton activity at the catalyst, mol/m
water activity at the catalyst, molfm
oxygen concentration in the GDL, molfm
oxygen concentration at the catalyst layer, mdl/m
oxygen concentration in the channel, mo¥/m
initial oxygen concentration, mol/fn
concentration of @in the GDL fort e [t;,t,1) (see Appen-
dix), mol/m?
D = D¢ effective diffusion coefficient, Ris
D;; binary diffusion coefficient, s

b = 2.303%RT/anF
Ch+

CH,0

c(zt)

c(0,t)

Cch(t)

Co = Cch(o)

c(zt)

Do2 free space @diffusion coefficient, /s
Eo = EX + log(ip) fit parameter, V
E, E.(t) cell voltage, V
E2, () reversible cell voltage, V
Eg(t) reversible cathode potential, V
¢ value of the concentration of Oat the channel fort

€ [t,t)41), mol/m®
F Faraday’s constant, 9.648 10* C/mol
current density, A/rh
exchange current density, Afm
thickness of the GDL, m
Q cell capacity, C
R cell resistance) m?
PR ideal gas constant, 8.314 J/K mol
T temperature, K
total cathode free volume,
channel free volume,

Greek

& porosity
overpotential, V
N\n nth eigenvalue, mt

Subscripts

a anode
cathode

(]
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