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1. Introduction

Proton-exchange membranes are the current electrolyte ofecHoic polymer-
electrolyte fuel cells (PEFCs). They have the key pragsedf being conductive to protons
but not allowing gas permeation and have good durability and mechanagrimes.
However, these polymers can be susceptible to various contantinate Examples of such
ions include those arising from environmental conditiang,(potassium and sodium from
various salts)[1, 2] or cell operatioe.§, dissolved platinum catalysts or iron from the bipolar
plates)[3, 4]. While the latter has been investigated in vadapacities, the former has not
received much attention.[1, 2, 5]

The most complete theoretical study of the cation-contaminaatteii a PEFC
environment was conducted by Kiengt al,[5] using a dilute-solution approach for the
modeling. In this paper, we use a more rigorous model based on dfam-Blaxwell
multicomponent equations to study the impact of potassium ions on tady-state
performance of a hydrogen pump, where there is humidified hydrogdmeamode side of
the membrane and humidified nitrogen on the cathode side. The simphf@dple of a
hydrogen pump allows one to focus on the cation-contaminant impact wittterierence
from other fuel-cell inefficiencies such as the concentration potentials, the sluggish
oxygen-reduction-reaction kinetics, as well as water-managerssues. By examining the
limiting currents that result due solely to proton conduction and coatientrone can gain
insight into how the overall cell performance would be affectiédshould be noted that in
this paper the membrane is treated as a separator. Whilaghet of contaminant ions of
the dispersed ionomer in the catalyst layers can be reatatbe discussion below, additional
factors such as the need for gas permeation and the thinness okimnfims make a

detailed modeling study of the catalyst layer beyond the scope of this paper.



2. Theory

Governing Equations—or the problem, there are eight unknowns that must be solved for:

the mole fractions for proton, potassium cation, water, and membxanex ., X, o, and

K+l

X, » respectively, the flux densitie®y, ., N, ., N, o, and the potential in the membrane,

K+

®,. The flux of membraneN is set to zero, as is appropriate in a steady statght Ei

M-
equations are thus required.

As mentioned in the introduction, concentrated solution theory is useldefaystem
under consideration. For an isothermal system composed of two catiates, &nd

membrane, there are three independent Stefan-Maxwell equations[6-8]
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respectively, wherep;; are binary interaction coefficients between speciesdj (which
contain the macroscopic transport properties of ionic conductivityctr@elesmotic
coefficient, proton transference number, and water permeability) and thevatiadrles are as
defined in the nomenclature. In the above equations, one needs to express the elécatochem
potential of the four species. To do this, one defines the membraneglatéhtrespect to a
hypothetical hydrogen reference electrode,

Vi, = FVO, (4)



Note that a problem may arise in this particular system cordpmigevo cations if the proton
concentration goes to zero, in which case one would have to use atefihé@ron for the

potential. Gradients of electrochemical potentials of the other sp@cies are deduced from

equation 4,
VuW—RT(VXtK V)ﬁ*] oV ( Yu®) =V ( You”))+ VD, (5)
VX, Vm] :
Vu, =RT| ——+—M |+ V(¥ )- VO, (6)
e
and
VXHO
VIUHZO =RT—=— (7)

H,O
for potassium, membrane, and water, respectively. In the above tdeisyapressure
gradients are assumed to be of minimal importance. The folloadgtigity coefficients are

considered [13]

fy —exp( T Yo ) (8)
and
fu —exp( T Y ) 9)
where
_ XH* 10
Yo = X . +X . (10)
and
Yy = —X (11)
KM —
Xy T Ko



Expression for these activity coefficients are derived by densig that the membrane
behaves as a regular mixture of HM and KMIis a constant taken equal to —151 J/mol [10].
As there are three unknown flux densities, one needs three mhtdaates, which are of the
form

V-N,=0 (12)

with i = H", K, and HO. The two remaining governing equations are the sum of the mole

fractions,
Xy X+ X 0+X, =1 (13)
and electroneutrality,
X, +X . =X _ (14)
To account for membrane swelling, two equations are added to the saghof

governing equations to be solved. Since the concentration of memlaravarg across the

system but the thickness is constant, one solves for the thickness by using the ¢guations

al

—=0 15

OX (15)
and

on

—t=C _ 16

% O (16)

wheren is the total number of moles of membranepér cross sectional area.

If one uses the Onsager reciprocal relatiomg,= o, then there are six binary
interaction parameters that must be determined for the abovan-$tatavell equations (1
through 3). These parameters were solved for using the dateadd@nd coworkers[10] and
a nonlinear regression analysis on four macroscopic transport peepe@mely the ionic
conductivity, the proton transference number, the water electrotmspoefficient and the

water permeability [11]. From this analysis is set to a large arbitrary value (1210

H* K™



m?/s) based on fitting the experimental data the best. For themjfisera linear dependence

of In(@ij ) with the proton fraction in the membrayg, is assumed

Dy = @ijT exF’(”}] (Ym — ¥T<M )) (17)
where y,, is either equal to 0 or 1 Wheth@rijT refers to the membrane in"kr H" form,
respectively. The values of thg and zoijT coefficients are given in Table I.

Boundary conditions— To study the contaminant-ion effect, a hydrogen-pump setup
Is simulated where a membrane with a defined concentration ohtoateng ion is placed in
between two platinum electrodes that are in equilibrium with terwaservoir. In this
analysis, for simplification, it is assumed that there istacencentration of potassium ions,
which cannot leave or enter the membrane system (they have 8wzg. As a boundary
condition, the K concentration is set at one electrode and a zérfluK is set at the other
one. Alternatively, an integral equation can be used where theKtotaincentration is set ;
both approaches yield the same results. At both electrodes, tHidbreoui relationship
between HO in the membrane and,8 in contact with the membrane is used. For liquid or
dilute solutions conditions (thus assuming that water activitjosecto unity), an empirical
polynomial relationship between the water content in the membtaared the fraction of

protonsyym was deduced from the experimental data reported by Gitadf10]

X
A="L —_39578y,.°+85846y,,° —10.087y,,,  +13526y,,, +13.227 (18)

Xy-

To solve for the membrane thickness, two boundary conditions aegfations 11
and 12:7 is set to 0 at one side of the membrane and at the other ssleeliated to the

membrane thickness using the relationship

3

I
~ dry_,H+ form (19)
TN



where an isotropic expansion / contraction of tremiorane has been assumégry " is

form
the thickness of a dry membrane in the proton f@mad, V,,, is the partial molar volume of

HM, and is given in Table I.
Finally, the current density is set, which transfdainto a proton flux given by

Faraday’s law,
N, =— (20)

To determine the cell potential for the given eutrdensity, kinetic equations are used
at each electrode, with an arbitrary referenceratieof O V being set at the anode in the
solid phase®,). In this fashion, the cell potential is giventas cathode minus the anode (0O
V) solid-phase potentials. The electrochemicattiea at each electrode is

H, < 2H" +2e (21)
for which the kinetics are expressed using a Bitldmer equation

o i o,F 3 ™ ’ -oF 3
I_aLEIO{Pref eXF{ RT (q)l CDZ)J (a'r_lefj eXF{ RT ((I)l CDZ)j] (22)

H;

whereale is taken to be 300 da/cn?, 0. = o = 1, andg = 0.3 A/enf [12], and the reference
conditions are 1 bar of hydrogen and a membrang inlits proton form. In the above
expressiona,,, is given by f,, V.- In using equation 22, the two-step kinetic patjus
not used [14], which may deviate the results ay Vew hydrogen concentrations slightly.
The membrane being simulated is an 1100 equivaleight and the governing equations are

solved numerically using BAND(j)[6] and a 25 nodeatetization. The hydrogen partial

pressures on both electrodes are set to 1 bar.

3. Resaultsand Discussion



As a first result, the limiting current densityasgunction of average Kcontamination
is examined, as shown in Figure 1. This limitingrrent density is due to the*H
concentration becoming zero at the cathode laygisathe maximum current density that can
be sustained through the membrane. From the figume can deduce that at low to medium
cation contaminant there should not be substaintiphct on performance. However, as the
average concentration of Kincreases, this effect becomes limiting in the. ceThis is
especially true if one considers that typical PEf@rating conditions are around 1.5 Afcm
In fact, such a current density could not be acdewm a membrane with a swollen thickness
of 60 um (e.g, liquid-equilibrated Nafion 112) where more tHzalf of the H is substituted
with K*, unless the potassium ions had a way to move otiteomembrane. The impact of
thickness is relatively dramatic as seen in Fidureith the result that a very thin membrane
can contain a significant amount of cation contamam without demonstrating appreciable
changes in performance. Finally, although not shawe impact of activity coefficients on
the curves is minimal.

While Figure 1 displays the limiting current degsgit is also of interest to examine
the approach to this maximum value. Figure 2 gitres cell potential and normalized
potential loss as a function of average relativériction <yKM> for various current densities.
The cell potential is for the hydrogen-pump setlipe divergence from the pure proton-form
value, which is shown in Figure 2(b), can be inteted as the minimum potential loss in a
PEFC. An actual PEFC will have other losses aasatiwith it due to oxygen dilution and
diffusion, slow oxygen-reduction-reaction kinetidsying out of the membrane at the anode
side if not humidified enougletc besides just the ohmic and Hctivity effects shown in
Figure 2. In the figure, the cell potential graljumncreases until an averagé Kaction that

Is on the order of 70 to 80 % or so of its maximetue of(yKM > Beyond this value, the

potential increases sharply as it should do adithiéng current is approached. In other



words, Figure 1 is a plot of the points at whick potential goes toward infinity. Figure 2
allows one to get a feel for how important contaation will be in a PEFC in terms of
operating potential loss due to ohmic anddstivity effects. This potential loss, however,

does not take into account any ohmic effect thatlvarise from membrane drying out at the

anode, as discussed below. For reference, at @ e maximum value o(yKM>, the

potential loss is on the order of 5 to 30 mV, dejdeg on the current density. This range also

indicates that the curves will not simply collagseone another and that the proportional loss

(i.e., referenced to the same percentage of the maxilyyyh value) increases with current

density due to the coupled phenomena inside thelbmama. While it is evident that some
small contamination is allowable, anything gredit@n 35 % or so could represent substantial
losses at appreciable current densities.

The curves in Figure 2 are somewhat a functiorhefvalue of the exponent on the
proton activity in equation 19. While the curvesl whow a similar shape for different
values, the curves become more slanted and incfastee as the exponent is increased (not
shown), which is not surprising since one is miytigy fractional values together. The exact
value of this exponent is not necessarily knownydweer, it should be noted that it could be
as high as four for oxygen reduction in a PEFC fromerall stoichiometry. Thus, the
maximum amount of contamination may be lower thhat tinterpreted from Figure 2,
although the limiting current densities will remdire same, since they are insensitive to the
exponent value.

While Figures 1 and 2 demonstrate the practicaitdiions and effects of K
contamination, it is also of interest to examine potential and Hprofiles. Figure 3 shows
these profiles for the case of 50 % averagdr¥ctional contamination and for two different
current densities. From the proton-fraction cuyvess clear as to how the limiting current

arises by the proton concentration going to zerthatcathode even though the average



concentration is much higher. The two current dessare chosen to be one that is far and
one that is close to the limiting current densibeg Figure 2). It is clear that, as one
approaches the limiting current density, the peoflecomes more nonlinear. Unlike the
proton-fraction profiles, the potential profilesrain mainly linear as the current density is
increased. This means that the cross-coefficidrage minimal impact and that the
conductivity does not vary abruptly.

Finally, the net water flux per proton flux (i.@roportional to the current density) in

the membraneg, is plotted as a function c§nyM> for various current densities in figure 4. A

value of 2.92 is observed regardless of the cudensity value for a pure proton membrane,
which is close to that observed in the literatunethe electro-osmtic coefficient for a liquid-
equilibrated membrane [10, 15]. In this simulatitiee water back-flux is not significant
since both sides of the membrane are in contabtavitnit water-activity reservoir and water

is not being generated as it would in a PEFC.

When the average potassium ion fraction is incaiageincreases as well and
eventually reaches a maximum fo(yw) value that depends on the current density, after
which it decreases until a limiting current densgyattained. The maximum values {6r
range from 3.14 for the lowest current density 10AQcnf) to 3.23 (1.5 Alcrf) for the
highest. A value as low as 2.8 is observedfat a value of(yKM> close to unity at the
lowest current density.

This is significantly different from the value deetro-osmotic coefficient of nearly 5
reported for a membrane in potassium form [10],ciwhs explained by the fact that the water

flux in the system is associated with proton andpmassium-ion movement. Overall, the

values do not vary by more that 11 % in the rangeuorent densities investigated, which
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should not be really problematic with regard toevananagement (e.g. drying of the anode
and flooding of the cathode).

Overall, the simulations show that around 30 t@&&6ontamination has no substantial
impact on performance for a variety of current des depending on the membrane
thickness. This result implies that cation contation is probably not a major concern for
typically operating fuel cells. However, there @@me caveats to the analysis presented
above. These include the assumptions of fully ldiffad gas streams, isothermal conditions
(room temperature), no transfer of But of the membrane, and also the use of a Nafi©®
equivalent-weight membrane. Finally, the resutespnted are for steady-state operation and
are not indicative of the approach to steady siatk any transient effects which may occur

due to the dynamic movement of the contaminanbiati

4. Summary
Concentrated solution theory, based on the StefaxwdIl multicomponent transport

equations, was successfully applied to describdrdresport phenomena in an ion-exchange
membrane containing two cations, namely,add K. A generic mathematical model of the
transport phenomena in the membrane was develapddspecific boundary conditions were
provided for case of a hydrogen-pump setup to wtded the effect of the contaminant
cation on performance. The model was used to ledéclimiting current densities in terms of
average K fraction, and shows that the maximum allowablestiom before appreciable
effects on polarization is around 30 to 40 % forla00 equivalent-weight Nafion, although it
depends on the membrane thickness and operatirgntdensity, with less impact on thinner

membranes and at lower current densities.
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6. List of Symbols

Nomenclature

a activity of componenit

ale catalyst surface area per geometric areg/mf

b constant used in the expression of the activityfmsent of a regular solution,
J/mol

G molar concentration, molfin

Cr total molar concentration of species, mdi/m

Dij diffusion coefficient for interaction between sigsi andj, mé/s

@ij* diffusion coefficient for interaction between st andj in a membrane with a
single cation, fis

f activity coefficient of componemtin a regular mixture

F Faraday’'s constant, 96487 C/mol

i current density, A/

i exchange current density for hydrogen oxidationfeéidn, A/nf

I membrane thickness, m

iy, H* form membrane thickness of a dry membrane in théokn, m

m slope of InDj) = f(yim)

N flux density of speciels mol/nt.s

p pressure, Pa

R universal gas constant, 8.3143 J/ol

T absolute temperature, K

Vv, partial molar volume of componentm’/mol

X distance in the membrane from the interface bettlee membrane and the

13



agueous solution, m
Xi mole fraction of specids
Vi number of moles of specie§ = H" or K") divided by the total number of moles

of cations in the membrane

<yi> Averagey; in the membrane

Greek

a,, a, charge transfer coefficients

p net water flux per cation flux in the membrane

) electric potential, V

n number of moles of membrane per surface area oforane, mol/rh
A number of moles of water per mole of membrane

Mi (electro)chemical potential of species or componelimol

Super script/Subscript

T variable related to a single-cation membrane

1 solid or electron-conducting phase

2 membrane or ion-conducting phase

C diffusion coefficient for interaction between sgsi andj calculated from a

membrane in the Gorm (with C" = H' or K*), n#/s

ref reference electrode conditions
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Captions
Tablel: Values of@i}’ andV, for the potassium- and proton-membrane formsrap(slope

of In(2j) =f(yum)) regressed from the data of Okadal[10] atT = 25°C ancp = 1 atm.

Figurel Limiting current density as a function of the eage relative fraction of potassium
cations and average swollen membrane thicknesa 100 equivalent weight

membrane.

Figure2 Cell potential (a) and normalized potential los} &s a function of the average
relative fraction of potassium cations in a Nafibh2 membrane for various

current densities.

Figure3 Electrolyte potential (bottom curves) and relatikection of protons (top curves)
as a function of membrane position at two differeuntrent densities for a Nafion

112 membrane with an average relative fractionothgsium cations of 50 %.

Figure 4 Water flux paramet@ras a function of the average potassium ion fraatiothe
membrane for various current densities. The dadives represents values for the

corresponding limiting current densities.

Table I: Values of@i? for the potassium- and proton-membrane forms @ndslope of

In(2;) =f(ynm)) regressed from the data of Okadal[10] atT = 25°C andg = 1 atm.
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Mo b 0.22
. 2.2
Mo 45
M -2.3
Mo ont 0.54
K-form H-form
Dl o (ENTIS) 9.96x10° 6.28x10°
o (entls) 1.28x10° 5.95x10°
D omr )c (cn/s) 5.80x10° 9.96x10°
V. (cn/mol) 533 553
L. is expressed 3, 0 = '“(@LZO,M ) In( " onr ) . No my is defined for H,K* since . . is set

to a very high constant value. Valuesmfs for the four remainingfpi’j 's were refined by a least-square

nonlinear regression of four measured transpompgnt@es reported in [10]. See reference [11] fanare in-
depth explanation of the regression.

17



T SpyT

é’ (1) = 80um\40um  \20um

~ 4_ _
> C ]
2 C ]
5 3f ]
o C ]
5 b ]
S C ]
© C ]
2 1 g
-E O:I ! ] ! | ! ] ! | ! ] ! | ! ] ! | :

0.2 0.4 0.6 0.8 1
Aver age potassium cation fraction, {y, )

N’é\ 5_I T I|I|I I|I|I|I|I|I_
L C ]
3:, 4'_ ]
> C ]
e B i
-é 3 F (Yw) = 0.75°\0.5 5
Poof ]
- - ]
(@] C ]
2 1 :
= . .
: o PR TN R AT N T TN AN T N (T S AN N NN

0 20 40 60 80 100
Average membrane thickness (um), (I)

Figurel Limiting current density as a function of the eage relative fraction of potassium
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current densities.

19



08 — 1 T 1 v 1 r 1 T 1 1T °r ] © T 1

0.6

0.4

------- 0.1 Alen§
0.2 |—— 1A

N TN N T N TN NN SO N N

0 0.2 0.4 0.6 0.8 1
Dimensionless membr ane thickness

Potential (V); Hydrogen cation fraction

Figure3 Electrolyte potential (bottom curves) and relatikection of protons (top curves)
as a function of membrane position at two differeuntrent densities for a Nafion

112 membrane with an average relative fractionothgsium cations of 50 %.
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