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Abstract

A model dealing with the anode catalyst contamination induced by fuel impurities has been developed. This model can be used to describ
the transient and steady-state performance losses. Several characteristics such as performance loss, contamination transient time constant
recovery process have also been introduced into the model. The obtained equations can be used to simulate and estimate the chemical :
electrochemical reaction rate constants, and make some prediction about the severity of the contamination and the performance recoverabili
Crown Copyright © 2005 Published by Elsevier B.V. All rights reserved.
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1. Introduction and has also been recognized as a severe depression in
the fuel cell performance for many yedfs3,12,14,18-24]

Fuel cell contamination caused by the impurities in the NHs, as one of the fuel impurities, has also been investi-
feed stream is one of the important issues in fuel cell devel- gated in fuel cell operatiof2,3] and the conductivity ef-
opment and operatiofi—24]. The major impurities in the  fect has been found to be the major cause for the fuel cell
hydrogen stream are CO,H, NH, organic sulfur—carbon  degradation.
and carbon—hydrogen compounds, etc., produced in the hy- It has been found that the performance loss is related to
drogen production process (for example, natural gas re-the contaminant concentration in the feed str¢a8], and
forming). These impurities (or contaminants) degrade the the fuel cell operating current density (or cell voltage). In
cell performance and sometimes cause permanent membrangeneral, the higher the contaminant level or current density,
electrode assembly (MEA) damage. The two effects can bethe faster and deeper the depression is. For the purpose of
used to describe the contamination process: (1) kinetic ef- fundamental understanding and application development, a
fect (poisoning of the electrode catalyst) and (2) conductivity model is necessary to describe theoretically the contamina-
effect (increase in the solid electrolyte resistance including tion process. For the CO poisoning process, several model
those of membrane and catalyst layer ionomer). It is well papers have been published, which mainly focused on the
known and widely documented that the major impact of steady-state poisoning effd@6,28—30] For a transient pro-
CO contaminant on the MEA performance is the kinetic ef- cess, Bhatia and Wang has reported a model and validated it
fect that is the poisoning of the anode cataljisP5-27] by experimental resul{80]. A general and complete model
For H,S contamination, the impact is also kinetic related for the contamination process as a function of contaminant

level and current density, including transient, steady-state and
* Corresponding author. Tel.: +1 604 221 3087; fax: +1 604 221 3001.  'E€COVEry processes, is expected to be very useful in fuel cell
E-mail addressjiujun.zhang@nrc.gc.ca (J. Zhang). research and development.
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as defined in the text for the recovery process
(molB cm6h~3)
as defined in the text for the recovery process
(moPcm=%h~3)

as defined in the text

as defined in the text

as defined in the text

sum of the rate constants (mol chh—1)
backward rate for reactiofT) (mol cm2h—1)
sum of the rate constants at steady-state anode
overpotential (mol cm? h—1)

backward rate for reactiofv) at steady-state
anode overpotential (mol cnd h—1)

as defined in the text

concentration of hydrogen in the electrolyt
(Nafion ionomer catalyst layer) (mol crf)
concentration of air oxygen in the electrolyte
(Nafion ionomer catalyst layer) (mol crd)
proton concentration in the catalyst laye
(mol cm3)

contaminant concentration (ppm)
contaminant reaction product concentratio
(ppm)

anode potential dt; % 0 andCp #£ 0 (V)

anode potential d,=0 andCp=0 (V)
standard anode potential (V)

cathode potential dt, # 0 andCp #0 (V)
cathode potential d4=0 andCp=0 (V)
Faraday’s constant (96,48 s mot1)

sum of the forward rate constants
(molem2h~1)

forward rate for reactio(i7) (mol cm2h~1)
sum of the forward rate constants at steady-
state anode overpotential (mol cAh~1)
forward rate for reactio(i7) at steady-state an-
ode overpotential (mol crf h—1)

sum of the forward rate constants after the cop-
taminant is cut-off (molcm?h—1)
exchange current density for hydrogen oxida-
tion on the platinum surface in the absence of
contaminant (A cm?)
exchange current density for oxygen reductign
on the platinum surface in the absence of cop-
taminant (A cnt?)

fuel cell anode current density (A crf)

fuel cell cathode current density (A crf)

fuel cell operating current density (A crf)
reaction (1) forward reaction rate constan
(cmh™

reaction(1) backward reaction rate constant
(molcm2h~1)
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reaction (2) forward reaction rate constan
(molcm2h™1)

reaction(2) backward reaction rate constant
(molem2h~1)

reaction (3) forward reaction rate constan
(molcm2h~1)

reaction(3) backward reaction rate constant
(cmh™

reaction (4) forward reaction rate constan
(molcm2ppmth-1)

reaction(4) backward reaction rate constant
(molcm2h~1)

reaction (5) forward reaction rate constan
(molcm 2 ppmth=1)

reaction(5) backward reaction rate constant
(cmh™1)

reaction (6) forward reaction rate constan
(molcm 2 ppnrth—1)

reaction(6) backward reaction rate constant
(cmh1)

reaction (7) forward reaction rate constan
(molcm2h~1)

reaction(7) backward reaction rate constant
(mol*~9cm3d-2h~1)

reaction (8) forward reaction rate constan
(molcm2h~1)

reaction(8) backward reaction rate constant
(mol~9cmPd+1h-1)

water stoichiometry in reactior{3) and(8)
electron transfer coefficient for overall cathode
oxygen reduction

electron transfer number for overall hydroge,
oxidation

electron transfer number for overall cathode
oxygen reduction
electron transfer number for individual elect
trochemical half-reaction

symbol for contaminant

symbol for the product of P electrochemicg
oxidation

fuel cell performance loss in the presence pf
contaminant

Gas constant (8.314 JK mole™?)

proton and electron numbers in reactidii}
and(8)

fuel cell internal resistance (electrolyte (mem
brane) resistanceyXcn?)

lifetime moment at which the contaminant
source is cut-off (h)
temperature (K)
fuel cell voltage (V)

)
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Vci'},zo steady fuel cell voltage in the absence of con-
taminant (V)

VS,  fuel cell steady-state cell voltage in the pres-
ence of contaminant (V)

\° fuel cell open circuit voltage (V)

z as defined in the text (molcm h™1)

7' as defined in the text (molcmM h™1)

Greek symbols

a357-g electron transfer coefficient for individual
electrochemical half-reaction

a0 electron transfer coefficient for fuel cell catht
ode oxygen reduction

Ya real active surface-to-electrode geometric
surface ratio of the anode catalyst laye
(cm?cm2)

Ve real active surface-to-electrode geometric sy
face ratio of the cathode catalyst laye
(cm?cm2)

I'pt Pt surface site concentration (mol ch)

=

- =
1

I'p-n Pt surface site concentration (mol cR)

I'pe+, Ptsurface site concentration (mol ch)

I'pip Pt surface site concentration (mol CFr)

I'pip Ptsurface site concentration (molcf)

FFTt total surface site concentration (molcf)

Na anode overpotential (V)

Ne cathode overpotential (V)

Opt surface coverage of platinum unoccupied site
egt surface coverage of platinum unoccupied site

at equilibrium anode potential
surface coverage of hydrogen atom on the pla
inum
th_H hydrogen atom surface coverage on platinum

at equilibrium anode potential

—
1

Opt+, hydrogen molecule surface coverage on the
platinum

fpi—p  contaminant surface coverage on the platinum

fprp  CONtaminantreaction product surface coverage
on the platinum

65.%  contaminant surface coverage on the platinum
after the contaminant source is cut-off

eﬁ_’j’y contaminantreaction product surface coverage
on the platinum after the contaminant sourge
is cut-off

6pr%  contaminant surface coverage on the platinum
at the moment of=tg

9;_",; contaminantreaction product surface coverage
on the platinum at the moment b tg

T contamination transient time constant (h)

In this paper, only the kinetic effects will be considered in
the modeling process. Thus, a model dealing with the gen-
eral case of anode catalyst contamination by fuel impurities
has been developed. This model can be used to describe the
transient and steady-state performance loss processes. Sev-
eral characteristic parameters such as performance loss, con-
tamination transient time constant, and recovery period have
also been introduced to describe the contamination/recovery
processes.

2. Model description

2.1. Proposed anode chemical reactions in the presence
of contaminant P

In order to simulate the degradation behavior of the cell
performance in the presence of a stream contaminant, and
determine quantitatively the relationship of contamination
surface coverage as a function of the contaminant concentra-
tion, cell current density and lifetime, several possible chem-
ical and electrochemical reactions with their correspond-
ing reaction constants have been assumed, as in reactions

=V :

ks
Pt+ Hy = Pt-H ()
kib
kaf
Pt-H, + Pt= 2Pt-H (1)
kap

k3t expanzFia/RT)
Pt—H =
k3p exp(—(1—ag)nzFna/RT)

Pt+Ht +e (i

kag
P+ Pt=Pt-P

(v)
kap
kst expsns Fija/ RT)
P+ Pt-H = Pt—P+H" + e~ V)
ks exp(—(1—as)nsFna/RT)
ket
P+ Pt—H, = Pt—P+ H» )
keb
k7t explerqFna/RT)
Pt—P+ mH,0 = Pt-P +gH + e~
k70 €xp~(1—a7)qFna/RT)
(VI

kst explegq Fnn/RT)
Pt—P+ mH,0 =
kgp exp(—(1—ag)qFna/RT)

Pt+ P +¢H" + qe”
(viny

Reactiongl)—(lll) are the mechanism for hydrogen oxi-
dation, which has been investigated and reported for many
years[25,26,31-44]Reaction(l) is the adsorption of Hlon
the platinum surface, which is a fast reaction. Reactln
is the slow dissociative chemical adsorption of adsorbgd H
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which has been considered as the rate-determining step for
H, oxidation[25,26] and reaction(lll) is the fast electro-
chemical oxidation of the dissociated hydrogen atom. Re-
actions(IV)—(VI) are those surface adsorption and surface
electrochemical reaction of the poisoning species (marked as
P). Note that reaction@/) and(VI) proposed here are used

to describe the interaction between the contaminant species

P and the atomic and molecular hydrogen occupied Pt sur-
face. It is worthwhile to point out that in some situations,
one contaminant P molecule could react with several surface
Pt atoms to form surface species such gasPfi.e.,n>1).
However, in order to make the modeling process simpler,
only Pt—P is considered as the surface poisoning species in
this paper. Reactiof\VIl) or (VIII) is the oxidation of ad-
sorbed contaminant on the Pt surface, resulting in a prod-
uct that could be either a surface adsorbed species’jPt—P
or a soluble species (P In the case that P is not electro-
chemically reactive, the corresponding reactigvid) and

(VIII) would be removed from the proposed mechanism.
Each reaction has its own rate constakgsfér forward and

kip for backward). For those electrochemical reactions (re-
actions(lll), (V), (VII) and (VIll)), the rate constants are
electrode overpotential dependent, and written according to

the Butler—Volmer equation. Whese, ni andq are electron At anode equilibrium potential in the absence of contam-

transfer coefficient, electron transfer number and the pro- jnant, equation(2) can be used to describe the surface
ton/electron numbers for the corresponding electrochemical coyerage:

reaction.

Fig. 1. Schematic diagram of a platinum surface with adsorption of molecu-
lar hydrogen, atomic hydrogen, contaminant and contaminant reaction prod-
uct.

02+ 08y + Ry, = 1 @)
2.2. Surface coverage and their expressions as a

function of anode overpotential Since reactior{ll) is the rate-determining step, it can be

assumed that reactiqfh) is always at its equilibrium state

The anode overpotential is the difference between two whether ther_e isa_contaminant present or not. From regction
stages of anode potential, i.e., the anode equilibrium state(!: the relationship betweefirt andfpi+, can be establi-
potential Q) at which the anode net current density) ("%
and the contaminant concentratio@pf are both equal to k1
zero, and the anode potenti@l,j at which bothl, andCp Optt, = kaCHZQPt ©)
are not equal to zero, that iga=E;— Eg. In order to ob-
tain the time dependence of contaminant surface coverageWhereCh, is the average concentration of hydrogen in the
the interrelationship among various kinds of surface cov- Vicinity of the catalyst layer, expressed either by gas concen-
erage and the anode overpotential have to be obtained. Adration or the wet concentration in the electrolyte (ionomer
in the reaction mechanism proposed above, there are fivematrix layer in the catalyst layer, mol crf).
kinds of surface sites, which are Pt, Pp#Pt—H, Pt—P and If reaction (Ill) is very fast, the anode potential would
Pt-P. Their corresponding surface concentration can be ex- foIIovy the Nernst behavior even in the presence of poisoning
pressed afpt, I'pt—H, I Pt-H,, I 'pt—p, andI"p_p With a unit of specieg25,26]
mol cm~2. The sum of these surface concentrations can be de- RT k RT 0o
fined as the total available Pt surface concentratigpwith Ea=E%®4+ ——1n (3b> +—1In < o H+) 4)
a unit of molcnT2. The surface coverage for each surface F kst F OptH
site can be expressede@s (=I'pd Iy, Opeti(= Tpert/Thy,
Opttiy(= T,/ TR), Opep(= Ipep/T7) and Opp(=
Tpep /THy), respectively.Fig. 1 shows the schematic ex-
pression of a platinum surface with different surface
sites.

The equation(1) can be used to describe the inter-

relationship among the surface coverage terms: RT (ka) RT <9gtCH+>

EQ=E%4 —In(-= t
Opt + OptH + Opt+, + Optp + Oprp = 1 (1) F kaf F Opet

whereE® is the standard anode potential of the hydrogen
redox reaction and’y+ is the concentration of proton. At
zero current density (reactigil) at its equilibrium state),
and if the contaminant species P is absent, the equilibrium
electrode potential would be:

®)
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whereg8, ande3,_,, are the surface coverage at equilibrium fpt-pandfp,_p as the surface coverage:

anode potential in the absence of the contaminant. Com- 4.0

bining equationg1)—(5), the surface coverage of hydrogen ~ Pt dt

molecules, hydrogen atoms and unoccupied Pt sites can be g (1 — ag)gFna
expressed as a function of anode overpotentiand con- =A [k“fCP + kgpCp Cyy €XP (_RTH
taminant coverag@p:_p andfp;_p:

BkeiCp + CkstC #5115 Fila
Opt= A(1 — Opt—p — Oprp) (6) +BkefCp + Chstlp €XP( —p

where

—(1- Fi
- {A {k4fCP+k8bCFYCﬂ+ eXp<(aS)qna>]

62 F RT
2 oo(9)
A= 63 k Fra\ + BketCp + CkstCp eXp asnsfia + kap
Lt g (1+ f2rcn, ) exo( ) RT
KopCrye exp( “ET SIS ENa) L 4 ke ex
Opt+, = B(1 — Ope—p — Opt—p/) (7 sbCH* EXP RT 6bCH, + af SXP
whereB = Xtcy A, and agqFna a7qFna
k 27 k7t ex 6
" x ( RT ) TP\ TRy PeP
Opt+ = C(L — Oprp — Oprp) (8) (1 — ag)gF
— q —\L—0ag)ql'Na
whereC =1 — (1+ %{)CHZ) A. {A {k4fCP + kgnCp Cy eXp(RT )}

The surface coverage ratio in equati@), 63,/63,_,, is asnsFia
. = C . q
determined by the equilibrium anode potential and proton ~ +BkeiCp + CksiCp exp( RT ) — k7Cly+ €Xp

concentration as shown in equatits). 1 -
y <—<—a7>qn) } b (10)

2.3. Contaminant surface coverage as a function.of RT

and lifetime (t)
The differential equationd 0)and(9’) can be solved with
From reaction(IV) to (VII), the increase in contaminant the boundary conditions of that &t 0, 6pi_p andfp;_p =0,
surface coverage with time can be written as equat{hs  andCpandCp =0. The contaminant surface coverage can be

and(9) according to the chemical reaction rate laws: obtained as a function of contaminant concentration, anode
T dPpep) overpotential and the lifetime, as expressed by equafidl)s
Fec—a and(11):
osns5Fna
= katCpOpt — kavtpt—p + kstCrOpe+H €Xp e Bprp
1 F = 1
— kspCry+Op— €XP (—W) " FiF>+ F1B>+ B1B>
1 F1Bo+B1Bo—BoBo+2F1 Fo— F2 B>
+ ketCpOpt—t, — kebfpt—pCH, — k7t0pt—p X Bz—é By— ~
#74Fna q Fi+Bi+Fo+B,—Z
xexp( RT )+k7bCH+9pt_p/ Xexp<_ 1+ 1+22+ 2 t)
(1—a7)gFna agqFna
exp| ————=" ) — kg0 ex 1 F1B> + B1B2 — BoBo + 2F1F> — F»2B>
X p< RT 8PP EXP{ —or _z (32+ ~
q . (1 - Otg)é]F?]a F B F- B 7
+ kgoCp C\y+ Opt exp( —RT 9) « exp(— 1+ B1+ 22+ 2+ tﬂ (11)
FT8Ceee) _ gogo o exp( 7450 _ k0t g
P s RT [t iatand Oprp
(1—a7)gFna , _ 8!
x e <_ RT ©) F1F>+ F1B2 + B1B>
Substituting equatior(§)—(8)into equatior(9) for dpy, Opr- o { Fot 1 ( Bo— F1Bo+B1B2 — BaBy + 2F1F2—Fsz)
andfpw, will result in an equatioifl0) which only contains 2 4
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(F1+Bl+F2—Bz+Z> 1.0
2(F1— Bo)
Fi+Bi+ Fa+Ba—Z 5" o
x exp| — 5 ! 5 Boro
206
1 F1Byo + B1Bo — Bo2Bo + 2F1F> — F2Bo 4
+5 | B2+ &
2 Z E 04
wn
Fi+B1+F,—B>—Z
2(F1 _ BZ) 0.2 4
Fi+Bi+Fo+By+Z Ov
xeXp(— Lt ot fer Bt z)] (117 00 . | , | |
2 0 10 20 30 40 50 60
Time, Hour
where

Fig. 2. Calculated surface coverage distribution of contaminant P and its
_(1 - on)ana oxidation product Pon the platinum surface. The parameter values used
RT are:F1=0.5,B;=0.2,F,=0.1, andB, =0.01 (the unit fof1, By, F2 or B
is molcnm2h-1).

F1=A |:k4fCP + kstFvCﬁ+ exp(

+BkerCp
—(1 — as)nsF
B1 = kap + kspCpy+ €Xp ((5)5%1) + kebCh,
RT Py
Fi F Oprp = /% 4
+k7t eXp<a7ZTna> + kgt exp<a8q 77a> F1+B+F
F1
F 1 exp(—(F1+ By + Fo)t
Fo = kf exp<a7ZTna> X |1+ Bt p((F1+ B1+ F2)i)
—(1- Fi+Bi+F2
— (1 — a7)gFna _hAtBi+ R 1>
B2 = knCl, exp<RT B F,  OPCH) (12)
— R —
2= V(FLt B+ By Bo)” — 4Fo(Fy— By) (117 In Appendix A a general mathematical discussion about

the conditions under whictZz=0and/or F1 =B, can be
found. Although several cases are impossible from a reac-
In equation(11”), F1 represents the sum of the rate con- tion physics_ standpoint, the discussion is still necessary for
stants of the forward direction for the reactiofhg)—(V1). understanding. o
These forward direction reactions are mainly responsible for ~AS an examplefig. 2shows the calculated distribution of
the production of Pt—P. Brepresents the sum of the reac- the surface coverageptp, Opr_p andoptp+6pi_p based on
tion constants whose corresponding reactiéhg(VI) and paramgtervalues 671=0.5,B; =0.2,F2=01, and3;=0.01
(VI1)) will result in the decrease in the surface coverage of (the unit forFy, By, F2 or By is molent?h~?). It can be
Pt—P.F, is the forward rate constant of the reactipril) seen that at the early stage, borp andop,_p increases
which is responsible for the increase in the surface coverageWith time. After a while gp_pwill gradually drop andp_p
of species Pt-Rand partially for the decrease in the surface will continue to increase till b_oth reac.h.steady—state levels.
coverage of species Pt-B is the backward rate constant of 1he drop oftprpand the continuous rising ¢b_p reflect

the reactiorfVIl) which s the only contributor to the decrease  the surface electrochemical conversion from species Pt-P to
in the surface coverage of species Ptz (11)and(11) is Pt—P. The magnitude of the steady-state levels is determined

a special parameter for solving the differential equations. It PY the magnitude of the back reaction const&itendB) of
can be proven mathematically trzs value is always larger the reactions. When the time is long en.ough, the surface will
than zero ifF1, By, F2 andB; all have non-zero values which ~ belargely covered by Pt-P and Pt-Ratis, the sum afprp

is the case proposed above. HoweveF;if B, (could be a anddp_p is cl.oseto 1 The remaining surface available fer H
possible case for the reaction mechanism), equétibywill electrochemical oxidation would be only-10ptp— bptp,
become meaningless (a number divided by zero). If this caseWhich is a very small portion of the whole anode surface. The
happens, another two equatiofi?) and (12) rather than ~ Magnitude of I-fpp— Op_p is also mainly determined by

equationg11)and(11) have to be used to obtain the surface the value of the sum d; +Bs. . _
In the case that’Produced by the electrochemical oxi-

coverage: ! _ :

dation of contaminant P is not adsorbed (or has very week

. Fy adsorption) on the platinum surface, the surface coverage of
Opep = Fi+ B+ F» [1 = F1 expe(F1+ By + F2)0)) species Pwill be equal to zero and the corresponding items

(12) related to reactio(VIl) will disappear from the equatid®).
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Solving the only differential equatig®) will result in a sim- Table 1

pIer expression for surface coveragje p Pgranjeters and their corresponding values for fuel cell performance calcu-
lation in the absence and presence of anode stream contaminafnCaa80

Fi 3atm
Optp = ———[1 — exp(=(F1 + B1)1)] (13) Parameter Value
F1+ B1
NH 2.0
A typical example for this case may be the contaminant F 96487 Cmot*

30000 cnf cm—2

CO in the hydrogen stream where the adsorption of product ”2 1
R 8.314 JKmol~

CO, on the platinum is negligiblE25-30]

s i T 353K
For anode H oxidation (H — 2H" +2e7), as discussed 4.0
above, reactioll) may be considered as the rate-determining .S 5.1x10*Acm2
step. The current density,] for reaction(ll) on the avail- %OMNag 0.5
able catalyst Pt surface could be expressed as equadon RO éi;\é "
[25’26] K1tCh,/K1p 0.1
, R/ 20
Ia = nH Fya(kotOpt—H,0pt — koofpt) (14) kot 4.4% 10 °molcnm2h~1
Kas 5.0x 10~2molcm2ppm1h-1
.. . . 2 2hK-1
Combining equation)—(8)and(14), the expression for fuel ko 6.4x107 molem”h—=
cell anode current density can be obtained: kst 4.0> 107 mol e pprT=h™
y : Ksb 1.0x 1072cmh?
ks Ket 1.0x 1(T: mol cm*i pp;n*1 h-1
1 kenC 1.0x 10> molcm 2 h~
I.=nuF 24 6bCH, T
a = nHFyakat kleHz Kt 0.0molcnr2h-?
k7b 0.0 mof—9cmda-2ph—1*
A2 ket 8.0x 10 8molcm2h1
A2 _ 0 keb 0.0 mol9 ¢t h—1*
2
_ kat ®3,57-8 0.5
{1 <1+ kleHZ) AO} ns 1.0
. 5 2.0
— — — — Assumlng the corresponding reaction’s contribution is negligiole.
x |1- 1+ k” Ch, | A| (1= Opp — Oprp)? ' ing th d ' ibution is negligibl
1b

(14) gen reduction (@+4e~ +4H* <> 2H,0):

wherel, is the fuel cell anode current density apglis the 7. _ ;0 {exp (aonaanc) _exp ( —(1 — ao)ngg Fﬁc)]
ratio between the real Pt surface and the geometric surface RT RT

area (cm PtcnT 2 electrode) for the fuel cell anode catalyst (15)
layer. For a fuel cell electrode reaction, the reaction zone

is a three-dimensional porous catalyst layer. If we assume G en that the overpotential for oxygen reduction is rela-

that the anode hydrogen oxidation is totally controlled by tively large (>60 mV), a Tafel equation can be employed to
the kinetics (interface diffusion of reactants not considered), describe the cathode polarization:

a simple approach is to introduce a parameter to reflect the
ibuti i RT ,

contr!butlor} of the real catalyst reaction area to 'the current,, _ (7o) — In(eid)] (16)

density.Ag is the value ofA expressed by equatiqi®) at aonge F

the equilibrium electrode potentiaj{=0), which could be

where the electron transfer coefficiamy and the electron
expressed as:

transfer numbet,, should be those for the rate-determining
step of oxygen reduction mechanis%js the exchange cur-

90
gng rent density of oxygen reduction and thgis the ratio be-
Ag = 20 P . tween the real Pt surface and the geometric surface area for
1+ ggt: (1 + rﬂ,CHz) the cathode Pt catalyst layer. The cathode overpotentias

defined as the difference between the cathode poteftial (

It is worthwhile to mention here that for a fuel cell polar- atl;# 0 and the equilibrium potentialQ) atl. =0, that is,
ization, a flooded-agglomerate model has been employed ton = Eg — Ec.
describe the relationship between the current density and the The relationship between the current density and the over-
overpotentia[32—34] The detail of this model will not be  potential has been calculated according to the parameter
pursued in this paper. values listed inTable 1for the case in the absence of con-

For the cathode side in the absence of the contaminant, theaminant ¢pi—p+ 6pr_p =0). Kinetic constants were chosen
relationship between the current densliy) énd the cathode  which gave a reasonable fit and trend to experimental data
potential {c) can be given by equatiqii5) for fuel cell oxy- reported in the literature. More detailed experimental results
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2 Cathode potential
= 0.84 > 064
£ 07 g
7 Cell Voltage 8 054
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Fig. 3. Calculated fuel cell performance and corresponding voltage losses of
the anode, cathode, and membrane according to the parameter values listeffig. 4. Calculated fuel cell voltage degradation in the presence of various
in Table lusing equation§l4), (16) and(17) (80°C, 3.0 atm). levels of the fuel stream contaminant at°&D) 3.0 atm and a current density
of 0.5 AcnT 2. The reaction rate constants and other related parameters used
for this calculation are those listed Table 1
for the contamination of the anode catalyst will be acquired
in the next phase of research. In order to obtain the overall
fuel cell performance, another paramefRythe internal re- From the calculatedrigs. 4 and 5it can be seen that
sistance of the cell is also listed Fable 1 Ignoring mass  the cell performance will decrease in the presence of an-
transport effects, the overall cell performance can be calcu-0de feed stream contaminant until a steady-state perfor-

lated according to equatiqi7): mance is reached. The greater the concentration of the fuel
o stream contaminant, the greater the rate of decrease, and
Veell = V™ — a— 11c — Rolcell 17) loss in performance will be, and the sooner steady-state

performance is reached. The effect of current density is
similar to contaminant concentration. The fuel cell voltage
degradation trends in the presence of fuel stream contami-
nants compare well with other reported data in the literature
[27,29,30,46] Again, more detailed experimental results for
voltage degradation will be acquired in the next phase of
research.

whereVg is the fuel cell voltagey® the open circuit volt-
age andlcg is the current density. The calculated overall
fuel cell performance is shown iRig. 3 together with the
anode, and cathode polarizations, and ohmic loss. This com-
pares well with other performance related data in the literature
[10,45]

Substituting equationél1) and (11) into equation(14)
for Opi—p and Op_p, the anode overpotential as a function
of time, current density, and contaminant concentration in
the presence of contaminant can be obtained. If combining
equationg14), (16), and(17), (11) and (1), the transient 0.9
fuel cell voltage in the presence of contaminant can be sim- 3
ulated by adjusting reaction constakis kip, 63,/63,, and
probablyc; if the current density, anode overpotential and
contaminant concentration are experimentally known. This
simulation based on the measured cell voltage transient be-S 051
havior can also provide a method to estimate the chemicalé 041
and electrochemical kinetic constants. ;|

\%
o
<

0.1 A.em 2

o
s 0.6+
=

0.3 Aem 2

Note that the resultant transient anode overpotengidl ( ' 1.0 Aem
and cell voltageVce|)) expressions are the implicit functions 02
of anode overpotential. It is difficult to get an analytical ex- 0.1 4
pression fomg or Vee. Therefore, some numerical calcula- 0.0 i ‘ ‘ i i |
tions are necessary in order to obtain the transient behavior. 0 5 10 15 20 25 30
As examples, for a simple case whégg p =0, Fig. 4shows Time, Hour

the calculated results at various stream contaminant concen-

. . . . Fig. 5. Calculated fuel cell voltage degradation at various current densities
trations based on equatl()lﬁ) andFlg. Sfor those at various in the presence of 5.0 ppm contaminant in the fuel stream acaand

current densities. The parameters usedHigs. 4 and fre 3atm. The reaction rate constants and other related parameters used for this
those listed infable 1 calculation are those listed fable 1
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12 A performance loss parameter (PL%) in the presence of
1.1 contaminant can be defined as equafi@o):
1.0
VCP=0 _ VS
0.9 PD% — 100 cell ~3 cell (20)
0.8 Vear

WhereVCSe” is the steady-state cell perfomance, Mggfo is
the steady-state cell performance in the absence of contami-
nation.

Cell Voltage, V
(=1
(=)

10.0ppm 1.0ppm

2.5. Contamination transient time constant

: : : ; : : : : , | A transient time constant for the contamination process
000203 0405060 GE S GE L can be defined as which is a measure of how long it takes

Current Density, A.cm™ the performance to approximately reach its steady-state level.
The expression for could be defined by equatiqal):.

Fig. 6. Calculated fuel cell steady-state performance as a function of fuel
contaminant concentration and current density a&t@@nd 3.0 atm. The 1
parameter values used for the calculation are those listéalile 1 T =

F1+B1+ Fo+ By

It can be observed from equatiofidl), (11') that the tran-
sient time constant is a function of contaminant level and an-
ode overpotential (or current density). In general, the higher
the contaminant concentration or current density, the shorter

Figs. 4 and Shows that there exists a steady-state perfor- the transient time.

mance for each contaminant concentration and current den-2 6. Pert
sity when the lifetime goes to infinity. A steady anode overpo- <~ eriormance recovery process
tential and performance can be solved numerically according

to the expression of steady-state surface coverage obtained 't_ ha§ been 0bser\k/]edf exlperlllmenftally that dun?dg bthe con-
through equation&L1) and(11) att— oo: tamination process, the fuel cell performance could be recov-

ered automatically with time when the contaminant source
was cut off[2,3]. One assumes that the contaminant source
is switched off at a time ofy, the boundary condition for
solving equatior{10) and(9’) would be: when > tg, Cp=0.

The obtained solutions are given in equati¢23) and(22)

. . which are only valid under the condition that to:

whereFy, F3, BY and B are the previous defined parame-
ters but at steady-state under the conditioh-ef co. Fig. 6 gzl — 1
shows the calculated steady-state polarization of a fuel cell ~*"  FiZ0F, + Fi>B, + B1B,
at various contaminant levels. The parameters usdeifp6
are those listed ifiable 1 It can be observed frofig. 6that
the steady-state performance level is a function of contami-
nant concentration and current density (or overpotential) as
mentioned above.

Note that if the rate constant of reacti®il) is very larger b
(largerF2) or the sum of the backward rate constant is negligi- T ozrznn
ble B1 =0), there will be no steady-state performance which > >
can be observed due to the entire catalyst surface being to- x exp <— P+ Bt ot B+ 270 (r— to))}
tally occupied by P +Rthatis, 1— 0pi_p— 0pt_p ~ 0). In this 2
case, the cell voltage and the current density will both drop (22)
to zero.

For a special case where the reaci{@gi) does not exist,
the equatior{18) will become equatiot(19):

(21)

2.4. Steady-state performance in the presence of
contaminant

SpSs
ByB;

18)
S-S SpS SpS (
FPF> + FPB5 + BTB>

(1 - Optp — Optp)i—o =

a
% [FF'OBz - o

FIZi0 4 By + Fp + By — 21210
xexp(— "+ B1+ F2+ B2 (t—to))

2

thto
elt%—t?’ = =1 = p 1>1
2(Fi='° — Bp)(Fi="°F, 4+ F{="By + B1B>)

s
By

4+ (19) X FIZIOF Fl‘zl‘o _ B
F2+ BS PR 2)

(1= Optp — Optp)i—o =
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Fi=" + By + F» — By + Z'='0
271=lo

)

Fizto + B+ Fp 4+ By, — 7'z

iy

x exp <— > (t— to)>
Fizto + B1+ Fp — By — 70
+ 271710
FiZ' 4 By + Fp + By + Z'2'0
X exp (_ 170+ B1+ 22 + B2+ (— to))}

(22)
where
a = [OpR(F{7"° + B1+ F2 — By — Z'")
+205.79, (F;™"° — B2)|(F;~°F2 + F1°Bo + B1By)
—2F;7° Fp(F1™"° — Bp) — Fy~°Ba(Fy~°
+F2 + By — Bz — Z'¥")
—[OpeS(F1=" + By + Fp — By + Z'=")
+205 5 (F1™° — B)l(Fy°F2 + F1™° B2 + B1B2)
By)

+Fy°Bo(F" + F2 + By — By + Z'=°)

)

Z'="0 = \/ (FiZ'0 + Fp + By — B2)? — 4F,(Fi=" — B))

whered% and 95", are those surface coveragetatt,,

which can be expressed by equatigh$) and(11) except

+2F 7O Fp(F~"° —

—(1 - ag)gFna

F{*'0 = AKgnCp C}. exp( RT

that the time variabld, in these two equations is replaced by

to. F{="0 is theF1 value alCp = 0. If the product concentration
(Cp) produced by the contaminant oxidation is negligible
F3=" will be approximately equal to zero, and equati(2)
and(22) will become simplerz’=% is theZ value atCp=0.
The similar mathematical discussions to the equat{@i3
and(1Y) for equationg22) and(22) are listed inAppendix
A.

For the special case that reactifvill) does not exist,

which corresponds to the case where the surface coverages 061
of P is equal to zero, the surface coverage of P can be ex-= =

pressed by equatigi23) att > to:

t>tg 1

0 _ t>to Ft>to t to Fizio L B

x exp(=(Fi=" + B1)(r — 1))} (23)
In the case thaE =0, which corresponds to th&a{=" = 0,
equation(23) simplifies to equatioi24).
Ot = Opeh exp(—Bi(r — 10)) (24)
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—1: FI-0.5, Bl 20.5
—2:FI1=0.5,B1
—3:F1=0.5, Bl
—4: F1=0.5, Bl
—5: F1=0.5, Bl

0.1, F2=0.1, B2=0.1, t0
0.02, F2=0.1, B2=0.1, 10=20.5
0.1, F2=0.5, B2=0.1, to=20.5
0.1, F2=0.5, B2=0.05, 10=20.5
0.1, F2=0.5, B2=0.1, to=4.1

1, = 20.5 hours

0.8

0.6

t, =4.1 hours

Surface Coverage

0.4

0.24

0.0

50 60 70 80 90 100

Time, Hour

40

Fig. 7. Calculated surface coveragewp+6p,_p) change before and after
to at variousF1, By, F2, B2 andtp values for the purpose of comparison. The
units for those parameters are molchin—1, except foto which is in hour.
For the recovery processX tp), F1 is set to O for all cases.

Fig. 7 shows some calculated cases with various forward
and backward reaction rate constants for the purpose of com-
parison.

The results show that the larger the reaction constant for
the desorption of P on the surface (lar@a), the faster the
recovery rate would be (curve 1 versus curve 2). A larger
reaction rate constant for the production of surfac@aeger
F2) would make the recovery slower (curve 1 versus curve
3). For a largeB; (the rate constant for the surface electro-
reduction of P), the recovery process would become faster
(curve 3 versus curve 4). Another observation frBig. 7
is that the longer the contaminant exposure (lortgerthe
recovery process (curve 3 versus curve 5).

Combining equationg(22) and (22) with equations
(14)—(16)allows the fuel cell voltage to be solved numerically
for the recovery procesgig. 8 shows the fuel cell voltage
recovery at different contamination levets's, and current
densities for the purpose of comparison. In the calculation,

' the contribution from reactio(Vll) has been omitted. It is

Itage, V

0.59

o =14hrs

=14hrs

1: Cp=1.0ppm, I=0.5A.cm%, to
2: Cp=3.0ppm, I=0.54.cm'2 t,

3: Cp=3.0ppm, I=0.3A.cm2, to=15hrs
4: Cp=3.0ppm, 1=0.3A.cm2, t, =8hrs

0.44

20 25 30 35 40

Time, Hour

10 15

Fig. 8. Calculated fuel cell voltage recovery process at different levels of
contaminant, current densities, and exposure times a€&ind 3.0 atm.
The parameter values used for the calculation are those listédbie 1
Whent > tg, F; is set to zero for all cases.
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obvious fronFig. 8thatCp, tg, and current density canmake a be the main cause of the anode overpotential increase through
difference for the fuel cell voltage recovery process. A higher the elimination of the active Pt catalyst sites.

contaminant concentration (1 versus 2), a higher currentden-  The fuel cell current density expression as a function of
sity (2 versus 3), or a longer exposure (3 versus 4) make theanode and cathode overpotential is derived from the proposed

recovery slower. reaction mechanism. The fuel cell performance degradation

in the presence of feed stream contaminant(s) is formulated
2.7. Temperature dependence of the contamination as a function of contaminant concentration, current density,
process and lifetime. The obtained equations can be used to simulate

and estimate the chemical and electrochemical reaction rate

In general, temperature can affect the contamination pro- constants, and make some prediction about the severity of the
cess through its impact on the parameter values in the equa€ontamination and the performance recoverability.
tions discussed previously. An increase in the temperature  Further work will be focused on modeling of the mem-
will cause a change in the magnitude of the reaction con- brane and cathode poisoning processes and validating the
stants ki andkjp) and other parameters such as solubility models with more detailed experimental data.
of hydrogen and contaminant in the electrolyte, their diffu-
sion coefficients, hydrogen redox exchange current density, Acknowledgement
electrolyte resistance, and hydrogen surface recovery in the
equilibrium state. For the contamination adsorption reactions ~ The authors acknowledge the support of this research by
(IV)—(VIl), rising temperature will increase the magnitudes the Institute for Fuel Cell Innovation (National Research
of the reaction rate constants in both directions. However, the Council Canada (NRC)). D.P.W. acknowledges the Natural
backward reaction rate constants would be increased moreSciences and Engineering Research Council (NSERC) for
than that of forward reaction rate constants, resulting in a Canada Research Chair support.
slower contamination rate at higher temperature than that at
lower temperature. At this stage, the quantitative approachAppendiX A
for the temperature effect on the contamination process will
not be pursued in this paper. Al t<tpy

3. Conclusion The differential equations can be written as in equation
(A.1) for the surface coverage:

The model proposed in this paper for the anode poison- Oprp
ing process stems from the reaction mechanism for hydro- e —(F1+ B1+ F2)0pi—p — (F1 — B2)0prp + F1
gen oxidation on the platinum surface. In the mechanism of d
hydrogen oxidation, the dissociative chemical adsorption of —P=F _ (F20pt—p — B2)fprp
adsorbed H is considered as the rate-determining step for d (A1)
Ho oxidation. The electrochemical reaction of dissociated
H, following this rate-determining step is believed to have Regarding the initial conditions of théprpandop_p both
a Nernst behaviour from which the surface coveragegf H equals to zero at=0, the analytical solutions for equation
atomic H and unoccupied Pt sites are derived as a function of(A.1) can be obtained. Five cases have to be considered in
contaminant surface coverage. Chemical adsorption of con-order to avoid the solutions mathematically meaningless.
taminants on the platinum surface and_their impacF onthe ~oqe 1. F1—By#0, and Fq+By+Fy— By)2+4F,
electrochemical hydrogen surface reaction are considered to(,:1

—B2) #0. The analytical solutions are as in equation

(A.2):
F 1 F1By + B1By — BoBo + 2F1F> — F2Bo Fir+Bi+Fo+B—Z7
Opi—p= B>—— | Bo— exp( — t
F1F>+ F1B> + B1Bo 2 Z 2
1 F1B2 + B1By — BoBy + 2F1Fo — F>By Fi+Bi+F+B+ 7
— = B2+ exp( — t
2 Z 2
R 1 F1By + B1By — BaBy + 2F1F> — FoB) Fi+Bi1+F,— B+ Z
Oprp = Fa+ 5| B2—
F1F> + F1Bo> + B1B> 2 V4 2(F1 — B»)
Fi+B1+Fo+By—Z 1 F1B> + B1B> — BoBy + 2F1F» — F>B:
—exp—1+ 1t 2t b2 A 32+12+ 162 — BaBy + 2FF2 — 1282
2 2 Z
Fi+Bi+F,—B—Z Fi+Bi+FR+B+Z
— exp( — t
2(F1 — B) 2

(A.2)
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whereZ = ((Fy + By + F2 — Bp)? + 4F5(F1 — By))Y?

Case 2. F1 — B2 #0,B1=0andrF1 =F» + By. The solutions
are as in equatiofA.3):

1
ewpﬁ#a+&—m+&—ﬂ&0m%ﬂm

Oprp = %[1 — (14 Fat) exp(=F11)]
(A.3)

Case 3. F1 — By #0,F>=0andB; =F1 +B1. The solutions
are as in equatiofA.4):

etzto — 1 t>to
P PR+ B2 + BB
F="° 4+ By + F2 + By + 7'
x exp| — > (t — 10)
1>1tg E Fto

PP 2(F1P° — Bo)(Fi=°F2 + F{~° By + B1Bo)

F™ + By + Fo + By — Z!="
Xexp(_ 1200 L By + Fy+ By (t_to)>+<

2

F7"° + By + Fp + By + Z'=0
x exp| — > (t —10)

F1
L+ B
Opep =0

Oprp = [1 — exp(=(F1 + B1)1)]

(A.4)

Case 4. F1 —B>=0 andB; +F, #0. The solutions are as
in equation(A.5):
141

=——— |1 - Fiexp((F1+ B1+ o)t
F1+Bl+F2[ 1 eXp(—(F1 + By + F2)1)]

Opep
TR+ B+ R
F1

Fo+ B

Opep
(A.5)
x |14+

exp(—(F1 + B1 + F2)1)

Fi+B1+F
T2 exp(- Fuf)]
Fo+ B

Case 5. F1 —Byx=0andB; + F>=0. The solutions are as in
equation(A.6):
Optp = 1 — exp(=Fi1)]

A.6
Opep =0 (A6)

a
! BZ‘zzzm“"(‘ 2

FI™°Fa(F1™° — By) + (

A2. t>1g

The differential equations are the same as those expressed
by equation(A.1). However, the boundary conditions for
solving the differential equations are different. The bound-
ary condition would be: it > to, Cp=0 andfprp = 5%
andbprp = 659 -

The analytical solutions for equati¢f.1) can be obtained
and five cases have to be considered in order to avoid the
solution mathematical meaningless. Note that the obtained
equations listed below are only valid when the time is longer
thantp.

Case 1. F1—By#0, and F1+By+F;—Bp)?+4F;
(F1 —B2)#0. The analytical solutions are as in equation
(A.7):

F{7° + By + Fp + By — Z'=10 b
(t=10) | = 5=

Fi° + Bi+ Fp — By + 2/
271=10

FF[O + B1+ F — By — Z'='0
271=00

(A.7)
where

a = [OpeS(Fi="° + By + F — By — Z'2"0)
+205.% (F1="° — B2)|(F1™°F2 + F;~"° B2 + B1By)
—2F°Fa(F™"° = Bo) = F1~°Bo(F ™ + F2 + By
—By — Z'=0)

b= —[0p p(F1~° + B+ F2 — B2 + Z'=")
+205.1% (F1="° — B2)I(F1=°F2 + F1~"° B2 + B1B>)
+2F 7O Fp(Fi™"° — Bp) + F7°Bo(F;™"° + F2 + By
—By + Z’Zfo)

RT

—(1— ag)gF
F[="° = AKgpCp (Y1 exp((ds)é]%)

Z'=0 — \/ (FIZ0 + Fp 4+ By — Bp)? — 4F»(FiZ'0 — By)
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Opep andos", are those surface coverageato, which can
be expressed by equatiofis8) and(18) except that the time
t's in these two equations are replaced#y. F;=" is theF
value atCp=0 andZz’=" is theZ value atCp=0.

Case2. F1 —By;#0,B1 =
are as in equatiofA.8):

0 andF1 =F, +B>. The solutions

F> F>
9t>to 1 _ = Ql to — — 1
Ff 0 F1* 0
— Fo(Opet t 0 —p— 1) —10) expFy="°(t — to))
bl — bl
1> 1 =1 =1 I 1
Opp = e + | Opp — iz + Fa(Opep 1
1 1
x (t — t0)] exp(—F1="(t — t0))
(A.8)

Case3. F1 —Bx#0,F2=
are as in equatio(A.9):

0 andB; =F; +B;1. The solutions

0% =1— ————— +9’ 0, expF=(t — 19
P+P Ft fo +B p( 1 ( ))
Ft>to
1= to _ =10
+{ % Opep — Fi>’°+B exp (A.9)
X (=(F"° + B1)(t — 10))
Oy = 0% exp(—F;=(t — 1o))

Case 4. F1 —By=0 andB; +F» 0. The solutions are as
in equation(A.10):
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