
Journal of Power Sources 147 (2005) 58–71

Model for the contamination of fuel cell anode catalyst in the
presence of fuel stream impurities

Jiujun Zhanga,∗, Haijiang Wanga, David P. Wilkinsona,b, Datong Songa,
Jun Shena, Zhong-Sheng Liua

a Institute for Fuel Cell Innovation, National Research Council Canada, Vancouver, BC, Canada V6T 1W5
b Department of Chemical and Biological Engineering, University of British Columbia, Vancouver, BC, Canada V6T 1Z4

Received 7 December 2004; accepted 1 January 2005
Available online 18 March 2005

Abstract

A model dealing with the anode catalyst contamination induced by fuel impurities has been developed. This model can be used to describe
the transient and steady-state performance losses. Several characteristics such as performance loss, contamination transient time constant and
r chemical and
e coverability.
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ecovery process have also been introduced into the model. The obtained equations can be used to simulate and estimate the
lectrochemical reaction rate constants, and make some prediction about the severity of the contamination and the performance re
rown Copyright © 2005 Published by Elsevier B.V. All rights reserved.
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. Introduction

Fuel cell contamination caused by the impurities in the
eed stream is one of the important issues in fuel cell devel-
pment and operation[1–24]. The major impurities in the
ydrogen stream are CO, H2S, NH3, organic sulfur–carbon
nd carbon–hydrogen compounds, etc., produced in the hy-
rogen production process (for example, natural gas re-

orming). These impurities (or contaminants) degrade the
ell performance and sometimes cause permanent membrane
lectrode assembly (MEA) damage. The two effects can be
sed to describe the contamination process: (1) kinetic ef-

ect (poisoning of the electrode catalyst) and (2) conductivity
ffect (increase in the solid electrolyte resistance including

hose of membrane and catalyst layer ionomer). It is well
nown and widely documented that the major impact of
O contaminant on the MEA performance is the kinetic ef-

ect that is the poisoning of the anode catalyst[1,25–27].
or H2S contamination, the impact is also kinetic related
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and has also been recognized as a severe depress
the fuel cell performance for many years[1,3,12,14,18–24.
NH3, as one of the fuel impurities, has also been inv
gated in fuel cell operation[2,3] and the conductivity e
fect has been found to be the major cause for the fue
degradation.

It has been found that the performance loss is relat
the contaminant concentration in the feed stream[2,3], and
the fuel cell operating current density (or cell voltage)
general, the higher the contaminant level or current den
the faster and deeper the depression is. For the purpo
fundamental understanding and application developme
model is necessary to describe theoretically the contam
tion process. For the CO poisoning process, several m
papers have been published, which mainly focused o
steady-state poisoning effect[26,28–30]. For a transient pro
cess, Bhatia and Wang has reported a model and valida
by experimental results[30]. A general and complete mod
for the contamination process as a function of contam
level and current density, including transient, steady-stat
recovery processes, is expected to be very useful in fue
E-mail address:jiujun.zhang@nrc.gc.ca (J. Zhang). research and development.
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Nomenclature

a as defined in the text for the recovery process
(mol3 cm−6 h−3)

b as defined in the text for the recovery process
(mol3 cm−6 h−3)

A as defined in the text
A0 as defined in the text
B as defined in the text
B1 sum of the rate constants (mol cm−2 h−1)
B2 backward rate for reaction(7) (mol cm−2 h−1)
BS

1 sum of the rate constants at steady-state anode
overpotential (mol cm−2 h−1)

BS
2 backward rate for reaction(7) at steady-state

anode overpotential (mol cm−2 h−1)
C as defined in the text
CH2 concentration of hydrogen in the electrolyte

(Nafion ionomer catalyst layer) (mol cm−3)
CO concentration of air oxygen in the electrolyte

(Nafion ionomer catalyst layer) (mol cm−3)
CH+ proton concentration in the catalyst layer

(mol cm−3)
CP contaminant concentration (ppm)
CP′ contaminant reaction product concentration

(ppm)
Ea anode potential atIa �= 0 andCP �= 0 (V)
E0

a anode potential atIa = 0 andCP = 0 (V)
E0a standard anode potential (V)
Ec cathode potential atIa �= 0 andCP �= 0 (V)
E0

c cathode potential atIa = 0 andCP = 0 (V)
F Faraday’s constant (96,487 A s mol−1)
F1 sum of the forward rate constants

(mol cm−2 h−1)
F2 forward rate for reaction(7) (mol cm−2 h−1)
FS

1 sum of the forward rate constants at steady-
state anode overpotential (mol cm−2 h−1)

FS
2 forward rate for reaction(7) at steady-state an-

ode overpotential (mol cm−2 h−1)
F

t≥t0
1 sum of the forward rate constants after the con-

taminant is cut-off (mol cm−2 h−1)
i0H exchange current density for hydrogen oxida-

tion on the platinum surface in the absence of
contaminant (A cm−2)

i0O exchange current density for oxygen reduction
on the platinum surface in the absence of con-
taminant (A cm−2)

Ia fuel cell anode current density (A cm−2)
Ic fuel cell cathode current density (A cm−2)
Icell fuel cell operating current density (A cm−2)
k1f reaction (1) forward reaction rate constant

(cm h−1)
k1b reaction(1) backward reaction rate constant

(mol cm−2 h−1)

k2f reaction (2) forward reaction rate constant
(mol cm−2 h−1)

k2b reaction(2) backward reaction rate constant
(mol cm−2 h−1)

k3f reaction (3) forward reaction rate constant
(mol cm−2 h−1)

k3b reaction(3) backward reaction rate constant
(cm h−1)

k4f reaction (4) forward reaction rate constant
(mol cm−2 ppm−1 h−1)

k4b reaction(4) backward reaction rate constant
(mol cm−2 h−1)

k5f reaction (5) forward reaction rate constant
(mol cm−2 ppm−1 h−1)

k5b reaction(5) backward reaction rate constant
(cm h−1)

k6f reaction (6) forward reaction rate constant
(mol cm−2 ppm−1 h−1)

k6b reaction(6) backward reaction rate constant
(cm h−1)

k7f reaction (7) forward reaction rate constant
(mol cm−2 h−1)

k7b reaction(7) backward reaction rate constant
(mol1−q cm3q−2 h−1)

k8f reaction (8) forward reaction rate constant
(mol cm−2 h−1)

k8b reaction(8) backward reaction rate constant
(mol−q cm3q + 1h−1)

m water stoichiometry in reactions(7) and(8)
nαO electron transfer coefficient for overall cathode

oxygen reduction
nH electron transfer number for overall hydrogen

oxidation
nO electron transfer number for overall cathode

oxygen reduction
n3,5,7–8 electron transfer number for individual elec-

trochemical half-reaction
P symbol for contaminant
P′ symbol for the product of P electrochemical

oxidation
PL% fuel cell performance loss in the presence of

contaminant
R Gas constant (8.314 J K−1 mole−1)
q proton and electron numbers in reactions(7)

and(8)
R0 fuel cell internal resistance (electrolyte (mem-

brane) resistance) (
 cm2)
t0 lifetime moment at which the contaminant

source is cut-off (h)
T temperature (K)
Vcell fuel cell voltage (V)
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V
Cp=0
cell steady fuel cell voltage in the absence of con-

taminant (V)
VS

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

Vo fuel cell open circuit voltage (V)
Z as defined in the text (mol cm−2 h−1)
Zt≥t0 as defined in the text (mol cm−2 h−1)

Greek symbols
α3,5,7–8 electron transfer coefficient for individual

electrochemical half-reaction
αO electron transfer coefficient for fuel cell cath-

ode oxygen reduction
γa real active surface-to-electrode geometric

surface ratio of the anode catalyst layer
(cm2 cm−2)

γc real active surface-to-electrode geometric sur-
face ratio of the cathode catalyst layer
(cm2 cm−2)

Γ Pt Pt surface site concentration (mol cm−2)
Γ Pt–H Pt surface site concentration (mol cm−2)
ΓPt–H2 Pt surface site concentration (mol cm−2)
Γ Pt–P Pt surface site concentration (mol cm−2)
Γ Pt–P′ Pt surface site concentration (mol cm−2)
Γ T

Pt total surface site concentration (mol cm−2)
ηa anode overpotential (V)
ηc cathode overpotential (V)
θPt surface coverage of platinum unoccupied site
θ0

Pt surface coverage of platinum unoccupied site
at equilibrium anode potential

θPt–H surface coverage of hydrogen atom on the plat-
inum

θ0
Pt–H hydrogen atom surface coverage on platinum

at equilibrium anode potential
θPt–H2 hydrogen molecule surface coverage on the

platinum
θPt–P contaminant surface coverage on the platinum
θPt–P′ contaminant reaction product surface coverage

on the platinum
θ
t≥t0
Pt–P contaminant surface coverage on the platinum

after the contaminant source is cut-off
θ
t≥t0
Pt–P′ contaminant reaction product surface coverage

on the platinum after the contaminant source
is cut-off

θ
t=t0
Pt–P contaminant surface coverage on the platinum

at the moment oft= t0
θ
t=t0
Pt–P′ contaminant reaction product surface coverage

on the platinum at the moment oft= t0
τ 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
(I)–(VIII) :

Pt+ H2

k1f
� Pt–H2 (I)

P

P

P

P

P

P

P

xi-
d any
y
t
i H
k1b

t–H2 + Pt
k2f
�
k2b

2Pt–H (II)

t–H
k3f exp(α3n3Fηa/RT )

�
k3b exp(−(1−α3)n3Fηa/RT )

Pt+ H+ + e− (III)

+ Pt
k4f
�
k4b

Pt–P (IV)

+ Pt–H
k5f exp(α5n5Fηa/RT )

�
k5b exp(−(1−α5)n5Fηa/RT )

Pt–P+ H+ + e− (V)

+ Pt–H2

k6f
�
k6b

Pt–P+ H2 (VI)

t–P+ mH2O
k7f exp(α7qFηa/RT )

�
k7b exp(−(1−α7)qFηa/RT )

Pt–P′ + qH+ + qe−

(VII)

t–P+ mH2O
k8f exp(α8qFηH/RT )

�
k8b exp(−(1−α8)qFηa/RT )

Pt+ P′ + qH+ + qe−

(VIII)

Reactions(I)–(III) are the mechanism for hydrogen o
ation, which has been investigated and reported for m
ears[25,26,31–44]. Reaction(I) is the adsorption of H2 on
he platinum surface, which is a fast reaction. Reaction(II)
s the slow dissociative chemical adsorption of adsorbed2,



J. Zhang et al. / Journal of Power Sources 147 (2005) 58–71 61

which has been considered as the rate-determining step for
H2 oxidation [25,26] and reaction(III) 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 reactions(V) 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 as Ptn–P (i.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. Reaction(VII) 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 (Pt–P′)
or a soluble species (P′). In the case that P is not electro-
chemically reactive, the corresponding reactions(VII) and
(VIII) would be removed from the proposed mechanism.
Each reaction has its own rate constants (kif for forward and
kib for backward). For those electrochemical reactions (re-
actions(III) , (V), (VII) and (VIII) ), the rate constants are
electrode overpotential dependent, and written according to
the Butler–Volmer equation. Whereαi , ni andq are electron
transfer coefficient, electron transfer number and the pro-
ton/electron numbers for the corresponding electrochemical
r
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Fig. 1. Schematic diagram of a platinum surface with adsorption of molecu-
lar hydrogen, atomic hydrogen, contaminant and contaminant reaction prod-
uct.

At anode equilibrium potential in the absence of contam-
inant, equation(2) can be used to describe the surface
coverage:

θ0
Pt + θ0

Pt–H + θ0
Pt–H2

= 1 (2)

Since reaction(II) is the rate-determining step, it can be
assumed that reaction(I) is always at its equilibrium state
whether there is a contaminant present or not. From reaction
(I), the relationship betweenθPt andθPt–H2 can be establi-
shed:

θPt–H2 = k1f

k1b
CH2θPt (3)

whereCH2 is the average concentration of hydrogen in the
vicinity of the catalyst layer, expressed either by gas concen-
tration or the wet concentration in the electrolyte (ionomer
matrix layer in the catalyst layer, mol cm−3).

If reaction (III) is very fast, the anode potential would
follow the Nernst behavior even in the presence of poisoning
species[25,26]:

Ea = E0a + RT

F
ln

(
k3b

k3f

)
+ RT

F
ln

(
θPtCH+

θPt–H

)
(4)

whereE0a is the standard anode potential of the hydrogen
r At
z ),
a rium
e

E

eaction.

.2. Surface coverage and their expressions as a
unction of anode overpotential

The anode overpotential is the difference between
tages of anode potential, i.e., the anode equilibrium
otential (E0

a) at which the anode net current densityIa)
nd the contaminant concentration (CP) are both equal t
ero, and the anode potential (Ea) at which bothIa andCP
re not equal to zero, that is,ηa =Ea− E0

a. In order to ob
ain the time dependence of contaminant surface cove
he interrelationship among various kinds of surface
rage and the anode overpotential have to be obtaine

n the reaction mechanism proposed above, there are
inds of surface sites, which are Pt, Pt–H2, Pt–H, Pt–P an
t–P′. Their corresponding surface concentration can be
ressed asΓ Pt,Γ Pt–H,ΓPt–H2,Γ Pt–P, andΓ Pt–P′ with a unit of
ol cm−2. The sum of these surface concentrations can b

ned as the total available Pt surface concentration,Γ T
Pt with

unit of mol cm−2. The surface coverage for each surf
ite can be expressed asθPt (=Γ Pt/Γ T

Pt), θPt–H(= ΓPt–H/Γ T
Pt),

Pt–H2(= ΓPt–H2/Γ
T
Pt), θPt–P(= ΓPt–P/Γ T

Pt) and θPt–P′ (=
Pt–P′/Γ T

Pt), respectively.Fig. 1 shows the schematic e
ression of a platinum surface with different surf
ites.

The equation(1) can be used to describe the in
elationship among the surface coverage terms:

Pt + θPt–H + θPt–H2 + θPt–P + θPt–P′ = 1 (1)
edox reaction andCH+ is the concentration of proton.
ero current density (reaction(III) at its equilibrium state
nd if the contaminant species P is absent, the equilib
lectrode potential would be:

0
a = E0a + RT

F
ln

(
k3b

k3f

)
+ RT

F
ln

(
θ0

PtCH+

θ0
Pt–H

)
(5)
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whereθ0
Pt andθ0

Pt–H are the surface coverage at equilibrium
anode potential in the absence of the contaminant. Com-
bining equations(1)–(5), the surface coverage of hydrogen
molecules, hydrogen atoms and unoccupied Pt sites can be
expressed as a function of anode overpotentialηa and con-
taminant coverageθPt–PandθPt–P′ :

θPt = A(1 − θPt–P − θPt–P′ ) (6)

where

A =
θ0

Pt
θ0

Pt–H
exp

(
Fηa
RT

)
1 + θ0

Pt
θ0

Pt–H

(
1 + k1f

k1b
CH2

)
exp

(
Fηa
RT

) ,

θPt–H2 = B(1 − θPt–P − θPt–P′) (7)

whereB = k1f
k1b

CH2A, and

θPt–H = C(1 − θPt–P − θPt–P′ ) (8)

whereC = 1 −
(

1 + k1f
k1b

CH2

)
A.

The surface coverage ratio in equation(6), θ0
Pt/θ

0
Pt–H, is

determined by the equilibrium anode potential and proton
concentration as shown in equation(5).

nt
s

s

θPt–PandθPt–P′ as the surface coverage:

Γ T
Pt

d(θPt–P)
dt

= A

[
k4fCP + k8bCP′C

q

H+ exp

(
− (1 − α8)qFηa

RT

)]

+Bk6fCP + Ck5fCP exp

(
α5n5Fηa

RT

)

−
{

A

[
k4fCP + k8bCP′C

q

H+ exp

(−(1 − α8)qFηa

RT

)]

+Bk6fCP + Ck5fCP exp

(
α5n5Fηa

RT

)
+ k4b

+K5bCH+ exp

(−(1− α5)n5Fηa

RT

)
+k6bCH2 + k8f exp

×
(

α8qFηa

RT

)
+ k7f exp

(
α7qFηa

RT

)}
θPt–P

−
{

A

[
k4fCP + k8bCP′C

q

H+ exp

(−(1− α8)qFηa

RT

)]

+Bk6fCP + Ck5fCP exp

(
α5n5Fηa

RT

)
− k7bC

q

H+ exp

×
(−(1 − α7)qFηa

)}
θ ′ (10)

be
ode
2.3. Contaminant surface coverage as a function ofηa
and lifetime (t)

From reaction(IV) to (VII) , the increase in contamina
surface coverage with time can be written as equation(9)
and(9′) according to the chemical reaction rate laws:

Γ T
Pt

d(θPt–P)
dt

= k4fCPθPt − k4bθPt–P + k5fCPθPt–H exp

(
α5n5Fηa

RT

)

− k5bCH+θPt–P exp

(
− (1 − α5)n5Fηa

RT

)
+ k6fCPθPt–H2 − k6bθPt–PCH2 − k7fθPt–P

× exp

(
α7qFηa

RT

)
+ k7bC

q
H+θPt–P′

× exp

(
− (1 − α7)qFηa

RT

)
− k8fθPt–P exp

(
α8qFηa

RT

)

+ k8bCP′C
q

H+θPt exp

(
− (1 − α8)qFηa

RT

)
(9)

Γ T
Pt

d(θPt–P′ )
dt

= k7fθPt–P exp

(
α7qFηa

RT

)
− k7bC

q

H+θPt–P′

× exp

(
− (1 − α7)qFηa

RT

)
(9’)

Substituting equations(6)–(8)into equation(9) for θPt, θPt–H
andθPt–H2 will result in an equation(10)which only contain
RT
Pt–P

The differential equations(10)and(9′) can be solved with
the boundary conditions of that att= 0, θPt–P andθPt–P′ = 0,
andCP andCP′ = 0. The contaminant surface coverage can
obtained as a function of contaminant concentration, an
overpotential and the lifetime, as expressed by equations(11)
and(11′):

θPt–P

= F1

F1F2 + F1B2 + B1B2

×
[
B2−1

2

(
B2−F1B2+B1B2−B2B2+2F1F2− F2B2

Z

)

× exp

(
−F1 + B1 + F2 + B2 − Z

2
t

)

−1

2

(
B2 + F1B2 + B1B2 − B2B2 + 2F1F2 − F2B2

Z

)

× exp

(
−F1 + B1 + F2 + B2 + Z

2
t

)]
(11)

θPt–P′

= F1

F1F2 + F1B2 + B1B2

×
[
F2+1

2

(
B2−F1B2+B1B2 − B2B2 + 2F1F2−F2B2

Z

)
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×
(

F1 + B1 + F2 − B2 + Z

2(F1 − B2)

)

× exp

(
−F1 + B1 + F2 + B2 − Z

2
t

)

+1

2

(
B2 + F1B2 + B1B2 − B2B2 + 2F1F2 − F2B2

Z

)

×
(

F1 + B1 + F2 − B2 − Z

2(F1 − B2)

)

× exp

(
−F1 + B1 + F2 + B2 + Z

2
t

)]
(11’)

where

F1 = A

[
k4fCP + k8bCP′C2

H+ exp

(−(1 − α7)qFηa

RT

)]
+Bk6fCP

B1 = k4b + k5bCH+ exp

(−(1 − α5)n5Fηa

RT

)
+ k6bCH2

+k7f exp

(
α7qFηa

RT

)
+ k8f exp

(
α8qFηa

RT

)

F2 = k7f exp

(
α7qFηa

RT

)
(−(1 − α )qFη

)
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Fig. 2. Calculated surface coverage distribution of contaminant P and its
oxidation product P′ on the platinum surface. The parameter values used
are:F1 = 0.5,B1 = 0.2,F2 = 0.1, andB2 = 0.01 (the unit forF1, B1, F2 orB2

is mol cm−2 h−1).

θPt–P′ = F2

F1 + B1 + F2

×
[
1 + F1

B1 + F2
exp(−(F1 + B1 + F2)t)

−F1 + B1 + F2

B1 + F2
exp(−F1t)

]
(12’)

In Appendix A, a general mathematical discussion about
the conditions under whichZ= 0 and/or F1 =B2 can be
found. Although several cases are impossible from a reac-
tion physics standpoint, the discussion is still necessary for
understanding.

As an example,Fig. 2shows the calculated distribution of
the surface coverage,θPt–P, θPt–P′ andθPt–P+ θPt–P′ based on
parameter values ofF1 = 0.5,B1 = 0.2,F2 = 0.1, andB2 = 0.01
(the unit forF1, B1, F2 or B2 is mol cm−2 h−1). It can be
seen that at the early stage, bothθPt–P andθPt–P′ increases
with time. After a while,θPt–Pwill gradually drop andθPt–P′

will continue to increase till both reach steady-state levels.
The drop ofθPt–P and the continuous rising ofθPt–P′ reflect
the surface electrochemical conversion from species Pt–P to
Pt–P′. The magnitude of the steady-state levels is determined
by the magnitude of the back reaction constant (B1 andB2) of
t will
b
a r H
e
w The
m y
t

xi-
d eek
a ge of
s ms
r

B2 = k7bC
q

H+ exp 7 a

RT

Z =
√

(F1 + F2 + B1 − B2)2 − 4F2(F1 − B2)
(11′′)

In equation(11′′), F1 represents the sum of the rate c
tants of the forward direction for the reactions(IV)–(VI) .
hese forward direction reactions are mainly responsibl

he production of Pt–P. B1 represents the sum of the re
ion constants whose corresponding reactions ((IV)–(VI) and
VIII) ) will result in the decrease in the surface coverag
t–P.F2 is the forward rate constant of the reaction(VII)
hich is responsible for the increase in the surface cove
f species Pt–P′ and partially for the decrease in the surf
overage of species Pt–P.B2 is the backward rate constant
he reaction(VII) which is the only contributor to the decrea
n the surface coverage of species Pt–P′.Z in (11)and(11′) is

special parameter for solving the differential equation
an be proven mathematically thatZ’s value is always large
han zero ifF1,B1,F2 andB2 all have non-zero values whi
s the case proposed above. However, ifF1 =B2 (could be a
ossible case for the reaction mechanism), equation(11)will
ecome meaningless (a number divided by zero). If this
appens, another two equations(12) and (12′) rather than
quations(11)and(11′) have to be used to obtain the surf
overage:

Pt–P = F1

F1 + B1 + F2
[1 − F1 exp(−(F1 + B1 + F2)t)]

(12)
he reactions. When the time is long enough, the surface
e largely covered by Pt–P and Pt–P′, that is, the sum ofθPt–P
ndθPt–P′ is close to 1. The remaining surface available fo2
lectrochemical oxidation would be only 1− θPt–P− θPt–P′ ,
hich is a very small portion of the whole anode surface.
agnitude of 1− θPt–P− θPt–P′ is also mainly determined b

he value of the sum ofB1 +B2.
In the case that P′ produced by the electrochemical o

ation of contaminant P is not adsorbed (or has very w
dsorption) on the platinum surface, the surface covera
pecies P′ will be equal to zero and the corresponding ite
elated to reaction(VII) will disappear from the equation(9).
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Solving the only differential equation(9) will result in a sim-
pler expression for surface coverageθPt–P:

θPt–P = F1

F1 + B1
[1 − exp(−(F1 + B1)t)] (13)

A typical example for this case may be the contaminant
CO in the hydrogen stream where the adsorption of product
CO2 on the platinum is negligible[25–30].

For anode H2 oxidation (H2 → 2H+ + 2e−), as discussed
above, reaction(II) may be considered as the rate-determining
step. The current density (Ia) for reaction(II) on the avail-
able catalyst Pt surface could be expressed as equation(14)
[25,26]:

Ia = nHFγa(k2fθPt–H2θPt − k2bθ
2
Pt–H) (14)

Combining equations(6)–(8)and(14), the expression for fuel
cell anode current density can be obtained:

Ia = nHFγak2f
k1f

k1b
CH2

×


A2 − A2

0[
1 −

(
1 + k1f

k1b
CH2

)
A0

]2
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Table 1
Parameters and their corresponding values for fuel cell performance calcu-
lation in the absence and presence of anode stream contaminant at 80◦C and
3 atm

Parameter Value

nH 2.0
F 96487 C mol−1

γa 30000 cm2 cm−2

R 8.314 J K mol−1

T 353 K
nO 4.0
γci

0
o 5.1× 10−4 A cm−2

αOnαO 0.5
V0 1.17 V
R0 0.1
 cm2

k1fCH2/k1b 0.1
θ0

Pt/θ
0
Pt–H 2.0

k2f 4.4× 10−9 mol cm−2 h−1

k4f 5.0× 10−2 mol cm−2 ppm−1 h−1

k4b 6.4× 10−2 mol cm−2 h−1

k5f 4.0× 10−1 mol cm−2 ppm−1 h−1

k5b 1.0× 10−2 cm h−1

k6f 1.0× 10−5 mol cm−2 ppm−1 h−1

k6bCH2 1.0× 10−5 mol cm−2 h−1

k7f 0.0 mol cm−2 h−1*

k7b 0.0 mol1−q cm3q−2 h−1*

k8f 8.0× 10−8 mol cm−2 h−1

k8b 0.0 mol−q cm3q+1 h−1*

α3,5,7–8 0.5
n5 1.0
q 2.0

* Assuming the corresponding reaction’s contribution is negligible.

gen reduction (O2 + 4e− + 4H+ ↔ 2H2O):

Ic = γci
0
O

[
exp

(
αOnαOFηc

RT

)
− exp

(−(1 − αO)nαOFηc

RT

)]
(15)

Given that the overpotential for oxygen reduction is rela-
tively large (>60 mV), a Tafel equation can be employed to
describe the cathode polarization:

ηc = RT

αOnαOF
[ln(Ic) − ln(γci

0
O)] (16)

where the electron transfer coefficientαO and the electron
transfer numbernαO should be those for the rate-determining
step of oxygen reduction mechanism.i0O is the exchange cur-
rent density of oxygen reduction and theγc is the ratio be-
tween the real Pt surface and the geometric surface area for
the cathode Pt catalyst layer. The cathode overpotential,ηc, is
defined as the difference between the cathode potential (Ec)
at Ic �= 0 and the equilibrium potential (E0

c) at Ic = 0, that is,
ηc =E0

c −Ec.
The relationship between the current density and the over-

potential has been calculated according to the parameter
values listed inTable 1for the case in the absence of con-
taminant (θPt–P+ θPt–P′ = 0). Kinetic constants were chosen
w data
r sults
×
[
1 −

(
1 + k1f

k1b
CH2

)
A

]2
}

(1 − θPt–P − θPt–P′ )2

(14’)

hereIa is the fuel cell anode current density andγa is the
atio between the real Pt surface and the geometric su
rea (cm2 Pt cm−2 electrode) for the fuel cell anode catal

ayer. For a fuel cell electrode reaction, the reaction z
s a three-dimensional porous catalyst layer. If we ass
hat the anode hydrogen oxidation is totally controlled
he kinetics (interface diffusion of reactants not conside

simple approach is to introduce a parameter to reflec
ontribution of the real catalyst reaction area to the cu
ensity.A0 is the value ofA expressed by equation(6) at

he equilibrium electrode potential (ηa = 0), which could be
xpressed as:

0 =
θ0

Pt
θ0

Pt–H

1 + θ0
Pt

θ0
Pt–H

(
1 + k1f

k1b
CH2

) .

It is worthwhile to mention here that for a fuel cell pol
zation, a flooded-agglomerate model has been employ
escribe the relationship between the current density an
verpotential[32–34]. The detail of this model will not b
ursued in this paper.

For the cathode side in the absence of the contaminan
elationship between the current density (Ic) and the cathod
otential (ηc) can be given by equation(15)for fuel cell oxy-
hich gave a reasonable fit and trend to experimental
eported in the literature. More detailed experimental re
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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 listed
in Table 1using equations(14), (16)and(17) (80◦C, 3.0 atm).

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 parameter,R0 the internal re-
sistance of the cell is also listed inTable 1. Ignoring mass
transport effects, the overall cell performance can be calcu-
lated according to equation(17):

Vcell = V o − ηa − ηc − R0Icell (17)

whereVcell is the fuel cell voltage,Vo the open circuit volt-
age andIcell is the current density. The calculated overall
fuel cell performance is shown inFig. 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 equations(11) and(11′) into equation(14)
for θPt–P and θPt–P′ , the anode overpotential as a function
of time, current density, and contaminant concentration in
the presence of contaminant can be obtained. If combining
equations(14), (16), and(17), (11) and(11′), the transient
fuel cell voltage in the presence of contaminant can be sim-
ulated by adjusting reaction constantskif , kib, θ0

Pt/θ
0
Pt–H and

probablyαi if the current density, anode overpotential and
contaminant concentration are experimentally known. This
simulation based on the measured cell voltage transient be-
havior can also provide a method to estimate the chemical
a

l (
a ns
o ex-
p la-
t avior.
A
t ncen-
t s
c
t

Fig. 4. Calculated fuel cell voltage degradation in the presence of various
levels of the fuel stream contaminant at 80◦C, 3.0 atm and a current density
of 0.5 A cm−2. The reaction rate constants and other related parameters used
for this calculation are those listed inTable 1.

From the calculatedFigs. 4 and 5, it can be seen that
the cell performance will decrease in the presence of an-
ode feed stream contaminant until a steady-state perfor-
mance is reached. The greater the concentration of the fuel
stream contaminant, the greater the rate of decrease, and
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.

F sities
i
3 for this
c

nd electrochemical kinetic constants.
Note that the resultant transient anode overpotentiaηa)

nd cell voltage (Vcell) expressions are the implicit functio
f anode overpotential. It is difficult to get an analytical
ression forηa or Vcell. Therefore, some numerical calcu

ions are necessary in order to obtain the transient beh
s examples, for a simple case whereθPt–P′ = 0,Fig. 4shows

he calculated results at various stream contaminant co
rations based on equation(13)andFig. 5for those at variou
urrent densities. The parameters used forFigs. 4 and 5are
hose listed inTable 1.
ig. 5. Calculated fuel cell voltage degradation at various current den
n the presence of 5.0 ppm contaminant in the fuel stream at 80◦C and
atm. The reaction rate constants and other related parameters used
alculation are those listed inTable 1.
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Fig. 6. Calculated fuel cell steady-state performance as a function of fuel
contaminant concentration and current density at 80◦C and 3.0 atm. The
parameter values used for the calculation are those listed inTable 1.

2.4. Steady-state performance in the presence of
contaminant

Figs. 4 and 5shows that there exists a steady-state perfor-
mance for each contaminant concentration and current den-
sity when the lifetime goes to infinity. A steady anode overpo-
tential and performance can be solved numerically according
to the expression of steady-state surface coverage obtaine
through equations(11)and(11′) at t→ ∞:

(1 − θPt–P − θPt–P′ )t=∞ = BS
1BS

2

FS
1 FS

2 + FS
1 BS

2 + BS
1BS

2

(18)

whereFS
1 , FS

2 , BS
1 andBS

2 are the previous defined parame-
ters but at steady-state under the condition oft→ ∞. Fig. 6
shows the calculated steady-state polarization of a fuel cell
at various contaminant levels. The parameters used forFig. 6
are those listed inTable 1. It can be observed fromFig. 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 reaction(VII) is very larger
(largerF2) or the sum of the backward rate constant is negligi-
ble (B1 = 0), there will be no steady-state performance which
c g to
t
c drop
t

t,
t

(

A performance loss parameter (PL%) in the presence of
contaminant can be defined as equation(20):

PD%= 100

(
VCP=0

cell − VS
cell

VCP=0
cell

)
(20)

WhereVS
cell is the steady-state cell perfomance, andVCP=0

cell is
the steady-state cell performance in the absence of contami-
nation.

2.5. Contamination transient time constant

A transient time constant for the contamination process
can be defined asτ, which is a measure of how long it takes
the performance to approximately reach its steady-state level.
The expression forτ could be defined by equation(21):

τ = 1

F1 + B1 + F2 + B2
(21)

It can be observed from equations(11), (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
the transient time.

on-
cov-
rce
rce

r

an be observed due to the entire catalyst surface bein
ally occupied by P + P′ (that is, 1− θPt–P− θPt–P′ ≈ 0). In this
ase, the cell voltage and the current density will both
o zero.

For a special case where the reaction(VII) does not exis
he equation(18)will become equation(19):

1 − θPt–P − θPt–P′ )t=∞ = BS
1

FS
1 + BS

1

(19)
d

-

2.6. Performance recovery process

It has been observed experimentally that during the c
tamination process, the fuel cell performance could be re
ered automatically with time when the contaminant sou
was cut off[2,3]. One assumes that the contaminant sou
is switched off at a time oft0, the boundary condition fo
solving equation(10)and(9′) would be: whent≥ t0,CP = 0.
The obtained solutions are given in equations(22) and(22′)
which are only valid under the condition thatt≥ t0:

θt≥t0
Pt–P = 1

Ft≥t0
1 F2 + Ft≥t0

1 B2 + B1B2

×
[
Ft≥t0

1 B2 − a

2Zt≥t0

× exp

(
−Ft≥t0

1 + B1 + F2 + B2 − Zt≥t0

2
(t − t0)

)

− b

2Zt≥t0

× exp

(
−Ft≥t0

1 + B1 + F2 + B2 + Zt≥t0

2
(t − t0)

)]

(22)

θt≥t0
Pt–P′ = Ft≥t0

1

2(Ft≥t0
1 − B2)(Ft≥t0

1 F2 + Ft≥t0
1 B2 + B1B2)

×
[
Ft≥t0

1 F2(Ft≥t0
1 − B2)
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+
(

Ft≥t0
1 + B1 + F2 − B2 + Zt≥t0

2Zt≥t0

)

× exp

(
−Ft≥t0

1 + B1 + F2 + B2 − Zt≥t0

2
(t − t0)

)

+
(

Ft≥t0
1 + B1 + F2 − B2 − Zt≥t0

2Zt≥t0

)

× exp

(
−Ft≥t0

1 + B1 + F2 + B2 + Zt≥t0

2
(t− t0)

)]
(22’)

where

a = [θt=t0
Pt–P(Ft≥t0

1 + B1 + F2 − B2 − Zt≥t0)

+2θ
t=t0
Pt–P′ (F

t≥t0
1 − B2)](Ft≥t0

1 F2 + F
t≥t0
1 B2 + B1B2)

−2F
t≥t0
1 F2(Ft≥t0

1 − B2) − F
t≥t0
1 B2(Ft≥t0

1

+F2 + B1 − B2 − Zt≥t0)

b = −[θt=t0
Pt–P(Ft≥t0

1 + B1 + F2 − B2 + Zt≥t0)

+2θ
t=t0
Pt–P′ (F

t≥t0
1 − B2)](Ft≥t0

1 F2 + F
t≥t0
1 B2 + B1B2)

+2F
t≥t0
1 F2(Ft≥t0

1 − B2)

+F
t≥t0B (Ft≥t0 + F + B − B + Zt≥t0)
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Fig. 7. Calculated surface coverage (θPt–P+ θPt–P′ ) change before and after
t0 at variousF1,B1,F2,B2 andt0 values for the purpose of comparison. The
units for those parameters are mol cm−2 h−1, except fort0 which is in hour.
For the recovery process (t≥ t0), F1 is set to 0 for all cases.

Fig. 7shows 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 (largerB1), the faster the
recovery rate would be (curve 1 versus curve 2). A larger
reaction rate constant for the production of surface P′ (larger
F2) would make the recovery slower (curve 1 versus curve
3). For a largerB2 (the rate constant for the surface electro-
reduction of P′), the recovery process would become faster
(curve 3 versus curve 4). Another observation fromFig. 7
is that the longer the contaminant exposure (longert0), the
recovery process (curve 3 versus curve 5).

Combining equations(22) and (22′) with equations
(14)–(16)allows the fuel cell voltage to be solved numerically
for the recovery process.Fig. 8 shows the fuel cell voltage
recovery at different contamination levels,t0’s, and current
densities for the purpose of comparison. In the calculation,
the contribution from reaction(VII) has been omitted. It is

F ls of
c .
T
W

1 2 1 2 1 2

t≥t0
1 = AK8bCP′C

q

H+ exp

(−(1 − α8)qFηa

RT

)

t≥t0 =
√

(Ft≥t0
1 + F2 + B1 − B2)2 − 4F2(Ft≥t0

1 − B2)

hereθt=t0
Pt–P and θt=t0

Pt–P′ are those surface coverage att= to,
hich can be expressed by equations(11) and(11′) excep

hat the time variable,t, in these two equations is replaced
0.Ft≥t0

1 is theF1 value atCP = 0. If the product concentratio
CP′ ) produced by the contaminant oxidation is negligi
t≥t0
1 will be approximately equal to zero, and equations(22)
nd(22′) will become simpler.Zt≥t0 is theZ value atCP = 0.
he similar mathematical discussions to the equations(11)
nd(11′) for equations(22)and(22′) are listed inAppendix
.
For the special case that reaction(VII) does not exis

hich corresponds to the case where the surface cov
f P′ is equal to zero, the surface coverage of P can b
ressed by equation(23)at t≥ t0:

t≥t0
Pt–P = 1

Ft≥t0
1 + B1

{Ft≥t0
1 − [Ft≥t0

1 − θt=t0
Pt–P(Ft≥t0

1 + B1)]

× exp(−(Ft≥t0
1 + B1)(t − t0))} (23)

n the case thatCP′ = 0, which corresponds to thatFt≥t0
1 = 0,

quation(23)simplifies to equation(24):

t≥t0
Pt–P = θt=t0

Pt–P exp(−B1(t − t0)) (24)
ig. 8. Calculated fuel cell voltage recovery process at different leve
ontaminant, current densities, and exposure times at 80◦C and 3.0 atm
he parameter values used for the calculation are those listed inTable 1.
hent≥ t0, F1 is set to zero for all cases.
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obvious fromFig. 8thatCP, t0, and current density can make a
difference for the fuel cell voltage recovery process. A higher
contaminant concentration (1 versus 2), a higher current den-
sity (2 versus 3), or a longer exposure (3 versus 4) make the
recovery slower.

2.7. Temperature dependence of the contamination
process

In general, temperature can affect the contamination pro-
cess through its impact on the parameter values in the equa-
tions discussed previously. An increase in the temperature
will cause a change in the magnitude of the reaction con-
stants (kif andkib) and other parameters such as solubility
of hydrogen and contaminant in the electrolyte, their diffu-
sion coefficients, hydrogen redox exchange current density,
electrolyte resistance, and hydrogen surface recovery in the
equilibrium state. For the contamination adsorption reactions
(IV)–(VII) , rising temperature will increase the magnitudes
of the reaction rate constants in both directions. However, the
backward reaction rate constants would be increased more
than that of forward reaction rate constants, resulting in a
slower contamination rate at higher temperature than that at
lower temperature. At this stage, the quantitative approach
for the temperature effect on the contamination process will
not be pursued in this paper.
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be the main cause of the anode overpotential increase through
the elimination of the active Pt catalyst sites.

The fuel cell current density expression as a function of
anode and cathode overpotential is derived from the proposed
reaction mechanism. The fuel cell performance degradation
in the presence of feed stream contaminant(s) is formulated
as a function of contaminant concentration, current density,
and lifetime. The obtained equations can be used to simulate
and estimate the chemical and electrochemical reaction rate
constants, and make some prediction about the severity of the
contamination and the performance recoverability.

Further work will be focused on modeling of the mem-
brane and cathode poisoning processes and validating the
models with more detailed experimental data.
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Appendix A

A

tion
(
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( tion
(

− B2B

Z

2
)

e

1B2 −

1B2 +

F2 +
2

. Conclusion

The model proposed in this paper for the anode po
ng process stems from the reaction mechanism for hy
en oxidation on the platinum surface. In the mechanis
ydrogen oxidation, the dissociative chemical adsorptio
dsorbed H2 is considered as the rate-determining step
2 oxidation. The electrochemical reaction of dissocia
2 following this rate-determining step is believed to h
Nernst behaviour from which the surface coverage o2,

tomic H and unoccupied Pt sites are derived as a functi
ontaminant surface coverage. Chemical adsorption of
aminants on the platinum surface and their impact on
lectrochemical hydrogen surface reaction are conside

θPt–P= F1

F1F2 + F1B2 + B1B2

[
B2−1

2

(
B2−F1B2 + B1B2

− 1

2

(
B2 + F1B2 + B1B2 − B2B2 + 2F1F2 − F2B

Z

θPt–P′ = F1

F1F2 + F1B2 + B1B2

[
F2 + 1

2

(
B2 − F1B2 + B

− exp

(
−F1 + B1 + F2 + B2 − Z

2
t

)
+ 1

2

(
B2 + F

−
(

F1 + B1 + F2 − B2 − Z

2(F1 − B2)

)
exp

(
−F1 + B1 +
.1. t≤ t0

The differential equations can be written as in equa
A.1) for the surface coverage:

dθPt–P

dt
= −(F1 + B1 + F2)θPt–P − (F1 − B2)θPt–P′ + F1

dθPt–P′

dt
= (F2θPt–P − B2)θPt–P′

(A.1)

egarding the initial conditions of thatθPt–PandθPt–P′ both
quals to zero att= 0, the analytical solutions for equati
A.1) can be obtained. Five cases have to be consider
rder to avoid the solutions mathematically meaningles

ase 1. F1 −B2 �= 0, and (F1 +B1 +F2 −B2)2 + 4F2
F1 −B2) �= 0. The analytical solutions are as in equa
A.2):

2 + 2F1F2 − F2B2
)

exp

(
−F1 + B1 + F2 + B2 − Z

2
t

)

xp

(
−F1 + B1 + F2 + B2 + Z

2
t

)]

B2B2 + 2F1F2 − F2B2

Z

)(
F1 + B1 + F2 − B2 + Z

2(F1 − B2)

)
B1B2 − B2B2 + 2F1F2 − F2B2

Z

)
B2 + Z

t

)]
(A.2)
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whereZ= ((F1 +B1 +F2 −B2)2 + 4F2(F1 −B2))1/2

Case 2. F1 −B2 �= 0,B1 = 0 andF1 =F2 +B2. The solutions
are as in equation(A.3):

θPt–P = 1

F1
[F1 + F2 − (F1 + F2 − F1F2t) exp(−F1t)]

θPt–P′ = F2

F1
[1 − (1 + F1t) exp(−F1t)]

(A.3)

Case 3. F1 −B2 �= 0,F2 = 0 andB2 =F1 +B1. The solutions
are as in equation(A.4):

C s
i

C in
e

A.2. t≥ t0

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: ift≥ t0, CP = 0 andθPt–P = θt≤t0

Pt–P
andθPt–P′ = θt=t0

Pt–P′ .
The analytical solutions for equation(A.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
thant0.

Case 1. F1 −B2 �= 0, and (F1 +B1 +F2 −B2)2 + 4F2
(F1 −B2) �= 0. The analytical solutions are as in equation
(A.7):

θ
t≥t0
Pt–P = 1

F
t≥t0
1 F2 + F

t≥t0
1 B2 + B1B2

[
F

t≥t0
1 B2 − a

2Zt≥t0
exp

(
−F

t≥t0
1 + B1 + F2 + B2 − Zt≥tO

2
(t − t0)

)
− b

2Zt≥t0

× exp

(
−F

t≥t0
1 + B1 + F2 + B2 + Zt≥t0

2
(t − t0)

)]

θ
t≥t0
Pt–P′ = F

t≥t0
1

2(Ft≥t0
1 − B2)(Ft≥t0

1 F2 + F
t≥t0
1 B2 + B1B2)

[
F

t≥t0
1 F2(Ft≥t0

1 − B2) +
(

F
t≥t0
1 + B1 + F2 − B2 + Zt≥t0

2Zt≥t0

)

+
(

F

]

w

a

b

F

Z

θPt–P = F1

F1 + B1
[1 − exp(−(F1 + B1)t)]

θPt–P′ = 0
(A.4)

ase 4. F1 −B2 = 0 andB1 +F2 �= 0. The solutions are a
n equation(A.5):

θPt–P = F1

F1 + B1 + F2
[1 − F1 exp(−(F1 + B1 + F2)t)]

θPt–P′ = F2

F1 + B1 + F2

×
[
1 + F1

F2 + B1
exp(−(F1 + B1 + F2)t)

]

−F1 + B1 + F2

F2 + B1
exp(−F1t)]

(A.5)

ase 5. F1 −B2 = 0 andB1 +F2 = 0. The solutions are as
quation(A.6):

θPt–P = 1 − exp(−F1t)]

θPt–P′ = 0
(A.6)

× exp

(
−F

t≥t0
1 + B1 + F2 + B2 − Zt≥t0

2
(t − t0)

)

× exp

(
−F

t≥t0
1 + B1 + F2 + B2 + Zt≥t0

2
(t − t0)

)

t≥t0
1 + B1 + F2 − B2 − Zt≥t0

2Zt≥t0

)

(A.7)

here

= [θt=t0
Pt–P(Ft≥t0

1 + B1 + F2 − B2 − Zt≥t0)

+2θ
t=t0
Pt–P′ (F

t≥t0
1 − B2)](Ft≥t0

1 F2 + F
t≥t0
1 B2 + B1B2)

−2F
t≥t0
1 F2(Ft≥t0

1 − B2) − F
t≥t0
1 B2(Ft≥t0
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be expressed by equations(18)and(18′) except that the time
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