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Kinetic Model of Platinum Dissolution in PEMFCs
Robert M. Darling * ,z and Jeremy P. Meyers*

UTC Fuel Cells, South Windsor, Connecticut 06074, USA

This paper presents a mathematical model of oxidation and dissolution of supported platinum catalysts in polymer electrolyte
membrane fuel cells~PEMFCs!. Kinetic expressions for the oxidation and dissolution reactions are developed and compared to
available experimental data. The model is used to investigate the influences of electrode potential and particle size on catalyst
stability.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1613669# All rights reserved.
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The principle source of inefficiency in polymer electrolyte mem
brane fuel cells~PEMFCs! is sluggish oxygen-reduction reactio
~ORR! kinetics at the cathode. Carbon-supported platinum cata
is commonly used to enhance the rate of the ORR. In such catal
the high surface-to-volume ratio of the platinum particles maximiz
the area of the surfaces available for reaction. If the platinum p
ticles cannot maintain their structure over the lifetime of the fu
cell, changes in the morphology of the catalyst layer from the ini
state results in a loss of electrochemical activity. It has been es
lished experimentally that platinum dissolves in PEMFCs.1,2 In this
paper we develop a mathematical model for the kinetics of platin
dissolution and examine model predictions under a range of PEM
operating conditions.

The model described in this paper is a spatially lumped mo
that treats a single, porous platinum electrode and the ionom
solution that fills the pores of the electrode. The model includ
spherical platinum particles that can grow and shrink as platin
plates and dissolves; a platinum oxide layer; and an ionic platin
species in solution (Pt21). This model contains the basic interfacia
reactions and material balances, without including the ma
transport and reaction-rate distributions that come into play in
more detailed electrode model to be published later.

Model Equations

Electrochemistry.—We consider three electrochemical reaction
platinum dissolution

Pt 5 Pt21 1 2e2 @1#

platinum oxide film formation

Pt 1 H2O 5 PtO 1 2H1 1 2e2 @2#

and chemical dissolution of platinum oxide

PtO 1 2H1 5 Pt21 1 H2O @3#

In a purely thermodynamic analysis, one of these equations coul
discarded; only two of them are thermodynamically independe
For example, Reaction 3 could be obtained by subtracting Reac
2 from Reaction 1. However, we assume that the ion-exchange
action, Reaction 3, occurs by a chemical pathway that is dist
from any combination of the two charge-transfer reactions; thus,
included in the kinetic analysis of the system. Pt21 is assumed to be
the only ionic platinum species present in significant amounts. O
ionic species with higher oxidation states are reported by Pourba3

but they are not expected to be important in the region of interes
the literature the oxide species was often regarded to be Pt(OH2 ;
however, recent quartz microbalance measurements show tha
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film is not hydrated.4 This distinction is probably not critical in this
work. Further oxidation of the PtO film is not considered explicitl
in this work.

There are two methods by which we could lose platinum to th
solution. The first is by the electrochemical dissolution of Pt to Pt21

according to Reaction 1, and the second is by the chemical disso
tion of the PtO film according to Reaction 3. It is worth noting tha
the platinum dissolution reaction~Reaction 1! might be completely
shut off, but the platinum particle size can still change through t
combination of Reactions 2 and 3. Because the simulation tra
each reaction separately, it is possible to keep track of which re
tion pathways are active for a given set of conditions, but from th
point of view of observable changes to the system, the precise pa
ways are not so clearly identified. The forms of the rate expressio
are somewhat arbitrary, but these forms are necessary to accoun
dissolution both from the bare platinum surface and from the oxi
layer. It seems reasonable to have a simple expression for the
solution of platinum to form the soluble species. If we are to reta
that fairly simple expression for platinum dissolution from a bar
platinum surface, then there must be two separate equations to
scribe platinum oxidation to form the oxide layer and to describ
platinum dissolution from the oxide layer. Reaction 3 resembles t
kinetics of a simple chemical equilibrium reaction.

Rate equations.—The platinum dissolution reaction is treated a
a single elementary step. We propose a rate expression of the
lowing form

r 1 5
i 1

n1F
5 k1uvacFexpS aa,1n1F

RT
~F1 2 F2 2 U1! D

2S cPt21

cPt21,ref
DexpS 2

ac,1n1F

RT
~F1 2 F2 2 U1! D G @4#

whereuvac is the fraction of the platinum surface that is not covere
by oxides. This term is included in the forward rate expression
allow oxide on the surface to insulate the particle and prevent pla
num dissolution from beneath the oxide film.uvac is included in the
reverse term to prevent Pt21 from plating on Pt through a PtO film

U1 5 U1
u 2

DmPt

2F
@5#

Equation 5 is the standard equilibrium potential of Reaction 1. Th
potential is shifted away from the literature value for bulk platinum
by the factor

DmPt 5
sPtMPt

rrPt
@6#

This factor accounts for the effect of the surface tension of t
platinum crystallite on the equilibrium potential. As the platinum
particle becomes larger, the shift in the chemical potential of pla
num diminishes. The use of the Kelvin equation~Eq. 6! to describe
the particle-size effect is likely a simplification and neglects th
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energetics of multiple crystalline surface planes that likely exist
very small platinum particles. Such a formulation also neglects a
specific interactions between the platinum surface and the elec
chemical double layer.

The kinetic expression for platinum oxidation was adapted fro
the models of Harrington and Heyd,4,5 and Conway and
co-workers.6 The anodic term, which describes the formation of th
oxide, is equivalent to their models. The cathodic term was adde
order to describe the reduction of PtO back to platinum metal. T
original model of Conway and co-workers allows for unlimite
growth of PtO on the Pt surface; our expression reaches equilibr
coverage when the forward and reverse rates are equal in magni
The equilibrium coverage may exceed a monolayer

r 2 5 k2FexpS 2
vuPtO

RT DexpS aa,2n2F

RT
~F1 2 F2 2 U2! D

2uPtOS cH1
2

cH1,ref
2 D expS 2

ac,2n2F

RT
~F1 2 F2 2 U2! D G @7#

As in Reaction 1, the equilibrium potential for this reaction is shifte
to account for the surface energy of the platinum crystallite. We a
shifted the chemical potential of PtO from the value reported
Pourbaix.3 In order to match the onset of platinum oxidation ob
served in cyclic voltammetry data, the platinum oxide must begin
form at lower potentials than would be predicted by using t
chemical potential of bulk platinum oxide. Thus, one must assu
that the oxide formed on the surface of a platinum crystallite
somehow stabilized by its interactions with the platinum metal a
hence, has a lower chemical potential than a bulk oxide. Alter
tively, one might ascribe adsorption at low potentials to PtO
which further oxidizes to PtO at higher potentials

U2 5 U2
u 1

DmPtO

2F
2

DmPt

2F
@8#

where

DmPtO 5 DmPtO
0 1

sPtOMPtO

rrPtO
@9#

U2 may either increase or decrease with particle size depend
upon the magnitudes ofsPt andsPtO. The value ofsPt used in this
work exceeds the value ofsPtO, which means thatU2 increases
with particle size.

Finally, the rate of the chemical reaction is

r 3 5 k3S uPtOcH1
2

2
cPt21

K3
D @10#

where the equilibrium constant,K3 , is again shifted from what one
would calculate for bulk platinum oxide. This rate expression tak
the form of a simple chemical equilibrium. The equilibrium con
stant,K3 , is related toU1 andU2 by the equation

K3 5 expF F

RT
~n1U1 2 n2U2!G @11#

The proton concentration is related to the water content of the m
brane material by the equation

cH1 5
1

EW

rNafion
1

lMH2O

rH2O
@12#

whereMH2O is the molecular weight of water andl is the number of
water molecules per acid site, and the concentration is defined
moles of protons per unit mass of water.
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Material balances.—To complete the development of the math
ematical model, we need an appropriate set of material balan
The kinetic equations involve five species: Pt, PtO, Pt21, H1, and
H2O. We assume that the concentrations of protons and water
fixed and write material balances on the three remaining spec
Assuming spherical platinum crystallites we get the following:

For PtO

duPtO

dt
5 S r 2 2 r 3

Gmax
D 2 S 2uPtO

r D dr

dt
@13#

where r is the particle radius andGmax is the number of moles of
active sites per unit of platinum area. This number is taken to
constant in this work and is calculated assuming a specific charg
220mC/cm2 in the hydrogen adsorption region. This equation ind
cates that PtO grows as a film of uniform thickness, on the surf
of the platinum crystallites.

For Pt we obtain

dr

dt
52

M

r
~r 1 1 r 2! @14#

whereM and r are the molecular weight and density of platinum
respectively. Again,r 1 andr 2 refer to the reaction rates, in moles pe
second per square centimeter of Pt surface area.

Finally, a balance on Pt21 in solution yields

«
dcPt21

dt
5 4pr 2N~r 1 1 r 3! @15#

where « is the porosity of the electrode, which is assumed to
constant.N is the number of platinum crystallites per unit electrod
volume

N 5
a

4pr 2 @16#

where a specific surface area of the electrode andr is the mean
particle radius measured after initial electrode formation, before
cling alters the particle-size distribution

The current density is

i 5 8pr 2NFL~r 1 1 r 2! @17#

whereL is the thickness of the catalyst layer. Reaction 3 does
directly affect the current density because it is a chemical react
not an electrochemical reaction.

Results and Discussion

Figure 1 shows an experimental cyclic voltammogram~CV!
taken on a commercially available Gore 5510 membrane electr
assembly~MEA! and simulations run with the model described pr
viously at a scan rate of 10 mV/s and a temperature of 50°C. H
drogen adsorption on the platinum surface occurs below 0.4 V. T
region of the voltammogram is used to measure the electrochem
area~ECA! of platinum catalysts. Between 0.4 and 0.6 V, no signi
cant electrochemical reactions occur, and the response is domin
by the double-layer capacitance. Finally, above 0.6 V, platinum
oxidized. This is the region of interest in this work, as it correspon
to typical operating potentials in fuel cell cathodes. The goal of t
modeling work is to fit parameters for Reactions 1-3 at typical ca
ode potentials. As stated previously, the dominant reaction is Re
tion 2, platinum oxidation. Thus, the fit of the model to the expe
mental CVs is essentially determined by this reaction. Howev
platinum dissolution is the mechanism that we are ultimately int
ested in describing. The rate constant for the dissolution reac
was fit to unpublished data on changes in ECA caused by poten
cycling experiments. The chemical dissolution of the platinum oxi
film via Reaction 3 is more difficult to account for because it is n
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electrochemical, and so its rate cannot be determined by cur
measurements. Its rate was arbitrarily set to a low value.

The shape of the voltammogram at high potentials is unusual.
the anodic sweep there is a plateau beginning at approximately 0
V and extending to at least 1.5 V~not shown in this set of experi-
mental data, but established in the literature!. On the cathodic sweep
there is a distinct peak centered at approximately 0.75 V. The lo
plateau on the anodic sweep happens because platinum oxide is
limited to monolayer coverage. Rather, multilayers of PtO m
form. The onset of PtO formation predicted by the model, using t
parameters in Table I, on the anodic sweep is approximately 25
too high. The location of the reduction peak predicted by the mo
matches the experiment, but the shape is different. The model
ticles discharge much of the film at a higher potential than what
observed experimentally. Table I lists the model parameters. Av
able literature values are given for comparison.

Figure 2 shows the surface coverage and platinum-ion conc
tration during the potential sweep experiments. The broad loops
the surface coverage, while the dashed lines are the Pt21 concentra-
tion. The surface coverage begins to increase rapidly at a poten
of approximately 0.8 V and reaches values that vary from 0.6 at 1
to 1.6 at 1.4 V. The maximum in surface concentration actua
occurs after the sweep is reversed, because the reaction is slow.
system is not quick to come to equilibrium, and so for finite swe
rates, the oxide coverage is lower than the thermodynamic equi
rium coverage. Figure 3 clarifies this effect. Even as the poten
sweep reverses and starts to decrease, the oxide coverage is in
librium with a lower potential. Eventually the decreasing potenti
and the lagging equilibrium potential cross, and the oxide layer
reduced.

Figure 1. CVs of MEA with supported platinum catalyst to different uppe
potential sweep limits.

Table I. Fitting parameters.

Parameter Fitted value Literature value Referenc

U1
u 1.188 V 3

aa,1 0.5 Assumed
ac,1 0.5 Assumed
k1 3.4 3 10213 mol/cm2s Fitted
U2

u 0.98 V 3
aa,2 0.35 0.2-0.45 4
ac,2 0.15 Fitted
v 30 kJ/mol 24-35 kJ/mol 4
sPt 0.237 mJ/cm2 0.237 mJ/cm2 7
sPtO 0.1 mJ/cm2 0.1 mJ/cm2 7
DmPtO

0 242.3 kJ/mol Fitted
k2 1.363 10211 mol/cm2s Fitted
k3 3.2 3 10224 mol/cm2s Assumed
r 3 3 1027 cm Observed
Cdl 7 3 1022 F/cm2 Observed
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The Pt21 concentration increases rapidly at 1.1 V, but it plateau
at a concentration of 73 1024 M, because at this sweep rate, it is
at this concentration that the surface coverage of PtO reache
monolayer, blocking off the surface from either further dissolutio
or plating. The Pt21 concentration drops on the reverse sweep on
the PtO coverage falls below a monolayer and exposes the surf
for platinum plating. The Pt21 is kinetically stable at the high po-
tentials seen in this work, but it is not thermodynamically stabl
Given enough time, the Pt21 would tend to convert to PtO chemi-
cally according to Reaction 3. We have assumed, however, that t
reaction is slow.

Figure 4 shows the predicted equilibrium Pt21 concentration as a
function of potential and temperature. The data of Bindraet al.8 is
included for the sake of comparison. The slope of the experimen
data, taken in 96% H3PO4 at 176 and 196°C, agrees well with the
simulations at 176°C. The simulations and experimental data a
offset because temperature dependence of the standard equilibr
potentials was neglected due to a lack of experimental data on P
The slopes of the measured and simulated data below 1 V are c
sistent with the Nernst equation for Reaction 1. The solubility o

Figure 2. Oxide coverage and soluble platinum concentration durin
potential-sweep experiments.

Figure 3. Comparison of equilibrium oxide coverage to predicted oxid
coverage.
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platinum should be lower in a PEMFC than in a high-temperatu
fuel cell. The striking feature in the simulated data is the rapid dr
in equilibrium concentration at approximately 1.1 V. At this poin
the platinum surface is completely covered with platinum oxide, a
the equilibrium is determined by Reactions 2 and 3. These simu
tions show the thermodynamic equilibrium concentrations~as de-
fined by the three reactions!, as well as the kinetically stable branch
As the sweeps proceed at higher sweep rates, the concentratio
Pt21 in solution at more positive potentials can increase beyond t
concentration in equilibrium with the PtO layer, as the Pt dissolutio
reaction continues as long as the surface is not completely cove
As stated previously, the rate of the chemical reaction was assum
to be slow for lack of better information. Thus, the approach
equilibrium at high potentials is slow.

This slow approach to equilibrium has a rather serious implic
tion for Pt stability: Pt is stable at low potentials due to the low
equilibrium concentration of Pt21 at these potentials, and Pt is fairly
stable at higher potentials due to the protective oxide layer. Tran
tions between two potentials, however, can undermine the stabi
of the Pt crystallites, as the concentration of Pt21 in solution can
increase by orders of magnitude over that which is stable at eit
low or high potentials. It is worth noting that this window of insta
bility for a PEMFC occurs between the H2-air open-circuit mixed
potential at the cathode (;0.95 V) and the air-air open circuit po-
tential (;1.229 V). Once the Pt21 dissolves into solution, it can be
recaptured by the electrode from which it was liberated, but it c
also diffuse to other regions of the MEA and permanently lower
content within the cathode. Thus, these transitions at start-up a
shutdown can have profound implications on electrochemical a
and performance of PEMFC cathodes.

Figure 5 compares, approximately, the platinum dissolution pr
dictions of the model to the triangular-wave potential cycles of K
noshitaet al.2 Kinoshita and co-workers measured platinum diss
lution from sheet electrodes subjected to triangular cycles in 1
H2SO4 at 23°C between 0.4 and 1.4 V at a rate of 1 cycle per minu
and found an initial dissolution rate of 4.5 ng/cm2

Pt-cycle.a This
initial dissolution rate was determined by measuring the increase
soluble platinum concentration in a solution initially devoid of plati
num species. The rate was essentially unchanged when the u
potential limit was dropped to 1.2 V, but the rate fell to approx

a The numbers reported in the text of Ref. 2 are 1000 times too large; the corr
numbers may be determined from the figures.

Figure 4. Pt21 concentrationvs.potential.
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mately 0.8 ng/cm2Pt-cycle when the upper potential limit was
dropped to 1.0 V. The model predicts initial dissolution rates of 0.
0.16, and 3.53 1024 ng/cm2

Pt-cycle for these three cases, respec
tively. The measured dissolution rates at these potentials are
proximately ten times the predicted rates at 1.2 and 1.4 V. T
shapes of the experimental and simulated dissolution curves
similar The experimentally observed plateau in dissolution rate
high potentials appears to confirm the assumption that Reaction 3
slow, because if Reaction 3 were rapid, then the dissolution ra
would drop dramatically, as the PtO surface would rapidly equil
brate with the mobile platinum species in solution, rather than fo
lowing the kinetic branch of the Pt dissolution reaction.

Conclusions

The model presented in this document describes the oxidat
and dissolution of platinum in a PEMFC. Parameters describing t
oxidation of platinum were fit to CVs taken on commercially avail
able supported platinum electrodes. The fit is reasonably good. T
description of platinum oxidation differs from that proposed in th
literature by the inclusion of the cathodic term, which is necessary
describe the reduction of platinum oxide to platinum. This leads
an equilibrium oxide coverage, which differs from the unlimited
oxide growth predicted by the literature models. The platinum di
solution kinetics and solubility compare reasonably well with th
data available in the literature.
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List of Symbols

ci concentration of species i, mol/cm3

Cdl double-layer capacitance, F/cm2

EW equivalent weight of ionomer, g/acid equivalent
F Faraday’s constant, 96,487 C/equiv
i current density, A/cm2

ki rate constant for reaction i in the forward direction, mol/cm2 s
M molecular weight of Pt, 195 g/mol

MH2O molecules weight of water, g/mol
ni number of electrons in reaction i
N number of Pt particles per unit volume, cm23

r particle radius, cm
r i rate of reaction i, mol/cm2 s
R universal gas constant, J/mol K
t time, s
T temperature, K

U i thermodynamically reversible potential for reaction i, V
ct

Figure 5. Initial dissolution ratevs. maximum cell potential for potential
sweep experiments.
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Greek

aa,i anodic transfer coefficient for reaction i
ac,i cathodic transfer coefficient for reaction i
b i symmetry coefficient for reaction i
« electrode porosity

F1 solid-phase potential, V
F2 membrane-phase potential, V

Gmax maximum surface coverage on platinum, 2.183 1029 mol/cm2

m i electrochemical potential of i, J/mol
uPtO fraction of platinum surface covered by PtO
uvac fraction of platinum surface not covered by PtO

l water content of membrane, moles of water per equivalent of acid
rH2O density of water, g/cm3

rNafion density of dry inomer, g/cm3

rPt density of platinum, 21.0 g/cm3

rPtO density of platinum, 14.1 g/cm3

sPt surface tension, J/cm2
sPtO surface tension, J/cm2

v PtO-PtO interaction parameter, J/mol
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