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Kinetic Model of Platinum Dissolution in PEMFCs
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This paper presents a mathematical model of oxidation and dissolution of supported platinum catalysts in polymer electrolyte
membrane fuel cell$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.
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The principle source of inefficiency in polymer electrolyte mem- film is not hydrated This distinction is probably not critical in this
brane fuel cellstPEMFCS is sluggish oxygen-reduction reaction work. Further oxidation of the PtO film is not considered explicitly
(ORR) kinetics at the cathode. Carbon-supported platinum catalysin this work.
is commonly used to enhance the rate of the ORR. In such catalysts, There are two methods by which we could lose platinum to the
the high surface-to-volume ratio of the platinum particles maximizessolution. The first is by the electrochemical dissolution of Pt fd Pt
the area of the surfaces available for reaction. If the platinum par-according to Reaction 1, and the second is by the chemical dissolu-
ticles cannot maintain their structure over the lifetime of the fuel tion of the PtO film according to Reaction 3. It is worth noting that
cell, changes in the morphology of the catalyst layer from the initial the platinum dissolution reactiofReaction 1 might be completely
state results in a loss of electrochemical activity. It has been estabshut off, but the platinum particle size can still change through the
lished experimentally that platinum dissolves in PEMEGsn this combination of Reactions 2 and 3. Because the simulation tracks
paper we develop a mathematical model for the kinetics of platinumeach reaction separately, it is possible to keep track of which reac-
dissolution and examine model predictions under a range of PEMFGion pathways are active for a given set of conditions, but from the
operating conditions. point of view of observable changes to the system, the precise path-

The model described in this paper is a spatially lumped modelways are not so clearly identified. The forms of the rate expressions
that treats a single, porous platinum electrode and the ionomeriare somewhat arbitrary, but these forms are necessary to account for
solution that fills the pores of the electrode. The model includesdissolution both from the bare platinum surface and from the oxide
spherical platinum particles that can grow and shrink as platinumlayer. It seems reasonable to have a simple expression for the dis-
plates and dissolves; a platinum oxide layer; and an ionic platinumsolution of platinum to form the soluble species. If we are to retain
species in solution (Pt). This model contains the basic interfacial that fairly simple expression for platinum dissolution from a bare
reactions and material balances, without including the mass®platinum surface, then there must be two separate equations to de-
transport and reaction-rate distributions that come into play in ascribe platinum oxidation to form the oxide layer and to describe
more detailed electrode model to be published later. platinum dissolution from the oxide layer. Reaction 3 resembles the

kinetics of a simple chemical equilibrium reaction.

Model Equations . . . . L
Rate equations—The platinum dissolution reaction is treated as

Electrochemistry—\We consider three electrochemical reactions: a single elementary step. We propose a rate expression of the fol-

platinum dissolution lowing form
Pt=PE" + 2¢ 1 i aaniF
[ ] r = ﬁ = kleva{ex4aR—T(q)l - ¢)2 - Ul))
platinum oxide film formation Cpe+ agniF
B exg — RT (P — ®, — Uy (4]
Pt+ H,0 = PtO+ 2H" + 2¢ [2] Cre+ ref

whereb, .. is the fraction of the platinum surface that is not covered
by oxides. This term is included in the forward rate expression to
allow oxide on the surface to insulate the particle and prevent plati-
num dissolution from beneath the oxide filf,, is included in the
reverse term to prevent Pt from plating on Pt through a PtO film
In a purely thermodynamic analysis, one of these equations could be
discarded; only two of them are thermodynamically independent.
For example, Reaction 3 could be obtained by subtracting Reaction
2 from Reaction 1. However, we assume that the ion-exchange re-
action, Reaction 3, occurs by a chemical pathway that is distinctequation 5 is the standard equilibrium potential of Reaction 1. This
from any combination of the two charge-transfer reactions; thus, it ispotential is shifted away from the literature value for bulk platinum
included in the kinetic analysis of the systen? Pis assumed to be by the factor
the only ionic platinum species present in significant amounts. Other
ionic species with higher oxidation states are reported by Poutbaix, o pM py 6
but they are not expected to be important in the region of interest. In " rpp [6]
the literature the oxide species was often regarded to be P{;OH)
however, recent quartz microbalance measurements show that thehis factor accounts for the effect of the surface tension of the
platinum crystallite on the equilibrium potential. As the platinum
particle becomes larger, the shift in the chemical potential of plati-
* Electrochemical Society Active Member. num diminishes. The use of the Kelvin equati&y. 6 to describe
2 E-mail: Robert.Darling@UTCFuelCells.com the particle-size effect is likely a simplification and neglects the

and chemical dissolution of platinum oxide

PtO + 2H" = P + H,O [3]
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energetics of multiple crystalline surface planes that likely exist on  Material balances—To complete the development of the math-
very small platinum particles. Such a formulation also neglects anyematical model, we need an appropriate set of material balances.
specific interactions between the platinum surface and the electroThe kinetic equations involve five species: Pt, PtG,"PH", and
chemical double layer. H,O. We assume that the concentrations of protons and water are
The kinetic expression for platinum oxidation was adapted fromfixed and write material balances on the three remaining species.
the models of Harrington and Heyd, and Conway and  Assuming spherical platinum crystallites we get the following:
co-workers® The anodic term, which describes the formation of the  For PtO
oxide, is equivalent to their models. The cathodic term was added in
order to describe the reduction of PtO back to platinum metal. The dbpo
original model of Conway and co-workers allows for unlimited dt
growth of PtO on the Pt surface; our expression reaches equilibrium

coverage when the forward and reverse rates are equal in magnitud@nerer is the particle radius antl,g is the number of moles of

[13]

rz —r3| [20po| dr
r/dt

me

The equilibrium coverage may exceed a monolayer active sites per unit of platinum area. This number is taken to be
w0 N = constant in this work and is calculated assuming a specific charge of

r, =k, exp{ — P‘O) exp{ adl2 (D, — D, — Uz)) 220p.Clent in the hydrogen adsorption region. This equation indi-
RT RT cates that PtO grows as a film of uniform thickness, on the surface

of the platinum crystallites.
For Pt we obtain

Ca+ anbF
—Opio| 2 ex _?(‘1’1 —®, - Uy || [7]

H*,ref

dr M
, , o . _ o T gt [14]
As in Reaction 1, the equilibrium potential for this reaction is shifted p

to account for the surface energy of the platinum crystallite. We also . ) .
shifted the chemical potential of PtO from the value reported byWwhereM andp are the molecular weight and density of platinum,
Pourbaix® In order to match the onset of platinum oxidation ob- respectively. Againg, andr, refer to the reaction rates, in moles per
served in cyclic voltammetry data, the platinum oxide must begin tosecond per square centimeter of Pt surface area.

form at lower potentials than would be predicted by using the  Finally, a balance on Pt in solution yields

chemical potential of bulk platinum oxide. Thus, one must assume

that the oxide formed on the surface of a platinum crystallite is &
somehow stabilized by its interactions with the platinum metal and, dt
hence, has a lower chemical potential than a bulk oxide. Alterna-

tively, one might ascribe adsorption at low potentials to PtOH, where ¢ is the porosity of the electrode, which is assumed to be

dcpe+

= 4mwr2N(ry + r3) [15]

which further oxidizes to PtO at higher potentials constantN is the number of platinum crystallites per unit electrode
A A volume
U, = Ug n Kpo APt 8]
2F 2F N = _a [16]
412
where

opoMpio where a specific surface area of the electrode ansl the mean
PR [9] particle radius measured after initial electrode formation, before cy-
'Peio cling alters the particle-size distribution

. . ) . ) ) The current density is
U, may either increase or decrease with particle size depending

0
Appio = Appo +

upon the magnitudes @fp, andopo. The value ofsp, used in this i = 8mwr®NFL(ry + rp) [17]

work exceeds the value afpn, Which means thatl, increases

with particle size. wherel is the thickness of the catalyst layer. Reaction 3 does not
Finally, the rate of the chemical reaction is directly affect the current density because it is a chemical reaction,

not an electrochemical reaction.

Cpt2+)

2
ry = kS(ePtOCH+ e [10] Results and Discussion

Figure 1 shows an experimental cyclic voltammogré8V)
where the equilibrium constarit,;, is again shifted from what one taken on a commercially available Gore 5510 membrane electrode
would calculate for bulk platinum oxide. This rate expression takesassemblyMEA) and simulations run with the model described pre-
the form of a simple chemical equilibrium. The equilibrium con- viously at a scan rate of 10 mV/s and a temperature of 50°C. Hy-
stant,K 3, is related toU,; andU, by the equation drogen adsorption on the platinum surface occurs below 0.4 V. This
region of the voltammogram is used to measure the electrochemical
area(ECA) of platinum catalysts. Between 0.4 and 0.6 V, no signifi-
cant electrochemical reactions occur, and the response is dominated
by the double-layer capacitance. Finally, above 0.6 V, platinum is
The proton concentration is related to the water content of the memexidized. This is the region of interest in this work, as it corresponds
brane material by the equation to typical operating potentials in fuel cell cathodes. The goal of the
modeling work is to fit parameters for Reactions 1-3 at typical cath-

(11]

F
Ks = exﬁ{ﬁ(nlul = nyUy)

Cyr = 1 ode potentials. As stated previously, the dominant reaction is Reac-
EW AMy 0 tion 2, platinum oxidation. Thus, the fit of the model to the experi-

+ [12] mental CVs is essentially determined by this reaction. However,

PNafion  PH,0 platinum dissolution is the mechanism that we are ultimately inter-

) ) ) ested in describing. The rate constant for the dissolution reaction
whereM, ¢ is the molecular weight of water andis the number of  \yas fit to unpublished data on changes in ECA caused by potential
water molecules per acid site, and the concentration is defined asycling experiments. The chemical dissolution of the platinum oxide
moles of protons per unit mass of water. film via Reaction 3 is more difficult to account for because it is not
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electrochemical, and so its rate cannot be determined by curren o
measurements. Its rate was arbitrarily set to a low value. I 7 1B
The shape of the voltammogram at high potentials is unusual. On
the anodic sweep there is a plateau beginning at approximately 0.8! 0 1.E-12
V and extending to at least 1.5 ot shown in this set of experi- 0.4 0.6 08 1 12 14 1.6

mental data, but established in the literajuf@n the cathodic sweep Potential vs SHE (V)

there is a distinct peak centered at approximately 0.75 V. The long

plateau on the anodic sweep happens because platinum oxide is nBigure 2. Oxide coverage and soluble platinum concentration during
limited to monolayer coverage. Rather, multilayers of PtO may potential-sweep experiments.

form. The onset of PtO formation predicted by the model, using the

parameters in Table I, on the anodic sweep is approximately 25 mV

too high. The Iocatl'on of the reduction pe_ak predlcted by the model The P#" concentration increases rapidly at 1.1 V, but it plateaus
matches the experiment, but the shape is different. The model par:

ticles discharge much of the film at a higher potential than what isat a concentration of % 10 * M, because at this sweep rate, it is
9 9 P at this concentration that the surface coverage of PtO reaches a

observed experimentally. Table | lists the model parameters. Ava”'monolayer, blocking off the surface from either further dissolution

able literature values are given for comparison. or plating. The Pt" concentration drops on the reverse sweep once
Figure 2 shows the surface coverage and platinum-ion concen; P 9- P P

tration during the potential sweep experiments. The broad loops ar%he PtQ coverage falls below_a mon_olayer and exposes _the surface
the surface coverage, while the dashed lines are fiedencentra-  ©' Platinum plating. The Pt is kinetically stable at the high po-
tion. The surface coverage begins to increase rapidly at a potent%nt'als seen in this work, but it is not thermodynamically stable.

of approximately 0.8 V and reaches values that vary from 0.6 at 1 V©IVen enough time, the Pt would tend to convert to PtO chemi-
to 1.6 at 1.4 V. The maximum in surface concentration actually cally according to Reaction 3. We have assumed, however, that this

occurs after the sweep is reversed, because the reaction is slow. TABaCtion is slow. _ ibriun? b _
system is not quick to come to equilibrium, and so for finite sweep_Figure 4 shows the predicted equilibriunt Proncentration as a

. . - 8 .
rates, the oxide coverage is lower than the thermodynamic equilibfunction of potential and temperature. The data of Binelral.” is

rium coverage. Figure 3 clarifies this effect. Even as the potentiaincluded for the sake of comparison. The slope of the experimental

sweep reverses and starts to decrease, the oxide coverage is in eq@pta, taken in 96% #PQ, at 176 and 196°C, agrees well with the

librium with a lower potential. Eventually the decreasing potential Simulations at 176°C. The simulations and experimental data are
and the lagging equilibrium potential cross, and the oxide layer isOffset because temperature dependence of the standard equilibrium
reduced. potentials was neglected due to a lack of experimental data on PtO.

The slopes of the measured and simulated data below 1 V are con-
sistent with the Nernst equation for Reaction 1. The solubility of

Table I. Fitting parameters.

Parameter Fitted value Literature value  Reference 14 -
Potential
Uy 1188V 3 g2
Qa1 0.5 Assumed z —8— Coverage
g1 0.5 Assumed £ Tr S el Equilibrium
Ky 3.4 x 10 *® molicnts Fitted g 0 coverage
ug 098V 3 g
a2 0.35 0.2-0.45 4 506}
oo 0.15 Fitted =
® 30 kJ/mol 24-35 kd/mol 4 £ 047
opt 0.237 mJ/crh 0.237 mJ/crh 7 £
oro 0.1 md/crd 0.1 mJ/crf 7 o 02
Aplo —42.3 kJ/mol Fitted . ‘ , 1
ka 1.36x 10" mol/cnt's Fitted 0 50 100 150 200 250
Ks 3.2 X 10"%* mol/cn?s Assumed Time (s)
r 3 X 1077 cm Observed
Ca 7 X 1072 Flent? Observed Figure 3. Comparison of equilibrium oxide coverage to predicted oxide

coverage.
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& 1E07 | Figure 5. Initial dissolution ratevs. maximum cell potential for potential
sweep experiments.
1.E-08
1,E-09 +
1610 » — s . . ; o
06 0.7 0.8 0.9 1 11 1.2 1.3 mately 0.8 ng/crfp-cycle when the upper potential limit was
Potential vs SHE (V) dropped to 1.0 V. The model predicts initial dissolution rates of 0.5,
0.16, and 3.5< 10 * ng/cn?prcycle for these three cases, respec-
Figure 4. PE* concentratiorvs. potential. tively. The measured dissolution rates at these potentials are ap-

proximately ten times the predicted rates at 1.2 and 1.4 V. The
shapes of the experimental and simulated dissolution curves are
platinum should be lower in a PEMFC than in a high-temperatureSimilar The experimentally observed plateau in dissolution rate at
fuel cell. The striking feature in the simulated data is the rapid drophigh potentials appears to confirm the assumption that Reaction 3 is
in equilibrium concentration at approximately 1.1 V. At this point, SIOW: because if Reaction 3 were rapid, then the dissolution rate
the platinum surface is completely covered with platinum oxide, and"Vould drop dramatically, as the PtO surface would rapidly equili-
the equilibrium is determined by Reactions 2 and 3. These simulaPraté with the mobile platinum species in solution, rather than fol-
tions show the thermodynamic equilibrium concentrati¢as de- lowing the kinetic branch of the Pt dissolution reaction.
fined by the three reactiopsas well as the kinetically stable branch.
As the sweeps proceed at higher sweep rates, the concentration of Conclusions

P£* in solution at more positive potentials can increase beyond the The model presented in this document describes the oxidation
concentration in equilibrium with the PtO layer, as the Pt dissolution ;4 qissolution of platinum in a PEMFC. Parameters describing the
reaction continues as long as the surface is not completely covered,iqation of platinum were fit to CVs taken on commercially avail-
As stated previously, the rate of the chemical reaction was assumeg, o s nnorted platinum electrodes. The fit is reasonably good. The
to be slow for lack of better information. Thus, the approach 10 yegcription of platinum oxidation differs from that proposed in the
equilibrium at high potentials is slow. . literature by the inclusion of the cathodic term, which is necessary to
_This slow approach to equilibrium has a rather serious implica- yecrine the reduction of platinum oxide to platinum. This leads to
tion for Pt stability: Pt is stable at low potentials due to the low an equilibrium oxide coverage, which differs from the unlimited
equilibrium concentration of Pt at these potentials, and Pt is fairly _oxide growth predicted by the literature models. The platinum dis-

stable at higher potentials due to the protective oxide layer. Transisgytion kinetics and solubility compare reasonably well with the
tions between two potentials, however, can undermine the stabilityyaia available in the literature.

of the Pt crystallites, as the concentration of 'Pin solution can
increase by orders of magnitude over that which is stable at either
low or high potentials. It is worth noting that this window of insta-
bility for a PEMFC occurs between the,#dir open-circuit mixed Thanks to M. Perry, T. Patterson, and J. A. S. Bett for their
potential at the cathode~0.95 V) and the air-air open circuit po- careful reviews of this document, and to UTC Fuel Cells for assis-
tential (~1.229 V). Once the Pt dissolves into solution, it can be tance with publication costs.
;‘ng%‘#ﬁge k;)é t)htﬁeikraggigii ]:)r]?mewl\k/]lllgg gr:éagel:’krf;ﬁteenc:iybllg/v‘tefg? UTC Fuel Cells assisted in meeting the publication costs of this article.
content within the cathode. Thus, these transitions at start-up and
shutdown can have profound implications on electrochemical area
and performance of PEMFC cathodes. c; concentration of species i, mol/ém

Figure 5 compares, approximately, the platinum dissolution pre- = qoupje-layer capacitance, F/gm
dictions of the model to the triangular-wave potential cycles of Ki- gw equivalent weight of ionomer, g/acid equivalent
noshitaet al? Kinoshita and co-workers measured platinum disso- F Faraday’s constant, 96,487 Clequiv
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List of Symbols

lution from sheet electrodes subjected to triangular cycles in 1 M~ i current density, Alcth o
H,SO, at 23°C between 0.4 and 1.4 V at a rate of 1 cycle per minute ki rate constant for reaction i in the forward direction, mofcsn
o Lo ) . molecular weight of Pt, 195 g/mol
a
and found an initial dissolution rate of 4.5 ng/%ﬁ_pcycle._ This Mo molecules weight of water, g/mol
initial dissolution rate was determined by measuring the increase in -, number of electrons in reaction i
soluble platinum concentration in a solution initially devoid of plati- N number of Pt particles per unit volume, th

num species. The rate was essentially unchanged when the upper particle radius, cm

potential limit was dropped to 1.2 V, but the rate fell to approxi- rate of reaction i, molicths

r
Ti
R universal gas constant, J/mol K
t time, s
T temperature, K
U; thermodynamically reversible potential for reaction i, V

aThe numbers reported in the text of Ref. 2 are 1000 times too large; the correct
numbers may be determined from the figures.
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PPt
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anodic transfer coefficient for reaction i

cathodic transfer coefficient for reaction i

symmetry coefficient for reaction i

electrode porosity

solid-phase potential, V

membrane-phase potential, V

maximum surface coverage on platinum, 2:48.0~° mol/cn?
electrochemical potential of i, J/mol

fraction of platinum surface covered by PtO

fraction of platinum surface not covered by PtO

water content of membrane, moles of water per equivalent of acid
density of water, g/cth

density of dry inomer, g/cf

density of platinum, 21.0 g/ctn

density of platinum, 14.1 g/ctn

surface tension, J/cm

opo  surface tension, J/chm
» PtO-PtO interaction parameter, J/mol
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