
Journal of The Electrochemical Society, 152 ~2! A439-A444 ~2005!
0013-4651/2005/152~2!/A439/6/$7.00 © The Electrochemical Society, Inc.

A439
The Triple Phase Boundary
A Mathematical Model and Experimental Investigations for Fuel Cells
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A mathematical model is developed which describes the nature, properties, and scaling of the triple phase boundary~TPB! for a
Pt/Nafion polymer electrolyte membrane fuel cell~PEMFC! system. The model incorporates coupled reaction and diffusion
phenomena, leading to a concept of the TPB not as a singularity, but rather as having an ‘‘effective width.’’ The ‘‘effective width’’
of the TPB depends on the interplay between the relative rates of the reaction and diffusion processes at the Pt/Nafion interface.
Implications of the model for PEMFC catalyst layer design are explored. Additionally, scaling predictions of the model are
compared with kinetic observations from geometrically well-defined Pt-microelectrode/Nafion experiments and are shown to
match favorably with experimental results.
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The idea of the triple phase boundary~TPB! is extensively em
ployed in the fuel cell literature, especially with respect to s
oxide fuel cells~SOFCs! and polymer electrolyte membrane f
cells ~PEMFCs!. The TPB concept holds that the hydrogen ox
tion reaction~HOR! and the oxygen reduction reaction~ORR! can
only occur at confined spatial sites, called ‘‘triple phase bounda
where electrolyte, gas, and electrically connected catalyst re
contact. A simplified schematic of the TPB is shown in Fig. 1.
reaction kinetics~especially the ORR kinetics! often present a sig
nificant limitation to fuel cell performance. Therefore, understa
ing, characterizing, and optimizing the TPB content in fuel c
provides excellent opportunities for performance enhancemen

On the technology side, efforts to increase the amount of TP
technological fuel cells by using nanostructured catalyst layers
proven highly successful. By employing nanoscale composite
catalyst material, conductive support, solid electrolyte, and gas
space, investigators have been able to dramatically increas
amount of TPB, thus improving kinetic performance.1,2

From a scientific perspective, recent efforts have been ma
more clearly delineate the nature and properties of the TPB. In
of these studies, there is a growing realization that the simple
cept of the TPB as a singularity is unrealistic; rather, it shoul
thought of as a ‘‘zone,’’ whose width, properties, and behavior
pend on a complex interplay between coupled reaction and diff
processes. Most of this work has focused on SOFCs.3-8 In contrast
few studies have considered PEMFC systems.9,10 One exception i
the work by Iczkowski and Cutlip,10 who treated reaction and d
fusion in an acidic liquid electrolyte-based fuel cell using an
glomerate model of the catalyst layer. Their work produces an
fectiveness factor’’ which depends on the relative rates of rea
and diffusion in the catalyst layer. However, the agglomerate t
ment of the catalyst layer makes it difficult to correlate this ef
tiveness factor to the catalyst geometry or TPB structure.

In this paper we develop a mathematical model which see
clearly describe the nature, properties, and scaling of the TPB
Pt/Nafion PEMFC system. As a general framework, the mod
applicable to both SOFC and PEMFC systems; minor change
required for application to SOFCs. Implications of the model
PEMFC catalyst layer design are explored. Additionally, scaling
dictions of the model are compared to kinetic observations
geometrically well-defined Pt-microelectrode/Nafion experim
and are shown to match favorably with experimental results.

z E-mail: rohayre@stanford.edu
e
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TPB Model

The nature of the TPB is determined by the combination o
reaction processes that occur at the catalyst/electrolyte interfac
by the diffusion processes which supply reactants to this inter
These coupled processes are visually illustrated in Fig. 2, w
describes the basic geometry of our TPB model. The electrode
in the model represents a catalytically active material. In the ca
a PEMFC system, for example, this electrode may represent a
lytically active platinum particle~of 2a width!, which is in simulta
neous contact with Nafion electrolyte and the gas phase. Whi
alistic catalyst structures are a chaotic, random mixture
electrolyte, gas pores, catalyst particles, and conductive su
powders, we restrict ourselves to the simplified geometry show
Fig. 2 in order to achieve a workable analytic model.

We furthermore make several additional simplifying assu
tions, including:

1. The gas-phase reactant concentration is constant.~Gas-phas
mass transport is neglected.!

2. The reactant concentrations across the gas/electrolyte
face are in equilibrium.~Incorporation is fast compared to diffusi
through the electrolyte.!

3. Transport~diffusion! of reactants through the electrode
neglected.

4. Only the bulk diffusion path is considered~no surface
diffusion!.

5. Reaction is limited to the electrode/electrolyte interface.
6. Oxygen is the rate-determining species for the ORR.~Proton

supply is not limiting.!
7. We restrict ourselves to two-dimensional steady-state d

sion, i.e., ]2c/]x2 1 ]2c/]y2 5 0, wherec(x, y) is the concentra
tion.

Using symmetry and neglecting electrode diffusion, a m
ematical quarter-space proves sufficient to frame the model, as
trated in Fig. 3. At steady state, the rates of diffusion~reactant sup
ply! and reaction~reactant consumption! at the electrode/electoly
interface exactly balance. We have explicitly assumed that the
tion rate is first order with respect to the reactant. Experim
observations of the ORR appear to confirm this assumption.11,12The
other boundary conditions are set by the symmetry of the sy
and the reactant gas initial concentration. These boundary cond
are summarized:~i! along they-axis (x 5 0): ]c/]x 5 0 ~due to
symmetry!; ( i i ) along the x-axis (y 5 0) for (0 < x , a):
2D]c/]y 1 kc 5 0; and (i i i ) along the x-axis (y 5 0) for
(a < x , `): c 5 c0 . Here,c ~mol/cm3! is the concentration o
the rate-determining reactant species~i.e., O2 for the case of th
ORR!, c ~mol/cm3! is the initial concentration of the reactant in
0
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electrolyte~this is set by the Henry’s law solubility of the reactan
the electrolyte!, 2a ~cm! is the size of the catalyst electrode parti
D ~cm2/s! is the diffusion coefficient, andk ~cm/s! is the heteroge
neous reaction rate constant at the electrode/electrolyte interfa

Due to the mixed boundary conditions imposed on this mo
the solution is facilitated by employment of the conformal map
technique.13 The mathematical details of this method of solution
outlined in Appendix A. In the next section, the key results of
model are discussed.

TPB Model Results

We are interested in the model results at the electrolyte/elec
interface (Y 5 y/a 5 0). Solution of the model atY 5 0 gives the
following general form for the concentration profile as a functio
distance along theX 5 x/a axis ~underneath the catalyst electro
particle!

c~X, 0! 5 c0H 1 2
4ha

p (
n50

`

~21!n
cos@~2n 1 1!sin21 X#

~2n 1 1!~2n 1 1 1 ha!J ;

0 < X < 1 @1#

whereh 5 k/D. Essentially,h is a lumped kinetic term that inco
porates the relative balance between the rates of reaction and
sion in the system. The quantityha is a dimensionless length whi
relates the kinetic scale of the problem (1/h) to the real scale of th
system~a!, and becauseha appears in both the numerator and

Figure 2. Physical processes governing the nature and properties o
TPB.

Figure 1. A simplified schematic diagram of the electrode/electrolyte in
face in a fuel cell, illustrating the TPB reaction zones where the catalyt
active electrode particles, electrolyte phase, and gas pores intersect.
-

nominator of the infinite sum, the relative magnitude ofha deter-
mines the form of the solution. For large enoughn, the series i
Eq. 1 converges as (21)nha/(2n 1 1)2. Further details on the co
vergence of the solution for large and smallha are given in
Appendix A.

Figure 4 plots dimensionless concentration profiles derived
Eq. 1 for various values ofha. These profiles were obtained us
the first 75 terms in the infinite series. Asha increases, the numb
of terms necessary to achieve a satisfactory solution increase
idly, as visibly demonstrated by the oscillations apparent in thha
5 20 curve. Note that these profiles do not show self-similarity
example, the solution forha 5 1 does not superimpose on the fi
10% of the solution forha 5 10. Self-similarity is destroyed due
the existence of two characteristic length scales (1/h anda! in this
problem.

From an inspection of the profiles, it is apparent that the rea
concentration under the catalyst electrode begins to show sign
depletion forha . 1. An ‘‘effective TPB width’’ may be associate
with the shape of these concentration profiles. There are many
to define the TPB width, including a decay width~representing th
length scale at which the reactant concentration has dropped
of its original value!, or an integral width~representing the leng
scale at which, say, 2/3 of the current density from the reactio
occurred!. However, for the sake of simplicity and generality,
choose to define the TPB width as the length scale whereha 5 1

Figure 3. Quarter space model of the TPB.

Figure 4. Dimensionless concentration profiles (c(x, 0)/c0) vs.dimension
less length (x/a) for various values ofha. Profiles are derived from the TP
model following Eq. 1.
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wTPB 5
1

h
@2#

HerewTPB ~nm! is the effective TPB width. A benefit of this defin
tion is thatwTPB depends only on the kinetic parameters embe
in h

wTPB 5
D

k
@3#

As the reaction rate~k! at the electrode/electrolyte interface
creases,wTPB decreases. In contrast, if the diffusion rate~D! in-
creases,wTPB increases. For electrochemical systems, the hete
neous reaction rate constant,k, may be expressed in terms of
current density of the electrochemical reaction,j rxn

k 5
j rxn

c0
@4#

The reaction current density,j rxn ~A/cm2!, may be estimated fro
the Tafel equation14 for a given overpotential,h

j rxn 5 j 010h/b @5#

where j0 is the exchange current density~A/cm2!, h is the overpo
tential ~mV!, andb is the Tafel slope~mV!.

Combining Eq. 3-5 allows us to express the TPB width in te
of well-known or easily measurable quantities

wTPB 5
Dc0

j 010h/b
@6#

We are especially interested in the TPB properties associated
the ORR, because the kinetics of the ORR account for the ma
of the activation losses in PEMFCs. Parthasarathyet al.15 have mea
sured both the diffusion coefficient and the solubility of O2 gas in
Nafion under standard conditions;DO2

5 7.4 3 1027 cm2/s,

c0(O2) 5 5.983 1026 mol/cm3 ~after adjustment by Henry’s la
for pO2

5 0.21 atm!. We use their numbers in the calculations

follow; others researchers have reported similar values forDO2
and

c0(O2) in Nafion.11,16-18

Typical Tafel kinetic parameters for the ORR for platinu
Nafion systems at standard conditions arej 0 . 1028 A/cm2 and
b . 120 mV.11,15,16,18-22Combining these parameters from the
erature with Eq. 6 allows the calculation of effective TPB widths
various values of the ORR overpotential; Table I summarizes
results. As can be seen from the table, the effective TPB wid
strongly dependent on the ORR overpotential. At high reaction
~high overpotential! the reaction is restricted to a very narrow reg
in the direct vicinity of the TPB. At low reaction rates~low overpo-
tential! the reaction extends diffusely across the electrode/electr
interface.

Table I. Calculated ORR TPB width values from the TPB model
for various ORR overpotentials. Calculations based onDO2

,
c0„O2…, and kinetic reaction parameters listed in the text, follow-
ing Eq. 6.

ORR overpotential
~mV! wTPB ~nm!

400 7.933 105

600 1.713 104

800 368
1000 7.93
1200 0.171
-

It is interesting to take a look at the effects of relaxing som
the assumptions we made during the formulation of this mode
example, if the first-order reaction limitation is relaxed to allow
higher order concentration dependance, the problem become
linear. The techniques used in Appendix A to solve the linear p
lem may still be applied to the nonlinear problem, but the unkn
coefficientsAn ~see Appendix A! must be obtained by solving
infinite set of nonlinear algebraic equations; this presents no
difficulty, as the system of equations may be truncated with c
dence due to the nicely convergent nature of the series involve
another example, introduction of surface diffusion at the Pt/Na
interface proves difficult to incorporate mathematically. Qua
tively, however, the effect is simple to discuss; a fast surface d
sion term should extend the ‘‘effective width’’ of the TPB.

The full model solution given in Appendix A~Eq. A-7! allows for
the calculation of the complete two-dimensional concentration
file underneath a catalyst particle. Mapping the solution back t
(x,y) plane allows for the concentration dependence in they direc-
tion to be calculated. It is not difficult to deduce that they-direction
concentration profile shows a general power-law decay depen
with increasing depth~y!.

TPB Model Implications and Experimental Comparisons

As mentioned previously, the parameterha is a dimensionles
length which relates the kinetic scale of the problem (1/h) to the rea
scale of the system~a!. Further consideration of this parameter
provide insight for the design of catalyst structures. For exam
when the real scale of a catalyst particle is less than the kinetic
of the system, in other words,a , 1/h, then the whole catalys
electrolyte interface is active for the electrochemical reaction
contrast, if the real scale of a catalyst particle is much larger tha
kinetic scale of the system (a . 1/h), then most of the reaction
limited to the perimeter of the particle. This observation sugg
that appropriate length scales for the catalyst layer structure s
be on the order of the size of the TPB width. In other words, opt
catalyst layer designs should ensure that most catalyst/elec
contacts are smaller than the extent of the TPB, so as to max
kinetic effectiveness.

This scaling observation is corroborated by experimental
ings from Pt-microelectrode/Nafion investigations. Measurem
from well-defined Pt/Nafion microelectrodes9 and Pt/Nafion atom
force microscopy~AFM! point contacts23 have produced the far
daic impedance (Rf) vs.Pt/Nafion contact size data shown in Fig
Two features are immediately apparent in this data. First, it ap
that theR values for the Pt-microelectrodes are offset to hig

Figure 5. Faradaic impedance (Rf) vs. Pt/Nafion contact size for~s! FIB-
patterned Pt/Nafion microelectrode9 experiments and~j! Pt/Nafion AFM
point contact23 experiments.~d! Corrected FIB-patterned Pt/Nafion mic
electrode data as described in the text.~ ! Power law fits to the da
denoting a change in slope from; 21 to ; 22, indicating a transitio
from perimeter-based scaling to area-based scaling. This transition
dicted by the TPB model~ !.
f
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impedance levels as compared with the AFM-tip data. In o
words, the Pt microelectrodes kinetically perform much worse
the Pt AFM-tip/Nafion contacts. In fact, the Pt microelectrodes w
prepared by direct focused ion beam~FIB! fabrication, and thus th
platinum content in these electrodes was low. An energy-dispe
X-ray ~EDX! study of the FIB deposited platinum has shown it to
approximately 30 atom % Pt, 70 atom % C. The closed circle
points and dashed-line trendline show the result if theRf values for
the Pt microelectrodes are simplistically adjusted to account fo
dilutive effect of the carbon. A more important feature of the da
revealed by the power law fits to the two sets of experiments, w
show a change in slope from21.19 to21.996. Roughly, this slop
change indicates a transition from perimeter-based scaling fo
microelectrode experiments to area-based scaling for the nan
AFM contact measurements.

We believe that this transition in kinetic behavior represents
point at which the physical scale of the Pt/Nafion contact reache
scale of the TPB width for this system. In other words, for Pt/Na
contacts which are smaller thanwTPB, the entire interfacial are
participates in the reaction because oxygen gas diffusion throug
membrane is fast compared with reaction, but for contacts l
than wTPB, the center becomes a ‘‘dead-zone’’ because the ra
oxygen gas diffusion is too slow.

This result can be recovered by our TPB model, as shown b
solid line in Fig. 5.~Details on the fitting parameters used for
model are provided in Appendix B.! The model correctly predic
the area-related kinetics~slope of; 22! for small contact sizes an
the perimeter-related kinetics~slope of ; 21! for large contac
sizes. Additionally, the model correctly predicts the transition
breakpoint, which occurs at a contact size between 100 nm a
mm.

Because the two sets of data were acquired in separate e
ments, it should be acknowledged that fundamental differenc
character between the two experiments could also account fo
apparent change in kinetic behavior. For example, one conce
that the quality of the Pt/Nafion interface between the two se
experiments could be very different. If the FIB-deposited Pt mi
electrodes resulted in very ‘‘air-tight’’ Pt/Nafion interfaces~restrict-
ing oxygen access to the perimeter!, while the contacts in the AFM
tip/Nafion experiments were ‘‘air-leaky’’~providing ample oxyge
access to the entire interfacial area!, this could also explain th
observed kinetic response.

Unfortunately, it is experimentally difficult to construct a sin
experiment which is able to span the entire length scale~from 10 nm
to 100 mm! in order to more persuasively document the kin
transition. Larger contact-area AFM tests are restricted by the
of commercially available AFM cantilever probes of sufficient s
ness. Smaller-area FIB Pt-microelectrode experiments are cur
prevented by the inability to define finer microelectrodes. We
currently considering the adoption of a nanoindentation instru
which may allow us to span the necessary length scales in a
experiment.

Conclusions

A simple mathematical model of the TPB for Pt/Nafion PEM
systems has been developed which provides predicted concen
profiles underneath Pt/Nafion contacts. The model incorpo
coupled reaction and diffusion phenomena, leading to a conce
the TPB not as a singularity, but having an ‘‘effective width.’’ T
‘‘effective width’’ of the TPB depends on the interplay between
relative rates of the reaction and diffusion processes at the Pt/N
interface; this is embedded in the kinetic term,h 5 k/D.

The simple analytical model of the TPB developed in this p
required several limiting assumptions. Numerical techniques~such
as finite element! can avoid these simplifying assumptions, but o
sacrifice the clarity and insight provided by an analytic solution
discussed in the Results section, some of the model assum
may be relaxed. Such modifications perhaps provides greate
le

e

i-

y

e

n

f

s
l-

ism, but at the expense of a more complex solution. This is an
for ongoing research and refinement.

The TPB model results suggest guidelines for effective P
catalyst layer design. Appropriate length scales for the catalyst
structure should be on the order of the size of the TPB widt
smaller, so as to maximize kinetic effectiveness. Many pote
catalyst layer configurations can be envisioned. Traditional
catalyst layers use mixtures of carbon-supported Pt particles
spherical particle agglomerations present difficulties for contro
Pt/Nafion contact dimensions. Furthermore, spherical par
present inefficient surface-to-volume ratios. Geometries incorp
ing catalyzed nanowire ‘‘brushes’’ or planar multilayer cata
structures consisting of alternating layers of Nafion and sputter
catalyst may provide the ability to tune the catalyst layer period
to the TPB width, while also increasing surface-to-volume ratios
providing efficient current collection.

Most PEM fuel cells are carefully designed so that the cat
layer is somewhat hydrophilic, while the diffusion backing and fl
channels are hydrophobic. The hydrophobic diffusion layer and
channels help to quickly remove water from the cell, reducing fl
ing problems. The catalyst layer itself is somewhat hydrophilic
cause it has been observed that a degree of water retention
catalyst helps maximize kinetic performance. Thin water films
extend the amount of TPB in the catalyst layer by acting,
Nafion, as a transport layer for protons, thus activating the Pt
ticles that it coats. However, if the water layer is too thick, O2 gas
access is blocked. If the transport properties for O2 and protons in
water are similar to Nafion, then our TPB model might also be
to describe the optimal content, or coating of water inside the
lyst layer.
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Appendix A

The steady-state diffusion boundary value problem discussed in the TPB
section of the text may be recast in ‘‘reduced form’’ by defining

V~X, Y! 5 c~X, Y! 2 c0 @A-1#

where

]2c

]x2
1

]2c

]y2
5 0; X,Y > 0 @A-2#

X andY represent the dimensionless coordinatesx/a andy/a, respectively, ‘‘a’’ is
the half-width of the electrode,h and c0 are constants, and the associated boun
conditions onV in the quarter space (X, Y > 0) are depicted in Fig. 6.

This mixed boundary value problem for Laplace’s equation~Eq. A-2! readily lends
itself to solution by conformal mapping~see, for example, Churchill13!. Consider th
mapping

w 5 u 1 iv 5 sin21 z 5 2i ln@ iz 1 A1 2 z2# @A-3#

wherez 5 X 1 iY. The inverse mapping is

z 5 sin w 5 sin u coshv 1 i cosu sinhv @A-4#

or

X 5 sin u coshv; Y 5 cosu sinhv @A-5#

It is easily verified that the conformal mapping given by Eq. A-3 transform
quarter space (X, Y > 0) in the complexz 5 X 1 iY plane into the semi-infinite str
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(0 < u < p/2, 0 < v , `) in the w 5 u 1 iv plane ~Fig. 7!. In this semi-infinite
strip A8, B8, D8, and E8 are the images, respectively, of A, B, D, and E in Fig. 6; we
a solution forV(u, v) to

]2V

]u2
1

]2V

]v2
5 0 @A-6#

in the semi-infinite strip with boundary conditions as shown in Fig. 7.
The solution for V(u, v) satisfying the boundary conditions onu 5 0 and

u 5 p/2 is

V~u, v ! 5 (
n50

`

An exp@2~2n11!v# cos@~2n 1 1!u# @A-7#

The unknown constantsAn are determined using the remaining boundary cond
on the bottom of the strip (v 5 0) which requires that

(
n50

`

An@~2n 1 1! 1 ha#cos@~2n 1 1!u# 5 2hac0 @A-8#

As is standard in problems of this type~Sturm-Liouville problems!, orthogonality o
the eigenfunctions cos@(2n 1 1)u# on the interval@0,p/2# leads to

An 5 2
4hac0

~2n 1 1! 1 ha
3

1

~2n 1 1!p
sinF ~2n 1 1!

p

2 G @A-9#

Figure 6. The quarter space ‘‘reduced’’ diffusion boundary value proble

Figure 7. The semi-infinite strip diffusion problem in thew 5 u 1 iv
plane.
or, because sin@(2n 1 1)p/2# 5 (21)n, the requisite solution forV(u, v) is given by
Eq. A-7 with

An 5 2
4hac0

~2n 1 1! 1 ha
3

1

~2n 1 1!p
~21!n @A-10#

For the present purposes, we are really interested inV(X, 0) when 0< X < 1 ~the
concentration along the electrode!. From Eq. A-5,Y 5 0 and 0< X < 1 correspon
to v 5 0 and u 5 sin21 X. Thus, the total concentration directly beneath the
electrode is given by

c~X, 0! 5 V~X, 0! 1 c0

5 c0H 1 2
4

p (
n50

`

~21!n
ha

~2n 1 1!~2n 1 1 1 ha!

3 cos@~2n 1 1!sin21 X#J for 0 < X < 1 @A-11#

It is easily seen that as the parameterha tends to zero, the dimensionless conc
tration ratioc(X, 0)/c0 tends to 1. Using the identity~Jolley24!

(
n50

`

~21!n
cos@~2n 1 1!u#

2n 1 1
5

p

4
@A-12#

one notes thatc(X, 0)/c0 tends to zero for large values ofha, which is consistent wit
the numerical results depicted in Fig. 4 in the text.

Appendix B

We would like to use the TPB model to predict the kinetic scaling of circ
Pt/Nafion microcontacts. Specifically, we are interested in how the faradaic impe
(Rf) of circular Pt/Nafion contacts scales as a function of contact size. The TPB
provides concentration profiles@c(x, 0)# underneath the Pt/Nafion contacts. We con
these concentration profiles into faradaic impedance values using the following
dure.

The shape and magnitude of the concentration profiles depend only onha. We fix
h, and generate a series of concentration profiles@c(x, 0)ua# for various values ofa that
span the range of contact size interest.

The concentration profile under the Pt/Nafion contact~for a given Pt/Nafion conta
size, saya 5 a1) is converted to a current density profile using the assumptio
first-order kinetics

J~x, 0!ua5a1
5 kc~x, 0!ua5a1

@B-1#

where J(x, 0)ua5a1
5 Current density profile for Pt/Nafion contact of half-widtha1

~A/cm2!.
This local current density profile is then applied to a circular contact geometr

integrated over that geometry to generate a total current density for the Pt/
contact

Jtotua5a1
5

*0
a12prJ~r , 0!ua5a1

dr

pa1
2

@B-2#

whereJtotua5a1
5 Total current density for Pt/Nafion contact of radiusa1 ~A/cm2!.

To calculate a faradaic impedance from the current density results, we assu
iR and mass-transport effects are negligible~consistent with our original model assum
tions!. In other words, the I-V. behavior of the Pt/Nafion contacts is dominated by
kinetics over the entire potential range. In this case,Rf may be related directly to th
current density evolved by the Pt/Nafion contact through the Tafel kinetics~see Ref. 23!

Rf 5
RT

anFJtot
@B-3#

whereRf is the faradaic impedance~V/cm2!, a the transfer coefficient,n the number o
electrons transferred,F is Faraday’s constant~96,500 C/mol!, R the gas constant@8.314
J/~mol-K!#, andT is temperature~K!. This procedure~Eq. B1-B3! are then repeated f
other values ofa in order to generate a curve of faradaic impedance (Rf) vs.Pt/Nafion
contact size~a! over the range of interest.

Three fitting parameters are required for this procedure:D, k, anda. The following
values were used to generate the model fit of the experimental data shown in F
the text; DO2

was assumed to be 7.43 1027 cm2/s, in reasonable agreement w

previous studies as described in the text;k was assumed to be 0.0906 cm/s5 3.47
3 104 A cm/mol based on the experimentally determined kinetics for the Pt/N
contacts detailed in Ref. 23; anda was assumed to be 0.285, also based on the e
mentally determined kinetics for the Pt/Nafion contacts detailed in Ref. 23.
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