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The idea of the triple phase bounddPB) is extensively em- TPB Model

plqyed in the fuel cell literature, especially with respect to solid  The nature of the TPB is determined by the combination of the
oxide fuel cells(SOFC$ and polymer electrolyte membrane fuel re5ction processes that occur at the catalyst/electrolyte interface and
cells (PEMFCs. The TPB concept holds that the hydrogen oxida- py the diffusion processes which supply reactants to this interface.
tion reaction(HOR) and the oxygen reduction reacti9@RR) can  These coupled processes are visually illustrated in Fig. 2, which
only occur at confined spatial sites, called “triple phase boundaries”describes the basic geometry of our TPB model. The electrode phase
where electrolyte, gas, and electrically connected catalyst regionsh the model represents a catalytically active material. In the case of
contact. A simplified schematic of the TPB is shown in Fig. 1. The g PEMFC system, for example, this electrode may represent a cata-
reaction kineticgespecially the ORR kinetigften present a sig- lIytically active platinum particléof 2a width, which is in simulta-
nificant limitation to fuel cell performance. Therefore, understand- neous contact with Nafion electrolyte and the gas phase. While re-
ing, characterizing, and optimizing the TPB content in fuel cells alistic catalyst structures are a chaotic, random mixture of
provides excellent opportunities for performance enhancement.  electrolyte, gas pores, catalyst particles, and conductive support
On the technology side, efforts to increase the amount of TPB inpowders, we restrict ourselves to the simplified geometry shown in
technological fuel cells by using nanostructured catalyst layers havéig. 2 in order to achieve a workable analytic model.
proven highly successful. By employing nanoscale composites of We furthermore make several additional simplifying assump-
catalyst material, conductive support, solid electrolyte, and gas pordions, including: o
space, investigators have been able to dramatically increase the 1. The gas-phase reactant concentration is congt@as-phase
amount of TPB, thus improving kinetic performarice. mass transport is neglectgd. _
From a scientific perspective, recent efforts have been made tg 2 The reactant concentrations across the gas/electrolyte inter-
more clearly delineate the nature and properties of the TPB. In man;{ﬁce are in equilibrium(Incorporation is fast compared to diffusion

of these studies, there is a growing realization that the simple con? r%”g;‘r;?]i e(l?tc(':jri?fl)lgs%c.m) of reactants throuah the electrode is
cept of the TPB as a singularity is unrealistic; rather, it should bene Iécted P 9

thought of as a “zone,” whose width, properties, and behavior de- % Onl' the bulk diffusion path is consideretho surface
pend on a complex interplay between coupled reaction and diﬁusmndiffuéion) y P

processes. Most of this work has focused on SOFOm contrast, 5 Relaction is limited to the electrode/electrolyte interface
few studies have considered PEMFC systértfsOne exception is : y '

. - . ; 6. O is th te-det ini ies for the O t
the work by Iczkowski and Cutlip? who treated reaction and dif- supply éyr?oetn”ﬁitineg)ra e-determining species for the OffiRoton

fusion in an acidic liquid electrolyte-based fuel cell using an ag- 7 "we restrict ourselves to two-dimensional steady-state diffu-
glomerate model of the catalyst layer. Their work produces an “ef- ;i1 i o 520/9x2 + 92clay? = 0, wherec(x, y) is the concentra-

fectiveness factor” which depends on the relative rates of reactiontion_

and diffusion in the catalyst Iayer._Hoyvgver, the agglomerqte treat- Using symmetry and neglecting electrode diffusion, a math-
ment of the catalyst layer makes it difficult to correlate this effec- gmatical quarter-space proves sufficient to frame the model, as illus-
tiveness factor to the catalyst geometry or TPB structure. trated in Fig. 3. At steady state, the rates of diffusioeactant sup-

In this paper we develop a mathematical model which seeks tqly) and reaction(reactant consumptiorat the electrode/electolyte
clearly describe the nature, properties, and scaling of the TPB for anterface exactly balance. We have explicitly assumed that the reac-
Pt/Nafion PEMFC system. As a general framework, the model istion rate is first order with respect to the reactant. Experimental
applicable to both SOFC and PEMFC systems; minor changes arebservations of the ORR appear to confirm this assumptiéfirhe
required for application to SOFCs. Implications of the model for other boundary conditions are set by the symmetry of the system
PEMFC catalyst layer design are explored. Additionally, scaling pre-and the reactant gas initial concentration. These boundary conditions
dictions of the model are compared to kinetic observations fromare summarized(i) along they-axis (x = 0): dc/dx = 0 (due to
geometrically well-defined Pt-microelectrode/Nafion experimentssymmetry; (ii) along the x-axis (y = 0) for (0 < x < a):
and are shown to match favorably with experimental results. —Dacldy + kc = 0; and (ii) along the x-axis (y = 0) for

(a < x < ®): ¢c = cy. Here,c (molicn?) is the concentration of
the rate-determining reactant speciés., O, for the case of the

2 E-mail: rohayre@stanford.edu ORR), ¢cg (mol/cn®) is the initial concentration of the reactant in the
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Figure 3. Quarter space model of the TPB.

Figure 1. A simplified schematic diagram of the electrode/electrolyte inter-
face in a fuel cell, illustrating the TPB reaction zones where the catalytically

active electrode particles, electrolyte phase, and gas pores intersect. . L . .
nominator of the infinite sum, the relative magnitudehaf deter-

mines the form of the solution. For large enoughthe series in
Eq. 1 converges as{1)"ha/(2n + 1)2. Further details on the con-

electrolyte(this is set by the Henry’s law solubility of the reactant in . . ;
vergence of the solution for large and smalh are given in

the electrolytg 2a (cm) is the size of the catalyst electrode particle, :
D (crP/s) is the diffusion coefficient, antl (cm/s is the heteroge- ~ APPeNdix A. _ _ . . .
neous reaction rate constant at the electrode/electrolyte interface. _ Figure 4 plots dimensionless concentration profiles derived from
Due to the mixed boundary conditions imposed on this model,EQ- 1 for various values dia. These profiles were obtained using
the solution is facilitated by emp|0yment of the conformal mapp”']g the first 75 terms in the |nf!n|te Sel’les.. At |anease§, the number
technique'® The mathematical details of this method of solution are Of terms necessary to achieve a satisfactory solution increases rap-
outlined in Appendix A. In the next section, the key results of the idly, as visibly demonstrated by the oscillations apparent inhtae
model are discussed. = 20 curve. Note that these profiles do not show self-similarity; for
example, the solution fdna = 1 does not superimpose on the first
TPB Model Results 10% of the solution foha = 10. Self-similarity is destroyed due to
We are interested in the model results at the electrolyte/electrodene existence of two characteristic length scales @rda) in this
interface Y = y/a = 0). Solution of the model & = 0 givesthe  problem.
following general form for the concentration profile as a function of ~ From an inspection of the profiles, it is apparent that the reactant
distance along th& = x/a axis (underneath the catalyst electrode concentration under the catalyst electrode begins to show significant
particle depletion forha > 1. An “effective TPB width” may be associated
- with the shape of these concentration profiles. There are many ways
4ha cog(2n + 1)sin ' X] to define the TPB width, including a decay widitepresenting the
c(X, 0) = Co{ 1 — — > (—1)" S - ;
P (2n + 1)(2n + 1 + ha) ength scale at which the reactant concentration has dropped to 1/e
of its original valug, or an integral width(representing the length
0sXs1 [1] scale at which, say, 2/3 of the current density from the reaction has
occurred. However, for the sake of simplicity and generality, we
whereh = k/D. Essentiallyh is a lumped kinetic term that incor-  choose to define the TPB width as the length scale where- 1
porates the relative balance between the rates of reaction and diffu-
sion in the system. The quantifa is a dimensionless length which
relates the kinetic scale of the problemH)Lto the real scale of the

: 1
system(a), and becausba appears in both the numerator and de- ha= 00—
09
g ha= 01—
5 081
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Figure 4. Dimensionless concentration profiles(X, 0)/c,) vs.dimension-
Figure 2. Physical processes governing the nature and properties of thdess length x/a) for various values oha. Profiles are derived from the TPB
TPB. model following Eq. 1.
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Table I. Calculated ORR TPB width values from the TPB model - FIB Daim
for various ORR overpotentials. Calculations based onDg_, 12 A "
o P o ©2 | e y = 410" %! @ FIBData-Corrected
co(0,), and kinetic reaction parameters listed in the text, follow- S 1x10m4
ing Eq. 6. 8 m AFMData
, 5 1x10°] Model
ORR overpotential g o
(mV) Wrpg (NM) =
o
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_ Figure 5. Faradaic impedanceR() vs. Pt/Nafion contact size fofO) FIB-
Wrpg = ﬁ (2] patterned Pt/Nafion microelectro"dexperiments and®) Pt/Nafion AFM
point contact® experiments(®) Corrected FIB-patterned Pt/Nafion micro-
. . . . . .. electrode data as described in the téxt. — —) Power law fits to the data
Herewqpg (Nm) is the effective TPB width. A benefit of this defini-  yenoting a change in slope from —1 to ~ —2, indicating a transition
tion is thatwrpg depends only on the kinetic parameters embeddedfrom perimeter-based scaling to area-based scaling. This transition is pre-
in h dicted by the TPB model—).
D
Wrpg = ® (3]

It is interesting to take a look at the effects of relaxing some of
) ) ~ the assumptions we made during the formulation of this model. For
As the reaction raték) at the electrode/electrolyte interface in- example, if the first-order reaction limitation is relaxed to allow for
creaseswrpg decreases. In contrast, if the diffusion rd®) in- higher order concentration dependance, the problem becomes non-
creaseswqpg increases. For electrochemical systems, the heterogelinear. The techniques used in Appendix A to solve the linear prob-
neous reaction rate constakt, may be expressed in terms of the lem may still be applied to the nonlinear problem, but the unknown

current density of the electrochemical reactipg, coefficientsA,, (see Appendix A must be obtained by solving an
. infinite set of nonlinear algebraic equations; this presents no real
_ o difficulty, as the system of equations may be truncated with confi-
k= — [4] ; S
Co dence due to the nicely convergent nature of the series involved. As

another example, introduction of surface diffusion at the Pt/Nafion
The reaction current densityy,, (A/cm?), may be estimated from  interface proves difficult to incorporate mathematically. Qualita-

the Tafel equatiolf for a given overpotentialy tively, however, the effect is simple to discuss; a fast surface diffu-
sion term should extend the “effective width” of the TPB.
joxn = Jol0"P [5] The full model solution given in Appendix ££q. A-7) allows for

the calculation of the complete two-dimensional concentration pro-
where j is the exchange current densi#/cm?), 1 is the overpo-  file underneath a catalyst particle. Mapping the solution back to the

tential (mV), andb is the Tafel slopgmV). (x,y) plane allows for the concentration dependence inytdeec-
Combining Eg. 3-5 allows us to express the TPB width in terms tion to be calculated. It is not difficult to deduce that thdirection
of well-known or easily measurable quantities concentration profile shows a general power-law decay dependance
with increasing deptfty).
Dcy
Wrpg = le (6] TPB Model Implications and Experimental Comparisons
0

As mentioned previously, the parametea is a dimensionless

We are especially interested in the TPB properties associated withength which relates the kinetic scale of the problentj16 the real

the ORR, because the kinetics of the ORR account for the majorityscale of the systerfa). Further consideration of this parameter can
of the activation losses in PEMFCs. Parthasarathgl*> have mea-  Provide insight for the design of catalyst structures. For example,
sured both the diffusion coefficient and the solubility of @as in ~ When the real scale of a catalyst particle is less than the kinetic scale
Nafion under standard conditionsDo = 7.4 1077 cns, of the system, in other words, < 1/h, then the whole catalyst/

0.) — 5.98% 10°° Ver? (aft d% ¢ by H s | electrolytg interface is active for the elgctrophemlcal reaction. In
Co(C2) ' molicnT (after adjustment by Henry’s 1aw  cqnirast if the real scale of a catalyst particle is much larger than the
for po, = 0.21 atm. We use their numbers in the calculations that \;hetic scale of the systema(> 1/h), then most of the reaction is
follow; others researchers have reported similar value®fgrand  |imited to the perimeter of the particle. This observation suggests
co(0y) in Nafion11:16-18 that appropriate length scales for the catalyst layer structure should

Typical Tafel kinetic parameters for the ORR for platinum/ be on the order of the size of the TPB width. In other words, optimal
Nafion systems at standard conditions gge= 108 A/cm? and catalyst layer designs should ensure that most catalyst/electrolyte
b = 120 mV_:I.1,15,16,18-22C0mbining these parameters from the lit- c_ontacts are'smaller than the extent of the TPB, so as to maximize
erature with Eq. 6 allows the calculation of effective TPB widths for Kinetic effectiveness. _ )
various values of the ORR overpotential; Table | summarizes these This scaling observation is corroborated by experimental find-
results. As can be seen from the table, the effective TPB width is"9S from Pt-microelectrode/Nafion investigations. Measurements
strongly dependent on the ORR overpotential. At high reaction rategrom well-defined Pt/Nafion microelectrodeand Pt/Nafion atomic
(high overpotentialthe reaction is restricted to a very narrow region force microscopy(AFM) point contact$® have produced the fara-
in the direct vicinity of the TPB. At low reaction raté®w overpo- daic impedanceR;) vs.Pt/Nafion contact size data shown in Fig. 5.
tentia) the reaction extends diffusely across the electrode/electrolyteTwo features are immediately apparent in this data. First, it appears
interface. that theR; values for the Pt-microelectrodes are offset to higher
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impedance levels as compared with the AFM-tip data. In otherism, but at the expense of a more complex solution. This is an area
words, the Pt microelectrodes kinetically perform much worse thanfor ongoing research and refinement.
the Pt AFM-tip/Nafion contacts. In fact, the Pt microelectrodes were  The TPB model results suggest guidelines for effective PEM
prepared by direct focused ion bedRiB) fabrication, and thus the catalyst layer design. Appropriate length scales for the catalyst layer
platinum content in these electrodes was low. An energy-dispersivestructure should be on the order of the size of the TPB width or
X-ray (EDX) study of the FIB deposited platinum has shown it to be smaller, so as to maximize kinetic effectiveness. Many potential
approximately 30 atom % Pt, 70 atom % C. The closed circle datacatalyst layer configurations can be envisioned. Traditional PEM
points and dashed-line trendline show the result ifRaealues for catalyst layers use mixtures of carbon-supported Pt particles, but
the Pt microelectrodes are simplistically adjusted to account for thespherical particle agglomerations present difficulties for controlling
dilutive effect of the carbon. A more important feature of the data is Pt/Nafion contact dimensions. Furthermore, spherical particles
revealed by the power law fits to the two sets of experiments, whichpresent inefficient surface-to-volume ratios. Geometries incorporat-
show a change in slope from1.19 to—1.996. Roughly, this slope ing catalyzed nanowire “brushes” or planar multilayer catalyst
change indicates a transition from perimeter-based scaling for thetructures consisting of alternating layers of Nafion and sputtered Pt
microelectrode experiments to area-based scaling for the nanoscat&talyst may provide the ability to tune the catalyst layer periodicity
AFM contact measurements. to the TPB width, while also increasing surface-to-volume ratios and
We believe that this transition in kinetic behavior represents theproviding efficient current collection.
point at which the physical scale of the Pt/Nafion contact reaches the Most PEM fuel cells are carefully designed so that the catalyst
scale of the TPB width for this system. In other words, for Pt/Nafion layer is somewhat hydrophilic, while the diffusion backing and flow
contacts which are smaller thampg, the entire interfacial area Cchannels are hydrophabic. The hydrophobic diffusion layer and flow
participates in the reaction because oxygen gas diffusion through thehannels help to quickly remove water from the cell, reducing flood-
membrane is fast compared with reaction, but for contacts largeing problems. The catalyst layer itself is somewhat hydrophilic be-
thanwqpg, the center becomes a “dead-zone” because the rate ofause it has been observed that a degree of water retention in the
oxygen gas diffusion is too slow. catalyst helps maximize klnet!c performance. Thin water fl!ms may
This result can be recovered by our TPB model, as shown by thextend the amount of TPB in the catalyst layer by acting, like
solid line in Fig. 5.(Details on the fitting parameters used for the Nafion, as a transport layer for protons, thus activating the Pt par-
model are provided in Appendix BThe model correctly predicts ticles that it coats. However, if the water layer is too thick, gas
the area-related kineti¢slope of~ —2) for small contact sizes and access is blocked. If the transport properties fgra@d protons in
the perimeter-related kineticslope of ~ —1) for large contact  water are similar to Nafion, then our TPB model might also be used
sizes. Additionally, the model correctly predicts the transition, or to describe the optimal content, or coating of water inside the cata-
breakpoint, which occurs at a contact size between 100 nm and lyst layer.
pwm.
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Unfortunately, it is experimentally difficult to construct a single )
experiment which is able to span the entire length sdaden 10 nm Appendix A

to 100 wm) in order to more persuasively document the kinetic The steady-state diffusion boundary value problem discussed in the TPB model
transition. Larger contact-area AFM tests are restricted by the laclsection of the text may be recast in “reduced form” by defining

of commercially available AFM cantilever probes of sufficient stiff-

ness. Smaller-area FIB Pt-microelectrode experiments are currently QX Y) =c(X,Y) — ¢ [A-1]
prevented by the inability to define finer microelectrodes. We are ;...
currently considering the adoption of a nanoindentation instrument
which may allow us to span the necessary length scales in a single
experiment. — +—=0 XY=0 [A-2]

) X andY represent the dimensionless coordinatés andy/a, respectively, @” is
Conclusions the half-width of the electrodd) and cy are constants, and the associated boundary

. . . conditions on(2 in the quarter spaceX( Y = 0) are depicted in Fig. 6.
A Slmple mathematical model of the TPB for Pt/Nafion PEMFC This mixed boundary value problem for Laplace’s equatieg. A-2) readily lends

systems has been developed which provides predicted concentratioelf to solution by conformal mappingee, for example, Churchif). Consider the
profiles underneath Pt/Nafion contacts. The model incorporateghapping
coupled reaction and diffusion phenomena, leading to a concept of
the TPB not as a singularity, but having an “effective width.” The W=uU+iv=sintz=—iln[iz+ y1- 2] [A-3]
“effective width” of the TPB depends on the interplay between the
relative rates of the reaction and diffusion processes at the Pt/Nafion
interface; this is embedded in the kinetic tetmz= k/D. 2 = sinw = sinu coshy + i cosu sinhy [A-4]
The simple analytical model of the TPB developed in this paper
required several limiting assumptions. Numerical technigsesh or
as finite elementcan avoid these simplifying assumptions, but often
sacrifice the clarity and insight provided by an analytic solution. As
discussed in the Results section, some of the model assumptions |t is easily verified that the conformal mapping given by Eq. A-3 transforms the
may be relaxed. Such modifications perhaps provides greater reakuarter spaceX, Y = 0) in the complexz = X + iY plane into the semi-infinite strip

X + iY. The inverse mapping is

X = sinucoshv; Y = cosu sinhv [A-5]
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Figure 6. The quarter space “reduced” diffusion boundary value problem.

O=sus=m/2,0<v < x)inthew = u + iv plane(Fig. 7). In this semi-infinite
strip A’, B’, D', and E are the images, respectively, of A, B, D, and E in Fig. 6; we seek
a solution forQ)(u, v) to
20 220
— — =0 [A-6]
au? av?

in the semi-infinite strip with boundary conditions as shown in Fig. 7.
The solution for Q(u, v) satisfying the boundary conditions om = 0 and
u=m/2is

Qu,v) = D, Ayexd W cog(2n + 1)u] [A-7]
n=0

The unknown constants,, are determined using the remaining boundary condition
on the bottom of the stripy( = 0) which requires that

2 A,[(2n + 1) + ha]cog(2n + 1)u] = —hacy [A-8]
n=0

As is standard in problems of this typ&turm-Liouville problemy orthogonality of
the eigenfunctions cp&n + 1)u] on the interval0,m/2] leads to

_ 4hacy 1 ) -
A= "Gnr D +ha S @nt Dn S'r{(Zn +1 5} [A-9]
w=u+1iv
¥ 4
A, El;
Z
2
2
2
=
o _ FQ 0 2
u +—=0 Z,_ Q=0
au auz avz /2‘_
Z
2
3
2
Z

v

0 50 /2 u

—E+ha(Q+co)=0

Figure 7. The semi-infinite strip diffusion problem in thes = u + iv
plane.

or, because sf2n + 1)w/2] = (—1)", the requisite solution fof)(u, v) is given by
Eq. A-7 with

A, = 4hac X ! (—1)" [A-10]
"T T@2n+1) +ha (2n+ Dm

For the present purposes, we are really interest€i(i§, 0) when 0< X < 1 (the
concentration along the electrodérom Eq. A-5,Y = 0 and 0< X < 1 correspond
to v = 0 andu = sin ' X. Thus, the total concentration directly beneath the half-
electrode is given by

c(X,0 = Q(X,0) + ¢cq

n=0

4 ” ha
- C"{ - FE (VT Den+ 17 ha

X cog(2n + 1)sin ! X]] forosX=<1 [A-11]

It is easily seen that as the paramétertends to zero, the dimensionless concen-
tration ratioc(X, 0)/c, tends to 1. Using the identitidolley?)

- cog(2n + 1)0] =
—_ - - = — -
;) A TS 4 [A-12]
one notes that(X, 0)/cy tends to zero for large values bf, which is consistent with
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 circular
Pt/Nafion microcontacts. Specifically, we are interested in how the faradaic impedance
(Ry) of circular Pt/Nafion contacts scales as a function of contact size. The TPB model
provides concentration profil¢s(x, 0)] underneath the Pt/Nafion contacts. We convert
these concentration profiles into faradaic impedance values using the following proce-
dure.

The shape and magnitude of the concentration profiles depend offig.oWe fix
h, and generate a series of concentration profitég, 0)|,] for various values oé that
span the range of contact size interest.

The concentration profile under the Pt/Nafion contémta given Pt/Nafion contact
size, saya = a;) is converted to a current density profile using the assumption of
first-order kinetics

J(x, 0)‘a:a1 = ke(x, ())‘a\:a1 [B-1]

where J(X, 0)|a:ai = Current density profile for Pt/Nafion contact of half-widéh
(AlcmP).

This local current density profile is then applied to a circular contact geometry and
integrated over that geometry to generate a total current density for the Pt/Nafion
contact

Jgr2mr3(r, 0)] g, dr
‘]tntla=a,l = —waz [B-2]
1

whereJ[m\a:ai = Total current density for Pt/Nafion contact of radais (A/cm?).

To calculate a faradaic impedance from the current density results, we assume that
iR and mass-transport effects are negligit@lensistent with our original model assump-
tions). In other words, the I-V. behavior of the Pt/Nafion contacts is dominated by Tafel
kinetics over the entire potential range. In this cd®emay be related directly to the
current density evolved by the Pt/Nafion contact through the Tafel kingtéesRef. 28

RT
anFJy

R = [B-3]

whereR is the faradaic impedant{é)/cmz), « the transfer coefficienty the number of
electrons transferredr, is Faraday’s constari®6,500 C/mo), R the gas constan8.314
Jl(mol-K)], andT is temperaturé¢K). This proceduréEq. B1-B3 are then repeated for
other values of in order to generate a curve of faradaic impedariRg ¢s. Pt/Nafion
contact sizga) over the range of interest.

Three fitting parameters are required for this proceddrek, anda. The following
values were used to generate the model fit of the experimental data shown in Fig. 5 in
the text; Do, was assumed to be 74 1077 cn?/s, in reasonable agreement with
previous studies as described in the textwvas assumed to be 0.0906 crm{s3.47
X 10* A cm/mol based on the experimentally determined kinetics for the Pt/Nafion
contacts detailed in Ref. 23; andwas assumed to be 0.285, also based on the experi-
mentally determined kinetics for the Pt/Nafion contacts detailed in Ref. 23.
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