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Abstract

The performance equations for cathodes of polymer electrolyte fuel cells (PEFCs) that describe the dependence of cathode potential
on current density are developed. Formulation of the performance equations starts from the reduction of a one-dimensional model that
considers, in detail, the potential losses pertinent to the limitations of electron conduction, oxygen diffusion, proton migration, and the
oxygen reduction reaction. In particular, non-uniform accumulation of liquid water in the gas diffuser, which partially blocks the gas channels
and imposes a greater resistance for oxygen transport, is taken into account. Reduction of the one-dimensional model is implemented by
approximating the oxygen concentration profile in the catalyst layer with a parabolic polynomial or a piecewise parabolic one determined
by the occurrence of oxygen depletion. The final forms of the equations are obtained by applying the method of weighted residuals over the
catalyst layer. The weighting function is selected in such a way that the weighted residuals can be analytically integrated. Potential losses
caused by the various limiting processes can be quantitatively estimated by the performance equations. Thus, they provide a convenient
diagnostic tool for the cathode performance. Computational results reveal that the performance equations agree well with the original
one-dimensional model over an extensive range of parameter values. This indicates that the present performance equations can be used ¢
a substitute for the one-dimensional model to provide quantitatively correct predictions for the cathode performance of PEFCs.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction reaction being driven from the equilibrium so as to generate
electric currents. As the current density increases, the in-
The polymer electrolyte fuel cell (PEFC) is an electri- creasing rate of activation overpotential is alleviated and an
cal power generation device that operates with an ionomericalmost linear regime appears for intermediate current densi-
membrane as its electrolyte layer. The overall behaviour of ties. Such behaviour basically reveals the characteristics of
PEFCs can be described by so-called ‘performance curves’,ohmic losses due to proton migration in the membrane and
which reveal the dependence of cell voltage on operating in the ionomer phase of the catalyst layers as well as elec-
current density. Such a characteristic curve is a conclusiontron conduction through the catalysts and the gas diffusers.
of the interplay among all the transport and electrochemical As the current density approaches its limiting value, poten-
processes that take place inside the PEFC. Since the domitial losses due to mass-transport limitations take over. Under
nant mechanism for the performance of a PEFC may shift this condition, the chemical reaction is limited by the rate at
from one to another, distinguished types of behaviour are which the reactants can be supplied and a fast decay of cell
observed for different regimes of operating current densi- potential is observed in the performance curve.
ties. At low current densities, a sharp decay in cell voltage In order to elucidate the behaviour of such a complex
is noted, which is caused by the limitations of the electro- system, many research efforts in PEFC modelling have
chemical reactions. These losses are also referred to as actibeen made and are based on electrochemical kinetics, phe-
vation overpotential, which arises from the electrochemical nomenological transport, and the mass and energy conser-
vation laws. As reported in the literature, the complexity
of the PEFC models is extremely variable. Detailed con-
* Tel.: +886-3-4638800x569: fax:886-3-4559373. siderations on geometrical configuration in PEFCs lead to
E-mail address: skhsun@ce.yzu.edu.tw (H.-K. Hsuen). three-dimensional modefd—4]. Two-dimensional models
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Nomenclature

a
A
b

C

Kl,abs
Im
Nw,m

nd

w g O I
z s

Ve
Vo

effective platinum surface area per unit
volume (cnf cm~3)

parameter in capillary pressure head
expression

dimensionless coordinate at the diffuser
face

parameter in capillary pressure head
expression

oxygen concentration (mol crd)

reference oxygen concentration (mol T
defined asP/Ho,

gas-diffuser thicknesgufn)

parameter in capillary pressure head
expression (cm)

effective binary diffusion coefficient farand
j species (cras™1)

binary diffusion coefficient foif andj species
(cm?s ™)

effective diffusivity of dissolved oxygen in
the catalyst layer (cAs~1)

Faraday’s constant (96487 C per equivalent
Henry’s constant for oxygen (atm émol~1)
exchange current density at the reference
condition (AcnT?2)

cathode current density (A cr)
characteristic current density, defined by
Eq. (16f)(Acm™2)

effective protonic conductivity for the
ionomer phase (S cm)

effective electric conductivity for the gas
diffuser (S cnt?)

liquid water permeability at 100%
saturation (crf)

membrane thicknessu(n)

mole flux of species (mol per cn¥ s)

mole flux of water through the membrane|
catalyst-layer interface (mol per ém)
electro-osmotic drag coefficient

molecular weight of water

parameter defined biq. (44)

total pressure (atm)

liquid water flux (cms?)

parameter, defined biyq. (32)

the universal gas constant (8.314 J per mol
liquid water saturation of diffuser, defined
as 1—¢/¢eo

cathode temperature (K)

catalyst potential (V)

cathode potential (V)

open-circuit potential (V)

dimensionless position where oxygen
depletion occurs

Xi mole fraction of species

xP x; in the bulk flow

x5 x; at the catalyst-layer|gas-diffuser interface

xg'z xo, at the catalyst-layer|membrane interface

z coordinate perpendicular to the face of the gas
diffuser (wm)

Greek letters

o; electrode transfer coefficient

B1 parameter, defined byq. (16b)(S cn?)
B2 parameter, defined bigq. (23)(S cn?)
8 the catalyst-layer thicknesg.ifn)

3 porosity of gas diffuser

€0 porosity of gas diffuser at zero water
saturation

ew.m Vvolume fraction of water in membrane

¢ ionomer potential (V)

¢° ¢ at the gas-diffuser|catalyst-layer

interface (V)
1) parameter, defined biq. (16a)
A parameter, defined biyq. (41)
n parameter, defined biyqg. (39)
A water content of membrane (moles of water
per mole of sulfonic groups)
viscosity of liquid water (g per cms)
density of liquid water (g cm?3)
Tw water mole flux driven by hydraulic
permeation, defined blq. (6)
(mol per cn?s)
s dimensionless coordinate, defined

by Eq. (2)

are formulated by considering the variations of state vari-
ables along the gas channel and along the direction normal
to the gas diffusef5—-10]. There are also two-dimensional
models with emphasis on the effects of local inhibition
of oxygen transport on the face of the gas diffuser by
ribbed carbon plated1-13] or on the effects of interdigi-
tated flow field§14]. Because the cell thickness in PEFCs
is orders of magnitude smaller than other dimensions,
one-dimensional models, though simplified ones, are still
able to provide a good account of the polarization behaviour
of PEFCs. With different foci in investigations, a wide va-
riety of one-dimensional models have also been proposed
[15-23] In addition, empirical or semi-empirical models
characterized by algebraic equations have been suggested
[24-30]

In general, a mechanistic model, which takes into ac-
count spatial variations of reactant concentration and poten-
tial, provides better insight into the involved physical and
electrochemical phenomena, and hence better interpretation
of experimental data. Such models can also be employed as
a predictive tool since all model parameters have a precise
physical meaning. The dependencies of the various sources
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of polarization on the model parameters are described, how-2. One-dimensional model

ever, by a set of coupled differential equations, and thus their
effects on the cell performance cannot be clearly revealed.

The cathode considered in the present work consists of

In addition, considerable efforts on modelling and compu- two parts, namely, a catalyst layer and a gas diffuser. These
tations, contingent upon the model complexity, are usually are illustrated irFig. L The assumptions employed to derive

required.

The overall loss of voltage in PEFCs can be viewed as
a summation of individual contributive terms that origi-
nate from limitations of reactant transport, proton migra-
tion, electron conduction, and the electrochemical reactions.
This observation forms the basis for the formulation of most
empirical and semi-empirical modd4—-30] In these for-
mulations, the overall loss of cell voltage is expressed as a
summation of a few terms that account for the characteristics
of the losses of the potentials of the various limiting pro-
cesses. Parameters without physical origin and significance
are incorporated, and have to be determined by fitting the
equations with experimental data. Consequently, empirical
and semi-empirical models are only data-fitting tools and
cannot be used for performance prediction, but they do pro-
vide simple algebraic expressions for the relation between
the cell voltage and current density.

In previous work[31], the performance equations for

the model equations are delineated as following:

(i) an isothermal, steady-state model is considered,;

(ii) pressure variations within the gas diffuser are negli-
gible;

(iii) the Stefan—Maxwell equations are employed for
multi-component gas transport in the gas diffuser,
and the Bruggeman expressifiv], which includes
the effects of porosity and tortuosity, is applied to
evaluate the effective binary gas diffusivity;

(iv) as liquid water appears in the gas diffuser, the water
vapour is assumed to be saturated;

(v) the nitrogen mole flux is zero due to its inertness;

(vi) catalyst particles and conductive ionomers are ho-
mogeneously mixed in the catalyst layer; a macro-
homogeneous assumption is applied, which indicates
that the local physical and chemical properties are in-
variant with position inside the catalyst layer;

PEFC cathodes were derived based on a mechanistic ap-(vii) the oxygen reduction reaction follows a first-order re-

proach. The performance equations were formulated from
the reduction of a one-dimensional model through ap-
proximating the profiles of oxygen concentration, catalyst

action rate expression with respect to oxygen con-
centration, and the reaction rate is described by the
Butler—Volmer expressiof85,36}

potential and ionomer potential with appropriate parabolic (viii) Henry’s law holds for the phase equilibrium of oxygen

functions and lumping the electrochemical reaction at a
reaction centre. The analysis was further employed to for-
mulate the performance equations of a single cell that
included potential losses pertinent to its cathode, anode and
membrane electrolytg82]. The derived performance equa-
tions were characterized in an algebraic form as empirical
models but with no appreciable degradation of accuracy.

at the gas-diffuser|catalyst-layer interface;

Fick’s law is applied for the transport of oxygen within
the catalyst layer and the oxygen flux is zero at the
catalyst-layerlmembrane interface;

the loss in potential due to electron conduction in the
catalyst layer is negligible.

(ix)

)

Nevertheless, in the previous studies, the details of liquid These assumptions are basic ones implied in the model
water transport in the gas diffuser were not considered. Theequations; others, which are not mentioned above, will be

transport of oxygen in the gas diffuser was characterized stated as they are employed in formulation.

by a single value of the effective porosity of the diffuser,  With the assumptions stated above, the Stefan—Maxwell

which was assumed to be invariant with current density. equations can be condensed to one single equation as liquid
In practical situations, liquid water may accumulate in the water prevails in the gas diffuser, i.¢L7]:

gas diffuser. In addition, the profile of water saturation in

the gas diffuser is not uniform, which also evolves with

. . . Membrane Catalyst Gas
operating current density. The accumulated water partially Electrolyte Layer  Diffuser
obstructs the gas channels of the diffuser, and hence, im-
poses greater limitations for oxygen transport. The objective o
of the present study is to develop performance equations Hzé(g)
for PEFC cathodes that also take such phenomena into «—
consideration. In addition, the method of weighted resid-
uals [33,34] is applied over the catalyst-layer domain so H,0(1)
as to yield the final forms of the performance equations. -
Compared with the performance equations developed pre-
viously, the ones presented here not only provide a deeper g“(=z/b)=0_£=1 F=b

b4

insight into the processes involved at a PEFC cathode but
also allow for more accurate estimations of its overall Fig. 1. Schematic of components and geometry considered for PEFC
performance. cathode.
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— :—(l—xw—xoz)Noz —eff
RT 8d¢ Dﬁz o,
i ()
xozD\Efvﬁ_,\l2 +1- xa, — xoz)Dgfzf_W

whereN; is the mole flux of specids x; is its mole fraction;
foj is the effective gas-pair diffusivity fdrandj species in
the porous mediunRis the universal gas constaftis the
total pressureT is the cathode temperatur&js the thick-
ness of the catalyst layer;is the dimensionless coordinate
defined as:

z
==z 2
(= 2)
wherez is the coordinate perpendicular to the face of the
gas-diffuser.
The steady-state assumption requires:

dNQ2 _
dc

Generally, three different transport mechanisms are re-
sponsible for liquid water transport through the membrane|
catalyst-layer interface; namely, electro-osmotic drag, hy-
draulic permeation by the pressure difference between two
sides of the membrane, and back diffusion by the gradients
of water concentration within the membrane. In the present
work, the membrane is considered to be well hydrated and
consequently the contribution attributed to back diffusion is
neglected. Accordingly, the mole flux of liquid water trans-

®3)

ported through the membrane|catalyst-layer interface, de- WV _ —AD[e A0 4 (AG=O)

noted asVw,m, is expressed g47,22}

1 8w,mpwkp,m A Pm

Nw.m =ng— — 4
e ndF My U Im ( )
where
A
=25— 5
ng 25 )
For brevity, we assign
k AP,
T = Ew,mPwKp,m m (6)

mw (Aw Im

In the above expressionsy is the electro-osmotic drag co-
efficient; A is the water content in membrank; m is the
membrane permeability;, is the membrane thicknedsis
the current densityF is Faraday’s constantiy is the wa-
ter viscosity; oy is the water densityin, is the molecular
weight of waterey, m is the volume fraction of water in the
membraneA Py, is the pressure difference between the two

sides of membrane. Based on the above definitions, the value

of Nw.m may be positive or negative contingent upon the
combined contributions of these two mechanisms. A posi-
tive value implies that a net water flow is transported from
the membrane to the catalyst layer, while a negative flow
indicates that liquid water passes in the opposite direction.
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Darcy’s law is applied to describe the liquid water trans-
port in the gas diffuser. Because it is postulated that the vari-
ations of gas pressure within the gas diffuser are negligible,
the gradients of capillary pressure of the liquid phase be-
come the only driving forces for water flow. Thus, the liquid
water flux,quw, is expressed as:

m
gw = —[(2+ 4nd)No, + Nw + tw] <EW>

(-a) (&)

whereK(s) is the diffuser permeabilityy is the capillary
head of liquid waterg is the gravitational acceleratiosjs

the water saturation of the diffuser. Taking the local satura-
tion into account, the effective gas-pair diffusivity is evalu-
ated as:

8%’5(1 — ) l'SDi_j

ds

AYA)
sdc

ds

_ —K()pwg
Hw

(7)

(8)

With the stated assumptions, the Stefan—Maxwell equations
can be rearranged to give

E
} ©)

:N%[
(10)

eff
Di_ ’

Deff

b
Nz—W‘xW

2 _wX0, + Dgf;_w(l —xB — x0p,)

DNZ—Wx\t/JV
DNz—Wx02 + DOz—W(l - -x\l/Jv - xOZ)

K(s) and dj/ds are expressed 4%1]:

ds

K(s) = K| apgs + 0.01) (11)

] N02

K),absp3,GAD (s 4 0.0D[eA6=C) 4 (AG=O
+rw+ I,absOWgA ( )[ ]

Mwimwd
(&)
X

dg
In the catalyst layer (< ¢ <1), the equations of mass
conservation, electro-neutrality and Ohm’s law can be ex-
pressed in a partially dimensionless form as:

InsertingEqs. (9)—(11)nto Eq. (7)results in

D Nz—Wx\l/)v

DNZ—WXOZ + DOZ—W(l - -x\l/)\/ - XOQ)

|:2+ dng +

(12)

2

d’;’z — olexplfe(Vo— V + )]

—expl~fa(Vo — V + @)]}xo, =0 (13)
d2x02 B1 d%¢ _

az Lz a8
av (15)

@
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The model parameters appearing in the above expressionsand

are defined by: kgff
. aio’refHozaz 16 ﬂz = 7 (23)
= Sort o (162) . | | .
0, wherek§" is the effective electric conductivity of the gas

diffuser andd is its thickness.

eff
L= k% (16b) 'At the membrane|catalyst-layer interfage= 0), in ad-
dition to Eq. (15) the boundary conditions are formulated
F as:
fo= 2 (16¢)
RT $p=0 (24)
(XaF
= d
Ja= R (16d) 20 _ (25)
d¢
oy = 2 = 16 imensi |
0, = cooref  P/Ho (16e) The one-dimensional model derived above forms a
2 2 three-point boundary value problem with three govern-
4|:pD8ff ing equations and three state variables in each domain.
lo = H—(Sz (16f) Egs. (1), (3) and (12pre applied for the diffuser where
Oz state variableso,, No, ands are presentEqgs. (13)—(15)
where; is the electrode transfer coefficierst;is the ef- are employed for the catalyst layer, and in the region state
fective platinum surface area per unit volunigjes is the variablesxo,, ¢ andV appear. The method of collocation
exchange current density at the reference conditipg;is on finite elements based on cubic B-spline interpolation was

the dissolved oxygen concentration in the ionomer phase;used to solve the model equatiods]. Forty sub-intervals
ke is the effective protonic conductivity for the ionomer Wwith equal size were arranged in the domain of the gas
phase;Dgf; is the effective diffusivity of dissolved oxygen diffuser. The domain of the catalyst layer was also divided
in the catalyst layery, is the open-circuit potentiaV is into the same number of sub-intervals; but the size of the
the catalyst potentiatp is the ionomer potential; anHo, is sub-intervals was decreased along thdirection with a
Henry’s constant for gaseous oxygen and its dissolved form common ratio of 0.7 to account for the extremely high oxy-
in the ionomer phase at the cathode temperature. It should begen concentration gradients that develop in a narrow region
noted thatro, stands for the oxygen mole fraction in the gas near the gas-diffuser|catalyst-layer interface at high current
phase of the diffuser, but represents the dimensionless condensities. Two points were collocated in each sub-interval,
centration of dissolved oxygen in the ionomer phase within which thus transform the model equations into a set of al-
the catalyst layer as defined Eyj. (16e) The same symbol  gebraic equations. Newton’s method was employed for the
was used in both of the two regions because, by such defini-solutions of the discretized equations.
tions, thexo, profiles are continuous across their boundary. At low current densities, where liquid water has not yet
At the face of the gas diffuser (= b), Eg. (3)is also appeared within the diffuser, the Stefan—Maxwell equations

applied. Other boundary conditions are: take the forms:
b
X0, = Xpo (17) P dez _ N02 NW
i i RT ad; N2 | peff peft (26)
s=0 (18) N2—0, w—Nj
At the gas-diffuser|catalyst-layer interfage=£ 1), in addi- P dxo, X0,

tion to Eq. (3) other conditions are written as (No, + Nw) + xn,No,

= eff
RT sd — D,

xo,(catalyst layer = xo, (gas diffusey (29)
q [ ! No, 27)
I _ —
12 90 cataystiayer = o, @) b, Pilo.) PR
do Under such a conditiory, = 0 andEg. (7) becomes:
— =0 (21)
d¢ (2+ 4ng)No, + Ny + tw
The cathode potential (denoted ¥g is equivalent to the _ —(2+4nd)i + Ny4tw=0 (28)
catalyst potential deducted by the ohmic loss of the diffuser. 4F
Thus, one has: and N, can be expressed as:

4FN
Ve = V(catalys) — (‘,3—20) 22 Ny =2+ 4nd)ﬁ o (29)
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Eqg. (26)can be solved to give

b 2 w
XNy, = XN eXp|:— ( + ) ¢ - b):| (30)
> P\, " Defy,

After insertingEq. (30) Eqg. (27)can be solved to give:

b
b N, Vo, No,
XOZ = xOZ - — -
No, +Nw  No, + Ny

SRT
x exp PDT(NOZ + Nw)(¢ — D)
O—w
b
xn, No SRT N Ny
+ 2 2N ex |:T< effo2 + ef\fN )
—No, + Ny DY o, Dy,
No,
xX(&—b)|+—"— 31
« )} T (31)
where:
eff eff eff
;= DOz—Nz (DOZ—W - DNZ—W) (32)
- ff ff ff
Dﬁz—W(Dﬁz—OZ - Dgz—W)

With the employment oEq. (29)and assigning to 1, the
value ofxp, at the gas-diffuser|catalyst-layer interface, de-
noted asx%z, can be obtained as:

b
© —xNZI
O2 7 I 4 r[(4ng + 2)1 — 4Fy]
dRT -1 (4ng +2) I — 4y F
X eXp _EP Deff Deff
No>—O> w—N>

b xklzl
Tt T A @ng + 21 — 4Fm]

1
+(4nd + DI — 4‘1,'WF}

dRT[ (4 DI — 4oy F
exp] — [(4ng + e)ff TwF]
4FPDE_,
1

" (dng+ VI — 4ty F (33)

By similar procedures, the value of;, at the gas-diffuser|
catalyst-layer interface, representedxﬁzs, is calculated as:

¢ _ b oy dRT —1I (4ng + 21 — 4ty F
XN, = XN,EXP 4FP Dﬁg—oz D\?vﬁ—Nz

(34)

Under such a condition, the model equations for the gas dif-
fuser can be solved analytically. Consequently, the numeri-
cal approach described above is applied for the catalyst-layer

domain only. Starting fronf = 0, x{, (= 1 —x3, — x,) is

H.-K. Hsuen/Journal of Power Sources 137 (2004) 183-195

lower thanxf,’v due to hydraulic permeation of liquid water
through the membrane. Under this conditi(x@2 is evalu-
ated by usind=q. (33) As | is increasedys, increases also.
When it reachesf,’v, liquid water starts to appear in the dif-
fuser. Then, the three-point boundary value problem formu-
lated above has to be solved to construct the remainder of
the polarization curve of the PEFC cathode.

3. Formulation of performance equations

= pgf

With the approximationDg! Op—w

No—w Eqg. (12)can
be simplified to:

2+ 4ng + "
1
d 1 xb

— w

}NOZ'FTW

N Ki,absp&GAD(s 4 0.01)[e~A6~0) 4 oAG=O)]

Mo

(35)

Then, integrating over the diffuser domain leads to:

{112 + 4ng + x2, /(1 — xB)] — 4y Fymwpuwd
4FK| absod GAD

001 1 001 1
= —exp[-AC] (T - ﬁ) + exp[AC] <T + ﬁ)
s©+0.01 1
+ eXp[A(Sc - C)] <T - ﬁ)
s¢+0.01 1
- exp[—A(sC — C)] (T + ﬁ) (36)

wheres® represents the value sht the gas-diffuser|catalyst-
layer interface. Using the same approximati&ug,. (1) is
simplified to:

P dx02

b
RT (Sdé' =—1- Xw _xOZ)NOZ

1 x5,
X + (37)
|: Dﬁlf;—oz (1—x) D%f;—w j|

InsertingEq. (35)into Eq. (37)results in

dxo, (s +0.01) [e=A6=0) 4 (AG=O] ds
(1—xb —x0,) (1— )15
(38)
where:
= K1 absRTADgp?,
PMyweg 2 + dna + 13/ (1 — x{y) — 4rwF/1]
1 b
) DTy (39)
DN2—02 (1 - xW)DOZ—W
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Integration ofEq. (38)over the diffuser yields: Neglecting the anodic rate iBqg. (13) insertingEq. (45)
c _ b b multiplying (dxo,/d¢)exp(fcl¢/B1) and then integrating
X6, = X0, ~ N, [EXP(n4) — 1] (40) over the catalyst-layer domain, one eventually arrives at:
in which 1.2
d X0, dx02 (fcl )
0 —A(s—C) A(s—C) exp| =—¢ ) d¢
A _f (s +0.0D[e 15+ e ]ds (41) o deZ de B1
sC (1 — S) . o I
C
With a given value ofs°, A can be evaluated using the _‘peXp[fC (VO —V- Exoz + 2_f51>]
formula of Gauss quadratuf84]. The number of interior <
points required to yield an accurate estimatiomatrongly % / Ozexp(Mxo )xo dxo, = 0 (47)
depends on the value &f. Only two points are required for x3, 1 2

a value ofs® close to zero. For a larger value df, more ] ] )
points must be considered. As it will be shown in the base With the incorporation oEgs. (43)-(46)Eq. (47)can be an-

case in the following section€ is increased to 0.95 while alytically integrated.. After certain algebraic rearrangements,
the limiting current is approached. Under this condition, the the cathode potential is expressed as

employment of 10 interior points is able to yield an estimate I I

with desired accuracy. Accordingly, the formula of Gauss Ve= Vo — 2—’31 - E

quadrature with 10 interior points is used to evaluatén

all calculations of the present work. If liquid water has not

yet appeared in the diffuser (low current densities), using —iln I+ B1/feexp(—Ifc/B1) — 1]
e "?‘Ppﬁ?‘ig"?“_OnDﬁﬁﬁN = DG, (1 =0), Eq. (33)can fo | wlloxd, — (B1/fo) + exp—ITc/2p1)
© simpiied to: x ((B1/fe) — Iox%, + (1/2))]
—dRT | -1 Ang + 2) -4ty F (48)
x§, = —xR,exp = +( T e?f fw
4FP | DYy o, Dy, The above derivation procedures basically follow the princi-
i ples of the method of weighted resid{®3,34] The weight-

ing function (dxo,/d¢)exp((fcI/B1)¢) is used in order to

(g + DI = dnw F fulfil analytical integration of the weighted residual.

n {x% +XR| 4 ! } The overall _pot_e_ntial loss i|_*| a_PEFC catthe is_ a sum-
2 2 (ng+ DI — 4ty F mation of the individual contributive terms, which include
diffusion overpotential and ohmic overpotential for electron

exp —ORT[(4ng + DI — 4w F] (42) conduction in the diffusion layer, diffusion overpotential and
4FPD%E —w ohmic potential loss for proton migration in the catalyst

] ) ) layer, and activation overpotential for the electrochemical re-

It is further assumed that the dimensionless oxygen con- 5¢ion. Remember, the ohmic potential loss caused by elec-
centration profile in the catalyst layer be approximated by & (o, conduction in the catalyst layer is not taken into account
parabolic function, which has the form: in the present study due to its negligible value. The activa-
xop = pt2+ 18 P (43) tion overpotential is referred to as the potential loss required

to generate the desired current density under the condition

Eq. (43)automatically satisfies the boundary conditions re- without any transport limitations and ohmic losses. Thus, it
quired by the profile ofvo, at ¢ = 0 and 1. Because the s quantified as:
current density is equivalent to the flux of dissolved oxy-
gen at the catalyst-layer|gas-diffuser interface multiplied by activation overpotential for electrochemical reaction

—4F, p can be expressed as: 1 1
I o\ ok )
P= 20 (44) © \¥ot
(o]

_ o . The diffusion overpotential of the gas diffuser arises from the
Integration ofEq. (14)along the; direction twice leads to:  difference in oxygen concentration at the diffuser face and at

the catalyst-layer|gas-diffuser interface, which is expressed
Io I
¢ = By (M0 =30, — 7 ¢ (45) as:
b
. e - . 1 X

where xg‘z stands for the oxygen concentration at the diffusion overpotentialin gas diffuset —In (%) (50)
membrane|catalyst-layer interface and is evaluated as: Je 10,
Mo e kS (46) The ohmlg loss caused by protqn mlgrat|on_|n the cata-
02 %2 2p, lyst layer is calculated as the difference of ionomer po-
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tential at the membrane|catalyst-layer interface and at the

catalyst-layer|gas-diffuser interface, which has the form:

1
ohmic losgprotonig in catalyst layer= ﬁ (51)
1

The potential loss due to electron conduction in the gas

diffuser is determined by Ohm'’s law as:

. . . I

ohmic losgelectronig in gas diffuser= ,3_ (52)
2

The remaining part oEg. (48)is attributed to the diffusion
overpotential in the catalyst layer, which is calculated as:

diffusion overpotential in catalyst layer

1

fe

1+ pa/lfc[exp(—Ifc/B1) — 1]
1- (ﬂl/fc]oxgz) + exp(—Ifc/2p1)
X ((ﬁl/fcloxcoz) -1+ (I/Zoncoz))]

(53)

Eq. (43)is physically meaningful only for the condition that
xg, IS greater than zero, which indicates:
I < 2loxp, (54)

As the current density exceeds the critical valdeg, (43)
is no longer applicable arg. (48)is not valid either. Un-

der such a condition, we propose to employ a piecewise

parabolic function for the dimensionless oxygen concentra-
tion profile within the catalyst layer, which is:

2
—w

onzxgz(m>, forw<¢<1 and

x0, =0, for0<¢<w (55)
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I xo,lo 1
Ve=Vo— — -
T B * B1 B2
12[2xgzlofc - B
+ —2xg, 1,
_i n ﬂiexzp(z CQ2 ofc/B1)] (58)
fe 4¢(x02) Io[xozlofc - B

‘HgleXp(—x%Z Iofe/B1)]

The diffusion overpotential and the ohmic loss of the gas

diffuser, as well as the activation overpotential for the oxygen

reduction reaction, all have the same forms as the previous
case. Other contributive terms for potential loss are modified
as

diffusion overpotential of catalyst layer

I[ZX(Cjzlofc - A

+ Brexp(—2xg 1,
_ iln ’ B1 (EX O, ofc/B1)] (59)
fe 4X0210[X0210fc - B1
+ 616Xp(—x%2 Iofc/B1)]
. L. 1 XCQ Iy
ohmic losgprotonig in the catalyst layese= — — —2
B1 B1
(60)

4. Validation of performance equations

In order to investigate the validity of the parabolic approx-
imation employed in formulation, polarization curves based
on the one-dimensional model and the performance equa-
tions derived previously have been calculated over an exten-
sive range of the values of the model parameters. Since an
analytical form of the exact solutions of the one-dimensional
model is not available, we consider its numerical solutions

wherew is the dimensionless position in the catalyst layer &S €xactones in comparisons. In order to carry out the com-
where oxygen depletion takes place. Relating the transportParsons over a wide parameter range, the parameter values
rate of dissolved oxygen at the catalyst-layer|gas-diffuser listéd inTable lare taken as a base case. Calculations were

interface to the electric current density of the cathode gives: implemented by adjusting the value of a particular param-
. eter in the table while keeping other ones unchanged. It is

2xe I

0,70

noted that the effective oxygen diffusivity in the catalyst
I layer (Dgf;) listed inTable 1is larger than the value for fully

hydrated Nafio® 117[17]. Such a selection was based on
the consideration of the presence of small amounts of gas
pores in the catalyst layer that might greatly enhance oxy-
gen transport. The parameter values related to the capillary
pressure of the gas diffuser were taken from the work of
Natarajan and Nguyefi1], in which the cathode operating
x5, Iofe temperature is 60C. Due to the weak temperature depen-
x /o eXp(sz) xo,dxo, =0 dence of these parametdid], they were directly used for
the base case without any modifications.
After insertingEgs. (55) and (56)Eqg. (57)can be analyti- The polarization curves calculated using the performance
cally integrated. With certain algebraic operations, the cath- equations and the one-dimensional model for the base case
ode potential has the form: are illustrated inFig. 2 As it shows, these two curves

w=1- (56)

Based on the proposed profile function fas, within the
catalyst layerEq. (48)has to be reformulated as:

1 d2x(232 dxo, exp <E

w d; d; ,31

:) d — pexplfe(Vo — V)]

(57)
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Table 1
Values of model parameters for the base case
Effective ionic conductivity of ionomerS (Scnr?) 3x 102
Effective electric conductivity of gas diffusekgff (Sentd) 1
Effective diffusivity of dissolved oxygen in the catalyst Iay@gf; (cmPs™1) 1x10°°
Gas-pair diffusivity, Do,—n, (cn?s™) 5.58 x 102
Gas-pair diffusivity, Dn,—w (cm?s™2) 7.74 x 1072
Gas-pair diffusivity, Do,—w (cm?s™1) 7.40 x 102
Gas-diffuser thickness) (p.m) 200
Catalyst-layer thickness, (i.m) 10
Porosity of gas diffuser at zero water saturatieg, 0.6
Product of platinum surface area and reference exchange cuaigpt, (A cm®) 1 x 1072
PressureP (atm) 5
Bulk oxygen mole fractionx%2 0.190
Bulk nitrogen mole fraction;c,?,2 0.716
Bulk mole fraction of water vapor®, (relative humidity, 100%) 0.094
TemperatureT (°C) 80
Henry’s constantHo, (atmcn? per mol) 2.0 x 1P [17]
Open-circuit potential Vo (V) 1.197[17]
Cathodic transfer coefficient;c 1.0
Anodic transfer coefficienty, 0.5
Membrane thicknessy, (nm) 230[17]
Pressure difference between two sides of membrang, (atm) 2
Hydraulic permeability of membranép,m (cr?) 1.58x 10714 [17]
Water viscosity,uy (gents1) 3.565x 1073
Volume fraction of water in membraney m 0.28[17]
Density of liquid water,py, (gcm3) 0.972
Liquid water permeability of diffuser 100% saturatioki; aps (CP) 3x 10710
Constants in capillary head expression A, C and D in cm 3.7, 0.494 and 0O[01]73
Water content in membrane under saturated water vapor (moles of water per mole of sulfonic groups), 14 [22]

are well matched. For the parameter values employed inthe limiting current observed iRig. 2 For the sake of sim-
calculations, liquid water starts to appear in the gas dif- plicity, a single value of ionic conductivity for the ionomer
fuser at/ = 0.26 Acm 2. The profiles of liquid satura- phase of the catalyst layer was employed in calculations
tion in the gas diffuser for four selected current densities for the entire range of current density. In fact, the value of
are illustrated inFig. 3. As shown, when the current den- kﬁ{fdepends on the degree of hydration of the ionomer phase.
sity approaches its limiting value, the water saturation at The computational results reveal that the mole fraction of
the gas-diffuser|catalyst-layer interface reaches the value ofwater vapour at the catalyst-layer|gas-diffuser interface is
0.95. Such an observation is consistent with the low value of 19% lower than the saturated valud at 0 due to hydraulic

1o 1.0
0.8
1.0 -
5 0.6
(7))
>\ 0.8
3 0.4
>
0.6 0.2
0.0 : : . .
0.4 — T 1 6 11 16 21
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4 s
2
I, Alem

Fig. 3. Profiles of water saturation within diffuser at various current densi-
Fig. 2. Polarization curves for base cas®) (one-dimensional model and ties: @) / = 0.30Acm2; (M) = 0.58Acm™2; (®) I =0.89Acm2;
(M) performance equations. and A) 7 =1.17Acm 2.
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Fig. 4. Polarization curves of individual contributive terms for base case
calculated using performance equation®) (activation overpotential for Fig. 5. Polarization curves for cathodes with different catalyst-layer thick-
oxygen reduction reaction;¥) diffusion overpotential of catalyst layer; nesses: (AP = 1um; (B) § = 20um; (@) one-dimensional model; and
(A) diffusion overpotential of gas diffuser@) ohmic potential loss of (M) performance equations.
ionomer phase in catalyst layer; anlY ohmic potential loss of gas

diffuser.

fuser and stems from the depletion of oxygen concentration

permeation of liquid water through the membrane. This fact at the catalyst-layer|gas-diffuser interface.
also leads to a lower degree of hydration and, hence, alower The thickness of the catalyst layer may vary by some
ionic conductivity of the ionomer phase in the catalyst layer. orders of magnitude, as dictated by the preparation meth-
As the current density becomes highej, is increased and  ods and by the amounts of catalysts and ionomers used. A
the value ok&f also becomes larger. Because such phenom-thickness of less thanydm is achievable by sputterir§8].
ena only exist in the region of low current densities, the er- When a catalyst layer is prepared by printing or brushing
rors caused by ignoring the variationsl«ﬁff in calculations an ionomer|carbon-supported-platinum ink on to a mem-
would not be significant as long as the difference between brane, the thickness of the layer formed is much larger. The
x\t,’v andxg, atl = 0 is not large. results displayed irFig. 5 were calculated for two cath-

The individual potential losses caused by the limitations odes with two different values of catalyst-layer thickness,
of oxygen reduction kinetics, oxygen transport, proton mi- namely, 1 and 2.m. These two values were selected with
gration, and electron conduction for the base case are pre-an intention to cover the wide variations in catalyst-layer
sented irFig. 4. These were calculated based on the derived thickness that result from the different nature of fabrication
performance equations. As illustrated, the activation overpo- techniques. As shown, the polarization curves obtained us-
tential for the oxygen reduction reaction increases sharply asing the performance equations agree well with those from
the current density is driven away from zero. Its increasing the one-dimensional model. At low current densities, where
rate is alleviated as the current density is further increased.oxygen is able to reach the membrane|catalyst—layer inter-
Such a behaviour can be clearly revealed by the logarith- face, a thicker catalyst layer implies that larger space is avail-
mic dependence of the activation overpotential on current able to accommodate the oxygen reduction reaction. Conse-
density, as shown biq. (49) The potential losses caused quently, a lower activation overpotential is needed to gener-
by proton migration in the ionomer phase of the catalyst ate the required electric current. In other respects, a higher
layer and by electron conduction in the gas diffuser form ohmic loss for proton migration is formed for a thicker cat-
the major part of the overall ohmic loss of the cathode. The alyst layer due to a longer travel distance. Besides, a higher
potential loss of the gas diffuser is linear with current den- diffusion overpotential is expected due to a lower value of
sity, as revealed by Ohm'’s law. Up to the occurrence of the average oxygen concentration over the catalyst layer. At
oxygen depletion in the catalyst layer, the potential loss of low densities, where the oxygen depletion has not yet oc-
ionomer phase is also linear with current density as shown curred, the effect of the first factor overshadows the other
by Eq. (51) After this point, its expression becomes a func- two, and thus results in better performance for the cathode
tion of xco2 [Eqg. (60]. The diffusion overpotential evolves  with a thicker catalyst layer. Nevertheless, after the onset of
with the current density in a more complicated fashion. Itin- oxygen depletion, the influence of the first factor diminishes
creases with the current density and goes sharply to infinity and the other two take over. Accordingly, the cathode with
as the limiting current is approached. Such a phenomenona thinner catalyst layer exhibits a higher cathode potential
is also noted for the diffusion overpotential of the gas dif- at intermediate and high current densities.



H.-K. Hsuen/Journal of Power Sources 137 (2004) 183-195 193
1.2 1.2
1.0 1 1.0 {
A
S os | S os /
o .0 1 O 8 1
> l >
>0 0.6 1 >Q 0.6 1
B /
0.4 1 0.4 1 B
0.2 T T T T T T 0.2 T T T T T T

0.0 02 0.4 0.6 0.8 1.0 1.2 1.4 0.0 02 0.4 0.6 0.8 1.0 1.2 1.4
2 2
I, Alem I, Alem

Fig. 6. Polarization curves for the cathodes with different product values Fig. 7. Polarization curves for cathodes with different values of effective

of aigref: (A) a@igref =3 x 1002Acm™3; (B) aigref = 1 x 103 Acm™3; oxygen diffusivity in catalyst layer: (A)Dgf; =1x10%cm?s; (B)

(@) one-dimensional model; andl) performance equations. DY =5x 107 cnm?s™!; (@) one-dimensional model; andl) perfor-
mance equations.

Investigation of the discrepancies between the polariza- o o
tion curves calculated based on the derived performancecurves for these two cases exhibit the same limiting value
equations and on the one-dimensional model was carried outof current density. _
for two cathodes with different products values aif ef, Polarization curves are shown lig. 8 for two cathodes
ie., 3x 102 and 1x 10-3Acm=3. The results are pre- that were constructed with different values of the effective
sented inFig. 6. A rather good agreement is also found ionomer conductivity in the catalyst layer. As illustrated,
between these two models, as in the previous case. In thdhe results are almost identical. Moreover, the cathode with
model equations, the product valuea# et quantifies the ket = 0-0550”?71 always exhibits a better performance
overall reactivity of the catalyst layer, which includes the than the one withk® = 0.01Scni™ for the same cur-
intrinsic activity of the catalysts and the active surface area rent density. It should be noted that both the ohmic loss by
available for the occurrence of the oxygen reduction reac- Proton migration and the oxygen diffusion overpotential are
tion. For a cathode with a lower value ef,ef, a higher ~ influenced by the value oS, as revealed bfEgs. (51),
activation overpotential is required to generate the identical
electric current; thus, a lower cathode potential results. As
shown inFig. 6, the cathode with a higher product value of
aig ref OUtperforms the one with a lowei, ref Value for the
entire range of current density. 1.0 4

For all model parameters appearing in the performance
equationsDeof; is practically the one that exerts the major
influence on the diffusion overpotential of the catalyst layer.
The value ofDeoff is greatly influenced by the presence of a
small amount of gas pores in the layer. In order to take this
factor into consideration, tW@eof; values that differed by a

factor of 200, namelyD&l = 1x10~4and 5<10~ cm?s™* B
were employed for calculations. The results are presented in 0.4 1
Fig. 7. As seen, a fairly good agreement is found between

the results from the performance equations and from the 0.2
one-dimensional model. A highe;'é)"gzf suggests that oxygen

is able to diffuse into the inner part of the catalyst layer and,

consequently, a lower diffusion overpotential results. This,

in turn, yields a better performance for the cathode. Since _ o A
the limiting current is determined by the oxvaen transport in Fig. 8. Polarization curves for cathodes with different values of ef-
9 y Y9 p fective proton conductivity of ionomer phase in catalyst layer: (A)

the diffuser, it is not influenced by the value of the effective ef — g.05scmr?; (B) £ = 0,015 cm; (@) one-dimensional model;
diffusivity in the catalyst layer. As shown, the polarization and @) performance equations.

1.2

0.0 0.2 04 06 08 1.0 12 14
2
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1.2 the ones derived previously using a piecewise linear ap-
proximation for the profile of the ionomer potential, the
first notable feature is that these two approaches yield quite

1.0 1 different forms for the diffusion overpotential of the cata-
lyst layer. The previous approach gives rather simple ex-

= o8] A pressions, which are independenlkﬁ,‘f. By contrast, much
§ ' more complex functions of effective ionomer conductivity
S are generated by the present analysis. In order to resolve
> 0.6 1 such dissimilarity, we consider the following identity:
B—> Ve=Vo+ ¢° — !
0.4 1 c="VYo B
+ ! In !
02 T T T T D
00 04 08 12 16 20 Joo [ X0, 0l0€Xplfe(Vo = Vo — 1/f2 + 99)]
2 1 X2 1 1
I, Alcm —Zn % ——In{ 55— (61)
fC xo2 fC xoz(plo

Fig. 9. Polarization curves for cathodes with different valueskofps
(A) Kiaps = 5 x 10%n?; (B) Kiaps = 1.5 x 10%cm? (@)

: . , ) where¢® denotes the ionomer potential at the gas-diffuser|
one-dimensional model; andl) performance equations.

catalyst-layer interface. With the aid Efy. (61) the physi-
cal significance of the diffusion overpotential of the catalyst

(53), (59) and (6Q)The former appears as the outcome of layer can be clearly revealed, that is equak-tb/fc multi-

Ohm’s law, while the latter arises from the participation of Plied by the logarithm of the effectiveness factor of the cat-
the ionomer potential in the oxygen reduction reaction. alyst layer. The latter factor is defined as the ratio of actual
As ||qu|d water starts to appear inthe gas-diffuserlcataWst- current density to that evaluated based on the condition at
layer interface, it leaves the catalyst layer via the gas diffuser the catalyst-layer|gas-diffuser interface. Due to the partici-
by a slow capillary process. The liquid water that accumu- Pation of¢® in the expression for the catalyst-layer diffusion
lates in the gas diffuser partially obstructs the gas channelsoverpotential, it is expected that its value will also vary with
and hence imposes a greater resistance for oxygen transporks - Such a dependency is eliminated, however, by the lin-
In addition to the gradients of capillary pressure head, the €ar approximations that have been employed in the previous
permeability of the diffuser plays an important role in lig- Work. Another discrepancy in the expressions of ohmic loss
uid water transport. The polarization curves for the cathodes Of the ionomer phase in the catalyst layer stems from the
with two differentk| apsvalues were calculated based on the different ionomer potential profiles employed in theses two
one-dimensional model and the performance equations. Asapproaches. In another model reported in the previous work,
shown inFig. 9, the result obtained from the two models are the parabolic profiles for ionomer potential only serve as a
nearly same. At low current densities, where there is no lig- vehicle for evaluating the ionomer potential at the reaction
uid water in the diffuser, the performances of the two cath- centre, and the potential loss of the ionomer phase of the cat-
odes are identical. After the onset of water accumulation in alyst layer is calculated as the difference of ionomer poten-

the diffuser, the cathode witki] aps= 5 x 10719 cn? yields
a higher potential than that witkij gns= 1.5 x 10~19cm?.

tial at the reaction centre and at the catalyst-layer|membrane
interface. In addition to a better revelation of parameter de-

This is because the former allows a greater transport ratePendencies, the present performance equations also yield

of liquid water. It is also noted that the value Kf aps Sig-

more accurate results than those developed eatrlier.

nificantly influences the magnitude of the limiting current
density, and the limiting values can be accurately estimated
usingEgs. (36) and (40)

In contrast to the performance equations developed pre-
viously [31], those present here provide a detailed phys- In the present study, the performance equations for
ical insight into the liquid water transport within the gas PEFC cathodes are formulated from the reduction of a
diffuser. As to the approximation method employed in the one-dimensional model that takes into account the trans-
catalyst-layer domain, it is also necessary to address theport and electrochemical processes within the catalyst layer
discrepancies between the present approach based on thend the gas diffuser. In particular, the transport of liquid
method of weighted residuals and the previous ones thatwater in the gas diffuser and its effects on the polariza-
employed a lumping technique. This is because both yield tion characteristics of the PEFC cathodes are considered.
highly accurate estimations of the cathode performance for The reduction procedures are performed by employing a
the range of parameters under investigation. Compared withparabolic approximation or a piecewise parabolic one for

5. Summary and conclusions
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the oxygen concentration profile within the catalyst layer
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