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Abstract

This paper seeks to develop a structure—performance relationship for gas diffusion layers (GDLs) of polymer electrolyte fuel cells (PEFCs),
and hence to explain the performance differences between carbon paper (CP) and carbon cloth (CC). Three-dimensional simulations, based on a
two-phase model with GDL structural information taken into account, are carried out to explore the fundamentals behind experimentally observed
performance differences of the two carbon substrates, i.e. CC and CP, under low- and high-humidity operations. Validation against polarization
data is made under both operating conditions, and the results indicate that the CC is the better choice as a GDL material at high-humidity operations
due to its low tortuosity of the pore structure and its rough textural surface facilitating droplet detachment. However, under dry conditions, the
CP shows better performance due to its more tortuous structure, which prevents the loss of product water to dry gas streams, thus increasing the
membrane hydration level and reducing the ohmic loss. The present work is one step toward developing a science-based framework for selection
of materials for next-generation, high-performance gas diffusion media.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Research on polymer electrolyte fuel cells (PEFCs) has been
a rapidly growing field [1]. Among the PEFC components, the
gas diffusion layer (GDL) plays an important role of electronic
connection between the bipolar plate with channel-land struc-
ture and the electrode. In addition, the GDL also performs the
following essential functions: passage for reactant transport and
heat/water removal, mechanical support to the membrane elec-
trode assembly (MEA), and protection of the catalyst layer from
corrosion or erosion caused by flows or other factors [2,3]. Phys-
ical processes in GDLs, in addition to diffusive transport, include
bypass flow induced by in-plane pressure difference between
neighboring channels [4,5], through-plane flow induced by mass
source/sink due to electrochemical reactions [6,7], heat transfer
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[8,9] like the heat pipe effect [10], two-phase flow [10-13], and
electron transport [14,15].

Two types of GDLs are commonly used in PEFCs: carbon
paper [16—18] and carbon cloth [19-21]; both are commercially
available. For convenience, carbon paper and carbon cloth are
denoted as CP and CC, respectively, in the present paper. Both
of them are carbon-fiber-based porous materials: carbon paper is
non-woven, while carbon cloth is woven fabric, thus no binder is
needed. Fig. 1 shows scanning electron microscope (SEM) pic-
tures of these two GDL substrates. It has been experimentally
observed that the performance of PEFCs employing CC GDLs is
different from that with CP GDLs under low- or high-humidity
operations, respectively [22-24]. Ralph et al. [22] showed that
the CC indicates a much better performance than the CP at high
current density operations (>0.5 A/cm?) with internal humidi-
fication. Williams et al. [23] presented a characterization study
on the properties of both commercial and in-house GDL sub-
strates, including limiting current, electronic resistance, fraction
of hydrophobic pores, gas permeability, pore size distribution,
and morphology. Their experimental results indicated that CC
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Fig. 1. SEM micrographs of: (a) carbon paper and (b) carbon cloth.

and CP show different performance at the atmospheric pressure
operation. Similar result was also presented by Frey and Linardi
[24]. However, no detailed explanation has been given as to why?
More fundamentally, a relationship between GDL microstruc-
ture and performance is absent in the current literature.

This paper seeks to develop the structure—performance rela-
tionship for GDLs, and hence to delineate the differences
between carbon paper and carbon cloth observed experimen-
tally. In addition, this study makes a first attempt to incorporate
the GDL structural information into a fuel cell model. Validation
of the simulation results is presented at both dry- and humid-
operations, together with an explanation by detailed distributions
of species concentration and current density. The long-term goal
of this work is to shed light on what structural properties are
desired for next-generation, high-performance GDLs.

2. Physical and numerical model

The voltage loss of a PEFC is controlled by activation, Ohmic
resistance, and mass transport. Under the isothermal condition,
the mechanisms behind these losses are described by four prin-
ciples of conservation: mass, momentum, species and charge,
which, for the steady state, can be written in a concise form as
follows [10,12,25]:

Continuity equation : V- (o) =0 @))
. 1 -
Momentum conservation : -V (puu) = —-VP+V . pt
&
+ Su 2)
Species conservation : V. (yciiCk) =V. (Dg’effvclé)
k k
mf| Cg -
-Vl =-— St (3
( Mk Pg > Ji| + Sk ( )
Electron conservation: 0=V . (GEfdebs) + So, (@)
Proton conservation : 0 = V - «*fVad,) + Se 5)

where p, i, p, c, @, and P, respectively, denote the density,
superficial fluid velocity vector, pressure, molar concentration
of species k, electronic phase potential, and electrolyte phase

potential. The assumptions made in the present model are as
follows: (1) ideal gas mixtures; (2) isotropic and homogeneous
membrane, catalyst layers and gas diffusion layers; (3) incom-
pressible and laminar flow due to small pressure gradients and
flow velocity; and (4) negligible mass source/sink in the continu-
ity equation as justified in Ref. [7]. The physical, transport, and
electrochemical properties as well as the source terms, S, Sk,
S¢.»and Sy, are summarized in Tables 1-3 in detail. Discussion
of these property relations has been presented previously and
is therefore not repeated here. Other properties related to two-
phase dynamics and transport phenomena in the porous media
are elaborated below.

2.1. Two-phase transport

The two-phase mixture density is defined as:

p=spi+(1—5)pg (6)

where the liquid water saturation, s, is the volume fraction of
open pores occupied by liquid water. In the M? (multiphase mix-
ture) formulation [26], the liquid saturation is obtained from the
following relation with the mixture water concentration, CcH20,
after the latter is solved from the differential Eq. (3):

CHZO - Csat

- 7
* pl/MHZO — Csyt 2

The flow fields of both phases in the GDL are described through
the relative permeabilities, k1 and k., defined as the ratio of the
intrinsic permeability of liquid and gas phases, respectively, to
the total intrinsic permeability of a porous medium. Physically,
it describes the extent to which one fluid is hindered by others in
pore spaces and hence can be formulated as a function of liquid
saturation. A set of functions have been used for the carbon-
fiber-based porous media in the following power law:

kg =s" and kg =(1—5)" ®)
Berning and Djlali [27] set ng =1 in their work while most of
others [10,12,13], including this work, used n = 3. Note that the
larger ny is chosen, the greater resistance liquid flow experiences.
The presence of liquid phase affects the transport of species
through the convection corrector factor, y., and effective gas
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Table 1
Physical and transport properties
Quantity Value
Water saturate concentration, Cgy(7) [35] Csat(T) = PY(T)/RT, where log g p* = —2.1794 +0.02953
(T—273.15) —9.1837 x 1073 (T —273.15)> + 1.4454 x 107 (T —273.15)3
0.043 + 17.81a — 39.85a% + 36.0a3, for0 <a <1
Water content in membrane, A [35] A= 144 1.4(a—-1), forl <a<3
16.8, for3 <a
Tonic conductivity of membrane, k [35] (0.005139A — 0.00326) exp [1268(1/303 — 1/T)]
3.1 x 10734028 — 1) x e 2430/T for 0<A<3
H» O diffusivity in membrane, Dy, [36] Dy =
417 x 1074A(1 4 161e™*) x e72430/T  otherwise
1.0,
Electro-osmosis coefficient, ng [37] ng = 1.5
?(A — 14) + 1.0, otherwise
Memb densit (38] 1.98 + 0.0324 10°
mbrane densi = %
ctubrae censity, 1+ 0.0643
e T \3/2 (1
Diffusivity in the gas channels, D [39] D, (35—3) (E )
Hz/H; 0 diffusivity in anode gas at standard condition, Do H,.a/ Dow.a 1.1028 x 1074/1.1028 x 10~* m?/s
0,/H,0 diffusivity in cathode gas at standard condition, Do,0,,4/Do.w.a 3.2348 x 1073/3.89 x 107> m?/s
Viscosity of anode/cathode gas, 4 [40] w=9.88 x 1070 Xg, + 1.12 x 1075 X0 +2.01 x 107> Xy, +2.3 x 1075 Xo,
Table 2
Source terms for the conservation equations in each region
Su Sk Sd’c S¢x
Gas channels 0 0 - 0
Diffusion layers B 0 0 0
KapL
no_ ng . . .
Catalyst 1. - -V (= — -
atalyst layer Kot u ( 7 ze) W F Jj -j
Membrane - 0 0 -
Electrochemical reaction:
M), = chemical formula of species k
Zsk M} =ne~, where sk = stoichiometry coefficient
k n = number of electrons transferred
In PEM fuel cells, there are:
(Anode) Hy—2H* =2e~
(Cathode) 2H,0-0,—4H* =4¢~
Note: nq is the electro-osmotic drag coefficient for water. For H, and O3, ng =0.
Table 3
Electrochemical properties
Description Anode Cathode
/
ctz oy o 02 o F
Transf t density, j (A/m? 00| = L. F —ai — (—)
ransfer current density, j (A/m”) aig,a (Cr}éf ) ( RT aig,c Cg% exp RT n
Surface overpotential, n (V) by — D — U, by — D — U,
Equilibrium potential, U, (V) 0 1.23-0.9 x 1073(T — 298)
Exchange current density x reaction surface area, apiop (A/m3) 1.0 x 10° 3.5 x 10*

Transfer coefficient, « atoe=2

ac=1
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phase diffusivity, D’geff:

14 Al Ag
CH20 ( MH:0 + p_gcsat , forwater
PAg
pg(l —5) ’

Ye = ©))

for other species

where Ay is the relative mobilities of individual phases. Phys-
ically, the relative mobility describes the ratio of interface
velocities or slip between gas and liquid water phases and can
be formulated through liquid water saturation and the kinematic
viscosity of phases:

ki /vl

=————— and A, =1-—X) (10)
ki /v + kg /vg £

Al

Expression of D’é‘eﬁ will be given in the later. The capillary
diffusion flux, }’1, in Eq. (3) can be calculated by:

) )\'l)hg -
= TK [VP: + (o1 — pg)gl, where
enl1/2
Pe=P,— P = ocos(@c)(?) J(s) (11)
Here, o is the surface tension, and J(s) is the Leverett function, an

empirical relation that is generally adopted for both hydrophobic
and hydrophilic GDLs:

() 1.417(1 — 5) — 2.120(1 — 5)> + 1.263(1 — ), for 6, > 90°
S) =
1.417s — 2.120s% + 1.263s3, for 6, < 90°
(12)

Usually, the GDL materials are made hydrophobic through
adding PTFE to facilitate the water removal. The PTFE load-
ing, commonly ranging from 5 to 30%, has significant influence
on the contact angle, 0. [2]. High PTFE loadings have been
studied in Refs. [16,28].

The presence of liquid water in the catalyst layer will reduce
the electrochemically active area. The following empirical for-
mula is used to account for the effect of liquid water coverage
[29]:

a=(1—-95"ag (13)
2.2. Carbon paper (CP) versus carbon cloth (CC)

The structural differences (non-woven versus interwoven),
as shown in Fig. 1, result in two major quantifiable differences.
One is that carbon cloth is more porous and less tortuous than
carbon paper. The second is in liquid water coverage on the
GDL surface, with carbon cloth being rougher and hence less
liquid water coverage than carbon paper, as clearly shown in
Fig. 2.

For gas phase transport, the effective gas diffusion coefficient
in Eq. (3), accounting for the tortuosity, t, is given by:

keff _ €~k _ k
Dyt = th =" D, (14)

where the Bruggeman factor, t4, is constant reflecting tortuos-
ity for a specific porous media. Note that the last term in Eq.

Fig. 2. In situ images of liquid water on GDL surface in operating PEFCs at
0.8 A/cm?, 80 °C and 2 atm: (a) carbon paper and (b) carbon cloth. The channels
shown are 1 mm wide, with droplets on carbon paper being ~200 pwm and those
on carbon cloth ~10 pm.

(14) is also referred to as Bruggeman relation. In previous work
[9,12,30], the Bruggeman factor, 74, is set to be a constant at 1.5.
For two-phase transport, the liquid water attaches on the pores’
wall, following the same morphology of the GDL solid matrix.
Thus, the effective gas diffusion coefficient is modified by:

Dy = [e(1 — )] Dy (15)

In the present work, CP and CC are differentiated by their tortu-
osity factors that are fitted with experimental data (see Table 4).

Table 4

Geometrical and operating parameters

Quantity Value
Gas channel depth/width (mm) 0.5/1.0
Shoulder width (mm) 1.0

GDL thickness, Sgpr. (mm) 0.2
Catalyst layer thickness, cr, (mm) 0.01
Membrane thickness, &, 0.03
Fuel cell height/length (mm) 2.0/100.0
Anode/cathode pressures, P (atm) 2.0/2.0
Stoichiometry, &,/& 4.0/4.0
Temperature of fuel cell, T (K) 353.15
Porosity of GDL, ¢ 0.6
Porosity of catalyst layers, &g 04
Volume fraction of ionomer in catalyst layers, &ny, 0.2
Surface tension, liquid-water—air (80 °C), o (N/m) 0.0625
Tortourosity of GDL (carbon paper/carbon cloth), t 2.75/1.11
Liquid water coverage (carbon paper/carbon cloth), so (%) 10/0
Effective electronic conductivity in the GDL/land, o° (S/m) 500/20000
Contact angle, 6. (°) 110
Permeability of GDL, KgpL (m?) 10712
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In addition, liquid water coverage on GDL surface, i.e. liquid
water emerges from the porous GDL in the form of droplets,
has great influence on the PEFC performance. Decreasing the
coverage will benefit the oxygen access to the catalyst site.
Several factors affect the attachment of water droplets on the
hydrophobic GDL surface, they are gas flow rate in the chan-
nel, GDL surface roughness, water production rate, and contact
angle [31,32]. The gravitational effect can be neglected con-
sidering the dimension of droplet diameter is small, <1 mm. A
general approach to modeling liquid water coverage on GDL
surface has been outlined by Meng and Wang [29]. For simplic-
ity, in the present work we use a constant interfacial coverage,
i.e. 5o & 10% and 0% for CP and CC, respectively. These values
were estimated from video files of droplet visualization on GDL
surface in operating fuel cells obtained in our laboratory (not
included here).

Key parameters characterizing the CC and CP are listed in
Table 4. The values of permeability, K, contact angle, 6, elec-
tronic conductivity, *f, and porosity, ¢ are selected for typical
GDL materials, which are set to be the same for the CC and CP
due to the negligible differences under the same PTFE loading.
In addition, in our experiments performed for model validation,
good care has been taken to make identical conditions for the
CC and CP, such as the PTFE loading and compression, thus the
differences observed can be solely ascribed to the structural fea-
tures of the CC and CP. Note however that anisotropy of GDLs
has not been taken into account, and future work is needed to
consider this important effect.

2.3. Boundary conditions

Egs. (1)-(5), form a complete set of governing equations with
nine unknowns: u (three components), P, CH,, Co,, CH,0, Pe,
and ¢s. Their corresponding boundary conditions are described
as follows.

2.3.1. Flow inlet boundaries

The inlet velocity i;, in a gas channel is expressed by the
respective stoichiometric flow ratio, i.e., £, or &, defined at the
average current density, /, as:

H
. C 2Min,aAa

£ . COZ Uin,c A
“ 7 IAmem/2F

and = 16
& T /AF (16)
where A,, A¢, and Apem are the flow cross-sectional areas of
the anode and cathode gas channels and the membrane area,
respectively. The inlet molar concentrations are determined by
the inlet pressure and humidity according to the ideal gas law.

2.3.2. Outlet boundaries
Fully developed or no-flux conditions are applied:

o ack 9 9
W_o o We_o ¥ _y o gy
on on on on

In-plane

Along-channel direction

Through-plane

Anode catalyst layer
MEA
—— > Through-plane direction

Fig. 3. Computational domain and mesh of a single-channel PEFC.

2.3.3. Walls
No-slip and impermeable velocity condition and no-flux con-
dition are applied:

ack P 9

— =0, — 0¢e
on on on

In addition, the boundary conditions for the electronic phase

potential, ¢, at the bipolar plate outer surfaces can be expressed
as:

i =0, =0 (18)

¢s =0, anode

a¢§ IAmem

— = ————— cathode

on O’effAC’Wau (19)
0

ﬁ =0, otherwise

on

where Ac wan is the area of the cathode outer surface.
2.4. Numerical procedures

The governing equations, Eqs. (1)—(5), along with their
appropriate boundary conditions are discretized by the finite vol-
ume method [33] and solved by the commercial CFD software
package, Fluent® (version 6.0.12), with SIMPLE (semi-implicit
pressure linked equation) algorithm [33]. The SIMPLE algo-
rithm is to update the pressure and velocity fields from the
solution of the pressure correction equation, solved by algebraic
multi-grid (AMG) method. Following the solution of the flow
field, species, proton, and electron equations are solved. The
source terms and physical properties are implemented in a user-
defined functions (UDF) and the species and charge transport
equations are solved through the software’s user-defined scalars
[34]. An average current density is specified as an input param-
eter, allowing the local current density and electronic phase
potential to vary spatially according to local conditions. The
mesh of a single-channel PEFC employed here for a numerical
study is shown in Fig. 3 with the anode and cathode in co-flow.
Geometrical and operating parameters of this PEFC are listed in
Table 4. 120,000 (60 x 100 x 12) computational cells are used
to capture the complex electrochemical and physical phenomena
in the PEFC. In addition, in all the simulations to be presented
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Carbon paper-exp
Carbon cloth-exp

0.2 Carbon paper-sim
— — — — Carbon cloth-sim
0 R SRS L1 R
0.2 0.4 06 0.8

Current density (A/lcm?)

Fig. 4. Polarization curves under low-humidity (RHa/c =26/26%) operations.

in the next section, values of equation residuals are smaller than
1076.

3. Results and discussion

Validation of both low- and high-humidity operations, in the
form of polarization curve, is presented in Figs. 4 and 5, respec-
tively. Both figures show good agreement between simulation
results and experimental data. It can be seen that under the
low humidity, the CP exhibits better performance, while under
the fully-humidified condition, the two materials perform the
same at low current densities and the CC becomes superior
when the current density is higher than 0.6 A/cm?. A similar
trend under high-humidity operations was also observed in the
experiments of Ralph et al. [22]. To explore the fundamental
channel

land | | land

1.24

(@)

12 r
r RHa/c=100/100%
1L
= o08f
) [
=] L
% 06
L L
o C
O o4
I Carbon paper-exp
L Carbon cloth-exp
0.2 r Carbon paper-sim
I — — — — Carbon cloth-sim
ole v v v by b b b bl
0 0.2 0.4 0.6 0.8 1 12
Current density (A/lcm’)

Fig. 5. Polarization curves under full-humidification (RHa/c = 100/100%) oper-
ations.

differences between the two carbon substrates under dry and
fully-humidified conditions, we focus on two cases with the
average current density of 0.6 and 1.0 A/cm?, respectively, in
the following discussion.

Fig. 6 compares the oxygen concentration contours in
the cathode GDL for the two substrates at 1.0 A/cm? and
fully-humidified operation. It can be seen that the oxygen con-
centration in the CP is much lower than the one in the CC,
indicative of the high transport resistance of the CP structure
that is highly torturous. The limitation of oxygen transport is
much more severe under the land as shown in this figure. Due to
the domination of oxygen concentration polarization under high
current densities, the CP shows lower performance as observed
in Fig. 5.

channel

Flow direction

Fig. 6. Oxygen concentration distributions in the mid-section of the cathode GDL at 1.0 A/cm? and full-humidification: (a) carbon paper and (b) carbon cloth.
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Fig. 7. Liquid water saturation (s) distributions in the mid-section of the cathode GDL at 1.0 A/cm? and full-humidification: (a) carbon paper and (b) carbon cloth.

Fig. 7 shows the contours of liquid water saturation in the
same location and under the same operating conditions. It can
be seen that the saturation level is lower in the CC, which can be
explained by the fact that woven fabric surface is rougher and
fibrous, and hence less liquid water coverage than the CP. Con-
sidering that liquid water hampers the oxygen gaseous transport,
the higher saturation is also responsible for the lower oxygen
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content in the CP as shown in Fig. 6. In addition, less water
in the CC also raises less concern of liquid water covering the
active catalyst surface.

Local performance of the cell at the same conditions can be
quantitatively expressed by the density of protonic current across
the membrane as shown in Fig. 8. It can be seen that the current
density is more uniform for the CC. In addition, the CP shows

| la

]

Flow direction

(b)

Fig. 8. Current density distributions in the mid-section of the membrane at 1.0 A/cm? and full-humidification: (a) carbon paper (Ve = 0.48 V) and (b) carbon cloth

(Veen =0.545 V).
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higher current value under the channel because the carbon paper
cell is subject to lower cell voltage as shown in Fig. 5, which
leads to higher electrochemical surface overpotential. However,
the current contribution under the land is much smaller for the
CP substrate, which can be explained by the severe limitation
of oxygen transport and high water coverage on the catalyst in
the CP case. We can see that the structural difference between
the two GDL materials results in more distinctive performance
under the land portion, where the reactant transport resistance to
the catalyst site is amplified. In addition, the higher current under
the channel for the CP, observed in this figure, does not mean
better local performance. This is due to the same average cur-
rent density imposed, for which the CP allows more local current
across the membrane (than the woven substrate) under the chan-
nel portion where the transport resistance is much smaller than
under the land, comparing with the CC. In fact, by simple one-
dimensional analysis, it can be shown that the CP is inferior to
the CC under high-humidity operation considering its high mass
transport resistance and water coverage. However, the impact of
inferior factors varies in different regions of PEFCs, typically
referred as to under the land and under the channel. Thus, a three-
dimensional analysis can provide much more profound insight
into the effect of structural differences between these two GDL
substrates.

The above discussion links two structural factors of a GDL
with cell performance, one is the GDL tortuosity, which affects
species transports, and the other is the surface properties, i.e. the
wettability and roughness, controlling water droplet attachment
or water coverage on the GDL surface. The CP is inferior to
the CC in both of these factors under high-humidify operations.
Thus, the CP leads to lower performance as shown in Fig. 5.

|land | channel | land |

1684 =
: v
L o

\13.75

@)
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This performance difference is significant under high current
density operations dominated by mass transport polarization.
The experiment conducted by Williams et al. [23] also shows
the CP mostly is inferior under high-humidity operations. In
addition, their fuel cells operate at the atmospheric pressure,
which makes the mass transport limitation of the CP more severe.

The above evaluation is valid under high-humidity condi-
tions, when the membrane is fully hydrated and hence the
difference in membrane resistance between the two cases is neg-
ligible. As the gas humidity decreases, the ohmic resistance of
the membrane begins to dominate cell performance in the inter-
mediate range of the current density. Thus, the preference of
GDL material properties shifts to the one leading to moisture
preservation and high membrane hydration. Fig. 9 presents the
water profiles in the cathode GDL for the two gas diffusion
media under 0.6 A/cm? and low-humidity operation. It can be
seen that the water concentration is much higher in the CP than
the CC, which can be explained by the high tortuosity of the
CC that prevents product water loss to the dry gas flows. The
concentration difference is larger under the land. Accordingly,
the membrane maintains a higher hydration level for the CP
as shown in Fig. 10, which displays the water content, A, in the
membrane under the same condition. The water content contours
directly reflect the protonic resistance distribution, keeping in
mind that the membrane proton conductivity linearly increases
with membrane water content, as suggested by Springer et al.
[35] in Table 1.

Fig. 11 shows the oxygen concentration contours in the cath-
ode GDL under the same condition. Similar to Fig. 6, lower
oxygen concentration is present in the CP, indicative of the high
tortuosity of its pore structure. However, the value of the oxy-

channel | land |

| land |

Flow direction

Fig. 9. Water concentration contours in the mid-section of cathode GDL at 0.6 A/em? and low-humidity condition (RHa/c =26/26%): (a) carbon paper and (b) carbon

cloth.
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Fig. 10. Water content, A, contours in the mid-section of the membrane at 0.6 Alem? and low-humidity condition (RHa/c =26/26%): (a) carbon paper and (b) carbon

cloth.

gen content under the land is not as low as that in Fig. 6, which
makes the mass transport polarization less important for this dry
operation. Fig. 12 presents the current density distributions in
the membrane for the two GDL substrates. It can be seen that
high current density appears under the land for both GDL mate-
rials. This current distribution is usually indicative of the ohmic

channel | land |
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[ /R 5l
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/
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<+
]
=
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Mills
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control of cell performance: higher water content appears under
the land, improving the local proton conductivity and therefore
high current flow across the membrane. Thus, in the dry oper-
ation, which is dominated by ohmic loss, the highly torturous
structure of the CP helps membrane hydration and hence exhibit
superior cell performance, as indicated by Figs. 10 and 4, respec-
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Fig. 11. Oxygen concentration contours in the mid-section of the cathode GDL at 0.6 A/cm? and low-humidity condition (RHa/c =26/26%): (a) carbon paper and

(b) carbon cloth.



3974

|land | channel | land |
ST o0
AT 52 AR
QT / 3\]6‘
N
0
= /\ \
“?
o =

57

9L O

073
0.50

Y. Wang et al. / Electrochimica Acta 52 (2007) 3965-3975

channel
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Fig. 12. Current density distributions in the mid-section of the membrane at 0.6 A/cm? and low-humidity condition (RHa/c =26/26%): (a) carbon paper (0.585 V)

and (b) carbon cloth (0.514 V).

tively. In addition, the performance difference in Fig. 4 occurs at
the intermediate current density, which is typically the range of
ohmic control. As the current density decreases, the difference
vanishes.

4. Conclusions

A numerical study has been performed to examine the
structure—performance relationship of carbon cloth and carbon
paper as gas diffusion media of PEFCs. The structural char-
acteristics of the two carbon substrates were incorporated into
a multi-phase model and three-dimensional simulations were
carried out to explore the fundamentals behind their perfor-
mance differences under low- and high-humidity operations as
observed experimentally. There exists good agreement between
numerical and experimental data of polarization curves. Com-
parison of detailed water, oxygen, and current distributions with
these two GDL materials indicates that highly tortuous structure
of the carbon paper leads to severe mass transport limitation
under high-humidity operations. In addition, its smooth surface
makes water-droplet detachment difficult, resulting in severe
water coverage on the surface and increased mass transport loss.
Thus, the carbon cloth is a better choice as the GDL substrate
for high-humidity operations. However, under the dry condition,
the carbon paper is found to be superior due to its highly tortur-
ous pore structure, which retains product water in the MEA and
improves the membrane hydration hence its proton conductivity.
In addition, the two GDL materials display similar performance
at low current densities controlled by the electrochemical kinet-
ics.
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Appendix A. Nomenclature

a water activity; effective catalyst area per unit volume
(m3/m3)

ao catalyst surface area per unit volume (m?/m?>)

A electrode area (m?)

CC carbon cloth

ck molar concentration of species k (mol/m?)

p specific heat (J/kg K)

Cp carbon paper

D species diffusivity (m?/s)

EW equivalent weight of dry membrane (kg/mol)

F Faraday’s constant (96,487 C/equivalent)

i superficial current density (A/cm?)
1 current density (A/cm?)

j transfer current density (A/cm?)

}'1 mass flux of liquid phase (kg/m? s)
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permeability (m?)

relative permeability

length (m)
flk mass fraction of species & in liquid phase
molecular weight (kg/mol)
the direction normal to the surface
ng electro-osmotic coefficient (HyO/H™)
pressure (Pa)
gas constant (8.134 J/mol K)
s stoichiometry coefficient in electrochemical reaction
or liquid saturation

S s N

= v

S source term

T temperature (K)

u velocity vector (m/s)

U, equilibrium potential (V)
Veell cell potential (V)

X mole fraction

Greek letters

transfer coefficient

density (kg/m?)

viscosity (kg/ms)

kinematic viscosity (m?/s)

contact angle (°)

phase potential (V)

proton conductivity (S/m)
stoichiometric flow ratio

membrane water content

mobility of phase k

porosity

surface overpotential (V)

T shear stress (N/m?)

Ve correction factor for species convection
1) thickness (m)

o electronic conductivity (S/m); or surface tension (N/m)

>m A e DT w DR

» >
ks

Superscripts and subscripts

a anode

c cathode; capillary

CL catalyst layer

e electrolyte

eff effective value

g gas phase

GDL  gas diffusion layer

in inlet

k species; liquid or gas phase
1 liquid

m membrane phase

0 gas channel inlet value; reference value
ref reference value

S solid

sat saturated value
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