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a b s t r a c t

Gas diffusion layer (GDL) is one of the critical components acting both as the functional as well as the
support structure for membrane–electrode assembly in the proton exchange membrane fuel cell (PEMFC).
The role of the GDL is very significant in the H2/air PEM fuel cell to make it commercially viable. A
bibliometric analysis of the publications on the GDLs since 1992 shows a total of 400+ publications (>140
papers in the Journal of Power Sources alone) and reveals an exponential growth due to reasons that
PEMFC promises a lot of potential as the future energy source for varied applications and hence its vital
component GDL requires due innovative analysis and research. This paper is an attempt to pool together
the published work on the GDLs and also to review the essential properties of the GDLs, the method
orosity
ater management

as permeability
roton exchange membrane fuel cell

of achieving each one of them, their characterization and the current status and future directions. The
optimization of the functional properties of the GDLs is possible only by understanding the role of its
key parameters such as structure, porosity, hydrophobicity, hydrophilicity, gas permeability, transport
properties, water management and the surface morphology. This paper discusses them in detail to provide
an insight into the structural parts that make the GDLs and also the processes that occur in the GDLs under
service conditions and the characteristic properties. The required balance in the properties of the GDLs

to facilitate the counter current flow of the gas and water is highlighted through its characteristics.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction
The proton exchange membrane fuel cells (PEMFCs) are
the promising power sources for automotive, stationary and
portable equipments because of their higher power densities and
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Fig. 1. Bibliometric analysis of the publications.

nvironmental benefits and hence they have attracted enormous
&D attention during the last decade. The crucial part of the fuel
ell system is the membrane–electrode assembly (MEA) which con-
ists of a proton exchange membrane with a layer of catalyst on both
ides and a gas diffusion layer (GDL) in contact with each of the cat-
lyst layers. The commercial success of the PEMFCs rests with their
bility to show optimal performance with H2/air system at high
urrent density. However, when air is used as oxidant, the power
ensity values are reduced due to mass transport limitations pri-
arily at the cathode. GDL is one of the critical components of a

uel cell that has the ability to influence the H2/air system as its
asic functions are transportation of the reactant gas from flow
hannels to catalyst layer effectively, draining out liquid water from
atalyst layer to flow channels, conducting electrons with low resis-
ance and keeping the membrane in wet condition at low humidity.
nderstanding the functionality of GDL is very essential for its opti-
ization to meet the service conditions. A bibliometric analysis of

he publications on GDL since 1992 has been carried out. The data
ere based on the online version of the Science Citation Index (SCI),
eb of Science. SCI is a multidisciplinary database of the Insti-

ute for Scientific Information (ISI), Philadelphia, USA. According
o Journal Citation Reports (JCR), it indexed 6426 major journals
ith citation references across 172 scientific disciplines in 2007.

Gas Diffusion Layer” and (“fuel cell” or “fuel cells”) were used as
eywords to search titles, abstracts, or keywords. The number of
ublications in the past 5 years (Fig. 1) reveals that the significant
nd indispensable role of the GDL has triggered systematic and sci-
ntific analysis sprawling over the areas of interdisciplinary science.
n addition, there are also several patents and book chapters. It is
orth mentioning about the book chapters describing the materials
roperties, characterization and fuel cell performance of the GDLs
1–3]. This paper focuses on the review of the methods of prepara-
ion of GDL, its structure and characterization along with the recent
evelopments and future directions.

. Characteristics of GDL

The power performance of the PEMFC is strongly influenced
y interdependent properties such as water management, porosity

nd graded structure of GDL. The GDL should possess the combined
nd balanced properties of hydrophobicity (water expelling) and
ydrophilicity (water retaining). These properties have to be bal-
nced carefully to ensure that the fuel cell system works without
ooding and high humidity. The pore dimension and the surface
Fig. 2. Structure of (a) hydrophilic, (b) small hydrophobic and (c) larger hydrophobic
GDL pores showing water transport.

feature of the droplet affect the flow of water droplets. Fig. 2
explains the effect of expanded and contracted pores in water
transport: water flows easily in contact with a hydrophilic and
concave pore (a), whereas its flow in a same sized hydropho-
bic convex pore (b) is constrained and requires a larger sized
pore (c). The ideal GDLs should have properties such as good
gas diffusion [4,5] with optimum bending stiffness, porosity,
surface contact angle, air permeability, water vapor diffusion,
electrical/electronic conductivity, crack free surface morphology,
high mechanical integrity and enhanced oxidative stability along
with durability at various operating conditions including freez-
ing.

2.1. Hydrophobicity and hydrophilicity

Numerous research papers aim at developing GDLs with
improved efficiency based on theoretical and experimental anal-
ysis. Lim and Wang [6] have studied the effects of hydrophobic
fluorinated ethylene propylene content in GDL and inferred the
crucial role of hydrophobic content on the surface morphology
of the GDL and hence on the performance of the PEM fuel cell.
Park et al. [7] have investigated the water management in the
micro-layer (ML) and the gas diffusion medium (GDM) as the func-
tion of the hydrophobic content of the GDM and inferred that
the capillary-force-driven water movement and the shear-force-
or vaporization-driven water transportation should be considered
and balanced for both the ML and the GDM structures. Lin and
Nguyen [8] observed that adding polytetrafluoroethylene (PTFE) to
the GDL could enhance gas transport and water transport when
a cell operates under flooding condition, but excessive PTFE load-
ing could lead to a high flooding level in the catalyst layer. The
hydrophobic treatment and larger air permeability of a GDL sub-
strate were found to improve the start-up performance of a PEMFC
[9]. A study by Park et al. [10] indicated that the optimized PTFE
content of GDL resulted in an effective water management and
improved oxygen diffusion kinetics in the membrane–electrode
assembly. Wang et al. [11] have reported sucrose carbonization
of GDL in order to obtain high hydrophobicity with low PTFE
loading. Gostick et al. [12] measured capillary pressure curves for
both the total pore network and the pore network consisting of
only hydrophilic pores of GDL, which enabled the determination
of capillary pressure curves to infer on GDL flooding. Jordan et
al. [13] analyzed the effect of hydrophobicity and porosity of the
diffusion layer on water impregnation and gas diffusion through
the GDL and the influence of the diffusion layer morphology on
cell performance. The effects of porosity, thickness and wettabil-
ity of a micro-porous layer on the two-phase transport in PEFC
were studied by Pasaogullari and Wang [14]. Lee et al. [15] eval-
uated the effect of thickness of the GDL on the performance of
the PEM fuel cell. Very recently, Kannan et al. [16] have reported
the development of GDLs by in situ growth of multi-walled car-

bon nanotubes as micro-porous layer on carbon paper substrates.
As this micro-porous layer does not have any hydrophobic agent,
the fuel cell performance is reported to be stable even at 50% RH
conditions.
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about 0.46 W cm−2 at 85 ◦C using H and air at 50% RH. The benefi-
ig. 3. Pore size distribution of a typical GDL fabricated with Pureblack carbon based
icro-porous layer.

.2. Porosity

GDLs are typically multi-layered carbon based porous materi-
ls containing a macro-porous substrate or backing which provides
echanical strength, electrical conductivity and mass transport for

he gas reactants and water product, and at least one micro-porous
ayer which enhances the electrical conductivity and improves
he water management. As the macro-porous substrates for GDLs
re either carbon cloth or non-woven carbon materials, the pore
izes of common macro-porous substrates (1–100 �m) are much
arger than the average pore size of catalyst layers (a few hundred
anometers).

The two methods used to determine the bulk porosity of GDL
re Mercury porosimetry and immersion method. Bulk porosity of
GDL is defined as its total pore volume divided by the summation
f its total pore volume and its solid volume [17]. Bulk porosity
s expected to affect the effective diffusion coefficient (Deff) of a
orous medium according to the following equation

eff = ε

�D
(1)

here ε is the porosity, � is the tortuosity, and D is the binary
iffusion coefficient of oxygen in nitrogen.

A mercury pore size analyzer estimates the total pore volume by
easuring the amount of mercury penetrated into pores of a porous
edia as a function of the applied pressure. Pressure required to

enetrate mercury into a certain size of pore is a function of the
ore diameter. A Quantachrome PoreMaster-33 is a useful tool to
nalyze any porous media with pore sizes ranging between 3 nm
nd 300 �m. This tool can collect pore size distribution of all GDLs
nd bare macro-porous substrate. Pore size distribution of a typ-
cal GDL seen in Fig. 3 shows micro-, meso- and macro-pores of
.06, 0.2 and 55 �m diameter, respectively. On the other hand, the

mmersion method weighs the sample before and after immersing
n a wetting liquid to determine the bulk porosity. Williams et al.
17] determined the porosity of the different GDLs by the mercury
orosimetry and the immersion method and reported that both
ethods have good agreement for all samples of GDL studied.
Porosity of the GDL allows the reactant gases to reach the reac-

ion zones and the product water move out. In terms of water
anagement, the role of the micro-porous layer of the cathode GDL
s to effectively remove the product water so that the gaseous oxy-
en molecules can reach the reactions sites through the relatively
ry pores [18]. The other functions are better ohmic behavior and
lso to facilitate optimum catalyst utilization. All these functions
Sources 194 (2009) 146–160

are exhibited by the controlled porosity of the GDL. The effects
of the cross-section of the channel of the anode flow distribu-
tor and the porosity of the gas-diffusion layer on the transport
phenomena have been simulated by Yan et al. [19]. The power
density of 0.91 W cm−2 was reported by the micro-porous layer
(MPL) containing 10 wt.% Black Pearls 2000 in composite carbon
black, characterized with effective bi-functional pore structure [20].
Roshandel et al. [21] determined the porosity variation in the GDL
as a function of the applied pressure and the amount of the water
generated in the cell and inferred that when the electrical current
density is low, the porosity variation in gas diffusion layer has no
significant influence on the level of polarization whereas at higher
current density the influence is very significant. The porosity vari-
ation causes non-uniformity in the mass transport which in turn
reduces the current density and a lower fuel cell performance. A
high efficiency bi-functional MPL with composite carbon black con-
sisting of 20 wt.% Black Pearls 2000 carbon and 80 wt.% Acetylene
Black carbon has been proposed by Wang et al. [22] to enhance the
transportation of both reactant gases and liquid water. A study of
the liquid water flux through differently structured GDL by Zhan et
al. [23] has reported that GDL with a gradient of porosity and also
with larger gradient is more favorable for liquid water discharge
from catalyst layer into the gas channel. A pore network model of
the GDL proposed by Gostick et al. [24] with a regular cubic network
of pore bodies and pore throats following respective size distribu-
tions suggest that a dry GDL does not limit the performance of a
PEMFC, but it may become a significant source of concentration
polarization as the GDL becomes increasingly saturated with water.

The evaluation of carbon loading in the micro-porous layer by ac-
impedance study indicated that the optimized micro-porous layer
results in an effective water management thereby improving the
oxygen diffusion kinetics [25]. The effect of porosity-graded micro-
porous layer (GMPL) prepared by it with different content of NH4Cl
pore-former and decreasing the porosity of the GMPL from the inner
layer at the membrane/MPL interface to the outer layer of the MPLs
at the gas diffusion electrode/MPL interface. The performance of
the PEMFCs has been studied and inferred that the micro-porous
layer with graded porosity is beneficial for the electrode reactions
of fuel cell reaction by facilitating the liquid water transportation
through large pores and gas diffusion via small pores in the GMPLs
[26]. Zhan et al. [27] analyzed the distribution of liquid water phase
saturation for GDL structures such as GDL with uniform porosity,
sudden change in porosity and with graded porosity. The effect
of porosity changes on gas diffusion and liquid saturation due to
water remaining in GDL pores has been calculated which indicated
that for uniform porosity GDL, the gas diffusion increased with the
increase of porosity and contact angle and decrease of the thickness
of GDL. Atiyeh et al. [28] evaluated the net water drag coefficient
at three current densities (0.3, 0.5 and 0.7 A cm−2) for two combi-
nations of anode/cathode relative humidity (60/100% and 100/60%)
and stoichiometric ratios of H2/air (1.4/3 and 1.4/2) and showed that
the presence of MPL improved the cell performance although it did
not affect the net water drag coefficient. Functionally graded nano-
porous layers were designed by Kannan et al. [29] by combining
carbon nanofibers with nano-chain type Pureblack carbon in the
z-direction towards the catalyst layer and Teflon content to obtain
variation in pore diameter and also hydrophobicity. On the top of
the nano-porous layer, a thin layer of hydrophilic inorganic oxide
(fumed silica) has also been deposited. They observed that the func-
tionally graded nano-porous GDLs with hydrophilic layer showed
an excellent fuel cell performance with a peak power density of
2
cial role of gradient in porosity in the removal rate of liquid water
and in enhancement of the oxygen transport has also been high-
lighted by Chen et al. [30]. A carbon-filled GDL (CFGDL) proposed
by Han et al. [31] showed a lower porosity of 67% and a smaller
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verage pore diameter of 4.7 �m and gave the largest limiting cur-
ent density that reflected the improvement in mass transportation.
elvarani et al. [32] have reported the use of sucrose as the pore for-
er in obtaining the porous structure in GDL and an enhanced fuel

ell performance. Deyrail et al. [33] have reported a performance
mprovement for the GDLs by adding Montmorillonite nanoclay.
ddition of 2 wt.% nanoclay lead to a porosity of 53% and a specific
ore surface area of 75 m2 g−1.

.3. Permeability

In a PEMFC, water in liquid-phase is produced during the oper-
tion. Water exchanges between the interface of the catalyst layer
nd micro-porous layer. It must be transported from the catalyst
ayer through the micro- and macro-porous layers of the GDL to the
athode flow-field. During the water transportation, the capillary
ressure gradient must overcome the negative pressure gradient
f the gas-phase. A low permeability and high flow resistance
enerate a high gas pressure gradient. The low permeability coeffi-
ients of GDL are associated with high liquid water saturation levels
n the GDL. This is equivalent to a low effective porosity of GDL

hich ultimately affects the ability of oxygen to diffuse towards
he catalyst layer. In integrated flow-fields, gas-phase is forced from
igh-pressure channels into the adjacent low-pressure channels
hrough the GDL. In this case, the gas-phase is transported through
he GDL mainly by convection with in-plane and through-plane
elocity components, a few orders of magnitude higher than that
n GDLs adjacent to conventional flow-fields. Permeability coeffi-
ients of the GDL components are important in understanding the
elationship between chemical and structural properties of GDL and
ts functions for the cell.

The permeability coefficients define the types of the fluid trans-
ort as in-plane permeability (x, y directions) and through-plane
ermeability (z direction). The in-plane, through-plane, viscous
nd inertia permeability coefficients of macro-porous substrates
nd micro-porous layers have been determined separately by con-
rolling the directions of the gas flow through the porous sample
34]. The permeability coefficients of the micro-porous layer are
alculated from these two measurements. Since the viscous and
he inertial permeability coefficients are independent of the fluid
elocity, velocities much higher than that encountered during nor-
al fuel cell operating conditions in GDLs adjacent to conventional

ow-fields, but are within the range of velocities encountered in
DLs adjacent to integrated flow fields have been maintained in
rder to distinguish nonlinear effects. The permeability coefficients
ave been calculated using Darcy formula [34] and by application
f the method of least squares to separate the quadratic term (iner-
ial permeability) from the linear term (viscous permeability) on
tatistical basis.

Feser et al. [35] studied the permeability of samples of woven
nd carbon fiber-based GDL at various levels of compression using
ir as the impregnating fluid. Woven and non-woven samples have
ignificantly higher in-plane permeability than carbon fiber paper
t similar solid volume fractions. The following equation has been
mployed to calculate the in-plane permeability

¯ = −ki

�

dP

dr
(2)

here �̄ is the in-plane average fluid velocity, ki is the in-plane
ermeability, � is the fluid viscosity and dP/dr is the radial pressure

radient.

Williams et al. [17] developed their own method of measuring
he permeability of the gas flow through different GDL materials.

ith measured nitrogen flow rate and pressure drop across a sub-
trate, the permeability coefficient representing gas permeability
Sources 194 (2009) 146–160 149

of the substrate was calculated using the following equation

k = v�
�X

�P
(3)

where k is the permeability coefficient of the porous substrate,
m2; v is the superficial velocity, calculated from the nitrogen flow
rate divided by the area of samples, m s−1; � is the fluid viscos-
ity = 1.8 × 10−5 Pa s for nitrogen at 23 ◦C; �X is the thickness of a
substrate, m; and �P is the pressure drop across a substrate, Pa.

The extent of reactant bypass through the GDL from one channel
to the others has shown the dependence on the GDL permeabil-
ity [36]. On the basis of the radial flow technique, Feser et al.
[35] determined the in-plane permeability of samples of woven,
non-woven, and carbon fiber-based GDL at various levels of com-
pression using air as the impregnating fluid. Woven and non-woven
samples were reported to have significantly higher in-plane per-
meability compared to carbon fiber paper at similar solid volume
fractions. Gostick et al. [37] studied the absolute gas permeability
of several common GDL materials and reported that most materials
displayed higher in-plane permeability than through-plane perme-
ability. The permeability in two perpendicular in-plane directions
showed the significant anisotropy with materials of highly aligned
fibers showing the highest anisotropy. Shi et al. [38,39] employed
the fractal permeability model for the GDL that accounted for the
actual microstructures of the GDL in terms of two fractal dimen-
sions, one relating the size of the capillary flow pathways to their
population and the other describing the tortuosity of the capillary
pathways. This model was found to be a function of the tortuosity
fractal dimension, pore area fractal dimension, sizes of pore and
the effective porosity of porous medium. Inoue et al. [40] reported
that when the GDL effective porosity was small, the effect of gas
flow through GDL became large and the current density distribu-
tion was not uniform. With the increasing of GDL permeability, the
cell output density also will increase. He et al. [41] developed a
fractal model to predict the permeability and liquid water relative
permeability of the GDL and reported that water relative perme-
ability in the hydrophobic surface is much higher than that in the
hydrophilic case. Zou et al. [42] employed an unsteady model about
single phase transport in cathode side of PEMFC with interdigitated
flow field with both convection and diffusion processes. Two types
of dynamic performances, start-up and state-to-state operations
have been analyzed and it was found that the response time was
generally quite fast, less than 0.1 s. The effects of GDL deformation
on the flow cross-over due to the compression in a fuel cell assem-
bly process has been investigated by Shi and Wang [43] using a
three-dimensional structural mechanics model.

2.4. Transport properties

In a PEM fuel cell at high current densities, large amount of water
is generated and condenses in the pores of electrodes and lim-
ited the reactant to access the active catalysts. This phenomenon
of “flooding” is an important limiting factor of cell performance. It
is important to minimize parasitic losses by proper management of
reactants and water. Material optimization and design aspects are
essential to achieve them by passive means which will enhance the
net energy output of the cell. Many different approaches have been
adopted so far to correlate the material properties to fuel cell per-
formance qualitatively and quantitatively. Pasaogullari and Wang
[44] studied the physics of water transport in both hydrophilic
and hydrophobic diffusion media and concluded that liquid water

transport across the GDL is controlled by capillary forces which are
resulting from the gradient in phase saturation. Flooding dimin-
ished the cell performance as a result of decreased oxygen transport
and surface coverage of active catalyst by liquid water. Using an
optical H2/air PEM fuel cell, Yang et al. [45] observed that water
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roplets emerged from the GDL surface under oversaturation of
ater vapor in the gas-phase. It appeared only at preferential loca-

ions and grew to a size comparable to the channel dimension
nder the influence of surface adhesion. Energy, mass transfer and
lectrochemical kinetics in the gas distributor, GDL, catalytic layer
nd membrane have been mathematically modeled by Wohr et
l. [46]. Rho et al. [47] have attributed the higher slope of the
seudo-linear region of the I–V characteristic curve with air or gas
ixtures such as O2/He, O2/Ar, O2/N2 to mass-transport limitations

n the active layer and the departure from linearity of the E vs. I
lot to mass transport in the substrate-diffusion layer. They also

nferred that by altering the Teflon content, porosity and/or thick-
ess of this layer or by increasing the oxygen concentration in the
as mixture or increasing the pressure, mass-transport overpoten-
ials in this layer could be considerably decreased. Neutron radio
raphical measurements have been performed on operating PEM
uel cells to detect the liquid accumulation in flow field and GDL
nder various operating conditions [48]. Wang and Wang [49] esti-
ated various time constants for important transient phenomena

f electrochemical double-layer discharging, gas transport through
he GDL and membrane hydration. They found out that the mem-
rane hydration occurred over a period of 10 s, the gas transport of
.01–0.1 s, with the double-layer discharging being negligibly fast.
he results showed that the time for fuel cells to reach steady state
as in the order of 10 s due to the effect of water accumulation in

he membrane. A two-dimensional, two-phase, multi-component,
ransient model was developed and experimentally validated by
atarajan. Nguyen [50] showed the dominance of the dynamics of

iquid water, especially in the high current density range on the
athode performance. With the help of fluorescence microscopy
echnique, Litster et al. [51] reported that the water transport is
ominated by fingering and channeling rather than by the converg-

ng capillary tree. Studying by in situ neutron imaging, Zhang et
l. [52] showed that material choice had considerable bearing on
he presence of liquid inside the porous structures and the electro-
hemical characteristics. Wang and Wang [53] illustrated that the
apor-phase diffusion and capillary-driven liquid water transport
n a GDL aid each other in water removal along the through-plane
irection under the channel area, but oppose each other along the

n-plane direction between the channel area and land. The back-
ow of liquid water was reported to increase with the increasing
ydrophobicity and thickness, and decreasing pore size and poros-

ty of the MPL [54]. Lin and Nguyen [55] studied the effects of the
n-plane liquid water permeability and electronic conductivity of
he GDL on cell performance and they inferred that more channels,
maller shoulder widths on the gas distributor, and higher in-plane
ater permeability of the GDL can enhance the transport of liq-
id water and oxygen, leading to better cell performance. Based
n the three-dimensional numerical model developed to simulate
he transport phenomena on the cathode side, Hwang et al. [56]
redicted that the interdigitated gas distributor could give a higher
verage current density on the catalyst layer surface than that of
arallel gas distributor under the same mass flow rate and cath-
de overpotential, while Cha et al. [57] found that for most flow
attern archetypes, optimal feature size occurred at an intermedi-
te channel dimension. Using a two-dimensional model involving
inetics and mass transfer, Jeng et al. [58] predicted that the PEM
uel cell performance decreased with an increase in GDL thickness
f porosity was low. Based on the analytical force balance model,
umbur et al. [59] predicted the critical Reynolds number for water

nstability and suggested that for constant air velocity, droplet size

nd shape, reduced the channel height was preferred for effective
ater droplet removal. Aided by X-ray microtomography to obtain

hree-dimensional images of liquid water distribution in a GDL
uring gas purge, Sinha et al. [60] have reported that the drying
ate decreased exponentially with the purge time and no signifi-
Sources 194 (2009) 146–160

cant liquid water removal taken place after 6 min of purge at room
temperature.

Numerical simulation of the lateral transport of moisture and
reactant was indicated by Wang and Wang [61] that a large pressure
drop between two adjacent channels in counter flow caused severe
reactant bypass between the two-flow paths of reverse directions
which resulted in reactant flow short-circuit and lesser advantages
of the counter-flow design. With the help of neutron radiography,
the relative permeability and the liquid water saturation levels in
GDL have been correlated [62]. A new method for estimating the
internal contact angle to water and the surface energy of hydropho-
bic and hydrophilic gas diffusion media has been proposed by Gurau
et al. [63]. Mennola et al. [64] indicated that at the cell temperature
of 40 ◦C, the performance of the cell was limited by water removal
whereas at 60 ◦C, the current distribution was determined by the
partial pressure of oxygen.

Two-dimensional computational models to identify the mass
transport limitations and evaluate the potential for passive regu-
lation of temperature and oxygen supply [65] and gas transport
enhancement using baffle plates [66] have been reported. The adhe-
sion force between the liquid droplet and the solid surface and its
change for the removal of the water droplets has been studied [67].
The importance of the anisotropic microstructure of the fibrous
electrodes to model the effective transport coefficients has been
highlighted by Pharoah et al. [68]. Water transport in air-breathing
PEMFCs is interpreted in terms of the net water drag coefficient
[69]. The dynamics of GDL dewetting has been analyzed [70] and
reported that the water diffusivity in the anode GDL was several
times larger than that in the cathode leading to faster water loss of
the anode side to the dry gas stream. The importance of increased
porosity of the GDL to achieve a higher cell performance in the case
of interdigitated flow field mass transfer by forced convection has
been highlighted [71]. The ionic conduction influencing the cathode
performance over a wide range of current densities and the gas-
phase transport affecting the cathode performance at high current
densities have been brought to light by Guo et al. [72]. By designing
fuel cells with enhanced in-plane convection by the way of increas-
ing in-plane permeability of the GDL and channel length, the losses
associated with low oxygen content and liquid water buildup in the
catalyst layer have been reported to be reduced [73]. The ranges
of water vapor condensation and liquid water evaporation were
identified across the thickness of the GDL by Song et al. [74] who
reported that evaporation occurred within GDL close to the channel
side and condensation close to the catalyst layer side. Impedance
technique was employed by Bultel et al. [75] to evaluate the oxygen
depletion due to the slow diffusion in GDL when using air at the
cathode.

Pore-network model proposed by Sinha and Wang [76]
revealed finger-like liquid waterfronts and liquid coverage at the
GDL–channel interface, resulting in pressure buildup inside the
GDL and breaking out of liquid water from preferential locations.
The permeability coefficients of GDL with varying PTFE content
and carbon types were calculated [34] using Darcy-Forchheimer
and reported that higher PTFE content resulted in high in-plane
and through-plane viscous permeability coefficients which also
depended on the carbon type. Studies of pressure distribution
and flow cross-over through the GDL using Darcy model [77]
revealed that an increase in Reynolds Number could lead to the
increment in the flow cross-over, whereas using the conserva-
tion laws governed the multi-phase flow. On each side of the
moving boundaries, the nonlinear system has been approximated

by its linearization whose relaxation times were reported to be
shorter than the front evolution [78]. Wet-proofing of GDL with
tetrafluoroethylene–hexafluoropropylene was reported to be effec-
tive for the application that required the operation at relatively high
potential and high utilization of air [79]. The modeling results by
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iu and Zhou [80] showed that the PEM fuel cell with interdigitated
ow field would outperform that with conventional flow field due
o mass transfer enhancement of forced convection through the
DL. A new detector technology, based on micro-channel plates
as been proposed by Hussey et al. [81] for the direct measure-
ent of the through-plane water distribution in the GDL. A study

n cross flow through GDL as a function of flow rate, permeability
nd thickness of GDL highlighted the effects of those parameters
n the resultant cross flow and the pressure drop of the reactant
treams [82]. Fairweather et al. [83] developed micro-fluidic device
or measuring the capillary pressure as a function of liquid water
aturation for these thin porous materials in order to understand
nd optimize the liquid water transport in GDL. A two-fluid model
y He et al. [84] showed that a high contact angle and a low sur-
ace tension were advantageous for liquid water removal in the gas
hannel and the GDL even though a low surface tension would lead
o a low capillary force in the GDL.

Flooding of the GDL hydrophobic pores with diameter greater
han the capillary condensation threshold diameter and the role of
he unflooded pores as passageway for gas transportation and the
vailability of the corresponding catalyst area for electrochemical
eaction were studied by Liu et al. [85]. The effects of the flow chan-
el area ratio on the reactant gas transport, the cell performance
f PEMFCs with parallel and interdigitated flow channel designs
ere analyzed to show that the flow channel area ratio and liq-
id water distribution significantly influenced cell performance at

ower voltages [86]. The changes of relative permeability and cap-
llary pressure as a function of liquid water phase saturation have
een investigated by Markicevic et al. [87] using a capillary network
odel and shown that relative permeability was constant for low

aturation, but followed a power law of saturation for high satu-
ations, with an exponent of about 2.4 which was independent of
etwork size or heterogeneity. Numerical solution of the equations
oncerning the isothermal multi-phase multi-component flow in
he GDL has been deduced by Vynnycky [88]. The model by Weber
nd Darling [89] clarified the role of the porous plates in humidify-
ng dry reactant streams and managing liquid water. The simulation
f the liquid–gas two-phase transport using the multi-phase mix-
ure model as applied to a carbon-fiber paper GDL has been reported
90].

An isotropic numerical treatment of the anisotropic electron
ransport phenomenon in PEM fuel cells has been proposed [91].
he hydrophilicity of graphite plate and the hydrophobicity of GDL
ave been shown to play an important role in the liquid water
otion [92]. Chang et al. [93] reported that the liquid water gener-

ted by the electrochemical reaction could significantly reduce the
ffective porosity of the GDL under high current density conditions,
hereby hindering oxygen transport through the GDL. The compu-
ational model developed by Gurau et al. [94] for the study of the
ynamics of water transport, the impact of the GDL and catalyst

ayer properties on the amount of water retained in the fuel cell
omponents revealed that the GDL permeability and its pore size
t the interface with the channel determine the amount of water
etained in GDL while that in the cathode catalyst layer is deter-
ined by the saturation equilibrium at the interface with the GDL.

etter water transport in carbon-cloth GDL over carbon-paper GDL
nder humidified conditions was attributed to broader pore distri-
ution of a carbon-cloth GDL, thus creating oxygen-diffusion paths
ven if water accumulated [95]. The capillary pressure and relative
ermeability of the carbon-fiber paper GDL have been correlated
o identify the two-phase multi-component transport in the GDL.

he wetting behavior of the GDLs and the conditions leading to
he onset of pore plugging [96] has been modeled. The possibility
f phase change of water in GDL incorporating the effect of hygro
nd thermal stresses has been modeled [97]. The temperature dif-
erence between the solid matrices and the fluids in the diffusion
Sources 194 (2009) 146–160 151

layers decreasing with increasing the non-dimensional interfacial
heat transfer coefficient has been proposed by Hwang et al. [98].
A two-dimensional theoretical model by Tsai et al. [99] proposed
that the concentration flux of oxygen across the GDL was primarily
dominated by the thickness and porosity of GDL. For a thicker GDL,
the diffusion resistance increased while the increase of porosity
enhanced the transport of oxygen and cell performance.

A numerical investigation by Chiang and Chu [100] with various
channel aspect ratios and thickness of GDL revealed that a slen-
der channel was suitable for cells operating at moderate reaction
rate, and a flat channel could produce more current at low cell volt-
age. A two-dimensional numerical model by Jang et al. [101] based
on the porosity and thickness of the GDL showed that increasing
the porosity of GDL causes the increasing of mass transfer of the
reactants and results in higher performance.

As significant convective transport occurs in porous media for
practical fuel cell conditions, the use of flow field design from a
hydrodynamic perspective has been suggested to minimize the
effects of the parasitic loads [102]. Based on the numerical model Hu
et al. [103] have reported that dead-ended structure of an interdigi-
tated flow could increase the oxygen mass fraction and decrease the
liquid water saturation in the GDL as compared to the conventional
mode of flow. The slow transient effects of liquid water accumu-
lation and evaporation in the GDLs and gas channels have been
modeled by Promislow et al. [104]. The advantages of hydrophobic
GDLs in terms of the pore scales have been simulated by pore-
network model [105]. The GDL modified by laser-perforation with
respect to the flow field design has been reported to have better
dynamic and overall performance of the fuel cell [106]. Potential-
step voltammetry and nonlinear low-frequency impedance have
been proposed as quick alternatives to neutron radiography for
the study of the two-phase flow in the GDL to provide informa-
tion on the change of the liquid saturation with time [107]. Using
high-resolution neutron radiography, Hickner et al. [108] examined
the cross-sectional liquid water profile and have reported that at
60 ◦C, the water content in the center of the GDL was depleted com-
pared to the membrane or gas flow channel interfaces. Sinha and
Wang [109] reported that in a PTFE treated, mixed wet GDL, liquid
water preferentially flew through connected GDL hydrophilic net-
work suppressing the finger-like morphology observed in a wholly
hydrophobic GDL. A dynamic interconnection of water pathways
within the GDL has been proposed by Bazylak et al. [110] based on
a fluorescence microscopic study and supported by computational
fluid dynamics (CFD) simulations. Though an interest in interdig-
itated flow channels is gaining momentum, Lee et al. [111] have
shown that there is also an increase in friction due to the strong
convection through the porous diffusion layer accompanied by a
larger pressure drop along the flow channel. By the visualization
technique, it has been shown that water blockage to the air flow
path was caused by the overlapping of two land-touching droplets
developing on each side of the channel. Flooding was reported to
be more susceptible to the air flow than the other test operating
conditions [112]. Park et al. [113] showed that the permeability of
porous medium was strongly dependant on the fiber tow orien-
tation in three-dimensional simulations by the efficient numerical
scheme of the lattice Boltzmann method. The same method has also
been reported by Niu et al. [114] to simulate the water-gas flow in
the GDL and investigate the saturation-dependent transport prop-
erties under different conditions. The wetting behavior of the GDLs
and conditions leading to the onset of pore plugging have been
reported using 3D, multi-phase and nonisothermal model [115].

The water transport phenomena and the transient behavior in the
GDL have been theoretically studied by Yan et al. [116]. The numer-
ical optimization of the thickness and porosity of GDLs have been
carried out by Grigoriev et al. [117]. A method and apparatus for
measuring the relationship between air–water capillary pressure
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nd water saturation in PEMFC GDLs have been described and a
ermanent hysteresis between water intrusion and water with-
rawal have been demonstrated [118]. An accelerated numerical

nvestigation of air-water flow across a GDL using computational
uid dynamics software has been reported [119]. Radial biasing has
he beneficial effects of decreasing the network saturation and a
esirable quality in GDLs. It was reported that small radial bias-

ng could yield a 43% decrease in average saturation compared to
ore networks without a prescribed radial gradient [120]. Using
he capillary pressure to determine the slip velocity between the
hases, the Maxwell–Stefan equation was used to model the diffu-
ive fluxes of the multi-component gas mixture in the GDL [121].
he capillary properties of the GDL have been shown to have a more
ignificant effect on the fuel cell performance and better fuel cell
erformance was obtained with GDL and catalyst layer with high
apillary diffusion capability and low hydrophilic porosity [122].
he water and thermal management in PEMFCs were reported to
epend on the permeability characteristics of the GDL [123]. A

iterature overview of computational models, ranging from one-
imensional, single-component to complete three-dimensional has
een presented with emphasis on heat and mass transfer [124].
ith the aid of neutron radiography the performance of a polymer

lectrolyte membrane (PEM) fuel cell based on, the effects of liquid
ater accumulation in the GDL have been projected [125]. Adopting

n agglomerate catalyst layer (CL) model, the transport processes
ithin the GDL, the CL and the transport/reaction processes within

n individual agglomerate particle have been elaborated by Jain et
l. [126].

GDLs with the dry micro-porous layers were reported to exhibit
etter electronic conductivity and more stable hydrophobicity than
hose with the wet layer MPLs [127]. Using synchrotron X-ray imag-
ng technique, the mechanism of water flow within the fuel cell
nd the relationship between water behavior and cell performance
ave been reported [128]. The wettability of the micro-channel sur-

ace has been shown to have a major impact on the dynamics of
he water droplet, with a droplet splitting readily and converting
apidly on a hydrophobic surface, while for a hydrophilic surface
here is a tendency for spreading and the film flow formation [129].
t was reported that the water droplet tended to become unstable

hen decreased the channel height or increased the flow velocity
r making the GDL dried [130]. The time evolution of the advanc-
ng and receding contact angles of the droplet have been found to
e sensitive to the wettability when the GDL surface is hydrophilic,
ut it was independent of wettability when the surface is hydropho-
ic. The critical air velocity at which a droplet detaches was found
o decrease with the increasing of hydrophobicity and the initial
imension of the droplet [131]. Using the artificial neural network
imulations, Kumbur et al. [132] have proposed that tailoring the
M with high PTFE loading and applying high compression pres-

ure could lead to a higher capillary pressure thereby promoting the
iquid water transport within the pores of the DM. Any increment
n hydrophobicity of the DM was found to amplify the compression
ffect which would yield a higher capillary pressure for the same
aturation level and compression. By particle image velocimetry,
elocity maps of primary and secondary flow within the channels
ere obtained [133] and reported that significant portions of the
ow travel between adjacent channels occurred through the porous
edium. With the help of the micron- and millimeter-scale sensors,

abian et al. [134] have shown that thermal and species concentra-
ion effects were not confined to the GDL, but extended well beyond
he cathode surface. Transient data also revealed substantial differ-

nces in the time constants associated with oxygen, water and heat
ransport. Mathematical model for flow of a multi-component mix-
ure of ideal gases in a highly porous electrode [135] has also been
eported. The effect of vapor-exchange processes in the GDL on the
verall cathode performance has been studied [136].
Sources 194 (2009) 146–160

Studied the dynamic behavior of a five cells stack operating
in dead-end mode, Mocoteguy et al. [137] have indicated that
water management issue in a fuel cell operating in dead-end mode
at room temperature mainly consisted in avoiding pore flooding
instead of providing enough water to maintain membrane conduc-
tivity. To minimize the problem of water flooding, provision of a slit
and groove in the cathode GDL has been proposed by Nishida et
al. [138,139]. A discussion on the pore-scale models coupled with
realistic microstructural delineation, as well as micron-resolution
imaging techniques for studying the influence of the underlying
structure and surface wettability on liquid water transport and
interfacial dynamics in the fuel cell GDL, has been reported [140].

Lot of research articles have appeared on another important
aspect of PEMFC, the water management. Several experimental,
numerical, computational studies have been carried out in addition
to 1D, 2D and 3D modeling of the GDL to explore the characteris-
tics and conditions influencing on the fuel cell performance. Table 1
summarizes the details of the characteristics studied in several pub-
lications and the inferences deduced [141–215].

2.5. Electron transport

The lateral electronic resistance of GDL is affected by the elec-
tronic conductivity, GDL thickness, and gas channel width [216]
which plays a critical role in determining the current distribution
and cell performance. There is an increasing interest in analyz-
ing the current distribution and the data obtained [217] show the
effects of cathode stoichiometry variation and transient flooding
on local current density. A measurement system for the map-
ping of current distribution in a free-breathing PEMFC has been
proposed and reported that the current density profile was more
homogeneous at elevated temperatures [218]. A three-dimensional
numerical model suggested by Lee et al. [219] indicates that insuf-
ficient water would lower the conductivity of the membrane and
yield low currents at a fixed voltage. The electrical contact resis-
tance between GDLs and bipolar flow channel plates is one of the
crucial factors contributing to the operational voltage loss in PEMFC.
A fractal asperity based model has been adopted to predict the con-
tact resistance as the functions of pressure, material properties,
and surface geometry [220]. The current distribution measure-
ment system by Noponen et al. [221] distinguishes between current
distribution originating from differences in proton conductivity,
species concentration and GDL properties. For current distribution
studies, Natarajan and Nguyen [222] have recommended segment-
ing the electrode along with the current collector. The contact
resistance between the bipolar plate and the GDL has been ana-
lyzed by contact resistance-pressure constitutive relation [223]. A
numerical investigation of the coupled electrical conduction and
mass diffusion in the cathodic GDL of a PEMFC has been car-
ried out using 2D simulations [224]. The results showed that the
current density distribution under the land area could be domi-
nated by either electron transport or mass transport, depending on
the operating regime. The analysis of the in-plane current density
gradients showed the contributions due to electrical conduction,
oxygen diffusion and membrane resistance. A simple technique
was developed to measure current distribution in PEMFC with ser-
pentine flow fields [225]. Considering the electron conductors in a
plane perpendicular to the channel direction as two-dimensional
resistors, Freunberger et al. [226] showed that electrical and ionic
resistances seemed to govern the current distribution at low current
regimes, whereas mass transport limitations locally hampered the

current production at high loads. The contact resistance between
the bipolar plate (BPP) and the GDL in a PEMFC constituted a sig-
nificant portion of the overall fuel cell electrical resistance and a
micro-scale numerical model was developed to predict the elec-
trical contact resistance between BPP and GDL by simulating the
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Table 1
List of research articles emphasizing on the water management aspect in PEM fuel cell.

S.No. Characteristics studied Inferences made References

1. Neutron imaging: in situ non-destructive analysis Water in the cell flow channels and in the GDL imaged [141]
2. Two modes of liquid water removal from the GDL surface Shear force and capillary wicking [142]
3. Numerical model for two-phase flow and transport of species Humidification level and flow rate determine performance [143,144]
4. Effect of water flooding in the GDL More severe in catalyst layer than in GDL [145]
5. GDL with water management layer Resulted in improved water management [146]
6. PEMFC under dry operation Net power output drop by 17% but energy need cut by 46% [147]
7. Water flow through carbon cloth and carbon paper GDL Small pores remain free of water and permit gas [148]
8. Water transport in GDL At high water transport the ionic resistance lower [149]
9. Freeze degradation study GDL got changed by the first freeze cycles [150]
10. Water phase during startup from sub-zero temperatures Freezing-point depression of water plays negligible role [151]
11. Cold start Additional flow sharing problems occur in fuel cell stack [152]
12. Onset of instability leading to water removal Enhanced by increasing flow channel length, gas flow velocity, decreasing channel height

and making the GDL interface more hydrophobic
[153]

13. Water absorption layer between gas and waste channels Gas flowing in the layer is not blocked [154]
14. Cold-start behavior and the effect of sub-zero temperatures Catalyst layer delamination from membrane and GDL leading to hydrogen cross-over [155]
15. Transport and electrochemical processes at sub-zero start up Accounts for ice/frost precipitation and growth in GDL [156]
16. 3D visualization of the water distribution in the gas diffusion medium Only a small number of pores are occupied by liquid water at breakthrough [157]
17. Effects of varying ambient temperature and relative humidity Membrane changed from fully hydrated to dried out state at a GDL temperature of

approximately 60 ◦C
[158]

18. Integrated planar electroosmotic pumping structures Improves fuel cell performance and stability [159]
19. 1-dimensional model of the GDL Cell performance as a function of GDL properties [160]
20. Water removal capacity of the GDL materials No liquid water in the anode flow field unless cathode GDLs had a micro-porous layer. [161]
21. Structure–performance relationship for GDL Performance differences between carbon paper and carbon cloth [162]
22. Stack shut-down protocol in subfreezing weather Self-start is faster if the metal bipolar plates are used [163]
23. Auto-humidified operation of channel-less, self-draining fuel cell Operates well on dry feeds [164]
24. Gas-phase transport in GDL and the catalyst layer Overpotential distributions determined [165]
25. GDL wettability on water distribution in the anode Slight increase in anode plate temperature avoids surface condensation and anode

flooding
[166]

26. Water management system with external electro-osmotic pump Facilitates high volumetric power density at all operating conditions [167]
27. Three GDLs with different micro-flow channels Designs of GDLs affect the liquid water flow patterns [168]
28. Capillary-induced flow in thin-film GDL with mixed wettability Effect of permeability and wettability on saturation profiles [169]
29. Dynamic behavior of liquid water in GDL pores Critical air inlet velocities for droplet detachment calculated [170]
30. Effects of freezing conditions on GDL properties GDL more resilient to material loss in the absence of water phase transitions [171]
31. Location of the gas–liquid interface in GDL under various RH Liquid interface approaches the gas flow channel inlet and liquid water obstructs the

pores in the porous media
[172]

32. Cell performance and the flooding behavior Depended on wetting properties of GDLs [173]
33. Review on water management Two classes of strategies to mitigate flooding proposed [174]
34. Simultaneous heat and mass transfer in the cathode GDL Latent heat effects due to condensation/evaporation of water strongly affect the

two-phase transport
[175]

35. High-temperature PEM fuel-cell stack (120 ◦C) Optimization of membrane, cathode catalyst layer, GDL [176]
36. Dynamic behavior of fuel cell stacks Liquid water accumulates in the cathode in the GDL until a critical saturation fraction is

reached
[177]

37. GDL flooding Effect of homogenous GDL flooding analyzed [178]
38. Water management in the air flow channel by volume of fraction (VOF) model Hydrophilicity of reactant flow channel is critical for water management [179]
39. Effects of residual water in PEM fuel cell after cold start Change of mass-transport process originated from GDL [180]
40. Reaction and thermal flow analysis Optimal flow pattern of gas and cooling water could make the relative humidity higher

and more uniform
[181]

41. Thin cast Nafion membranes for non-humidified conditions and at various temperatures Better back-diffusion of water and lower membrane resistance, high efficiency with
low-porous GDL

[182]

42. Water freezing phenomena Ice formation between GDL/MEA interface causes air gas stoppage [183]
43. Gas purge for successful start-up Low RH of purge gas, high gas flow rate, and high cell temperature favor effective purge [184]
44. Dynamic performance during startup or load change processes Determined by the cathode flooding and oxygen transport in the GDL [185]
45. Local current density distribution at the membrane–GDL interface Cathode water accumulates in shoulder area and congests the pores of the GDL affecting

current density
[186]

46. Performance of a self-humidifying PEMFC and amount and distribution of water as observed
using H-1 NMR

Decline of the power density occurs by the accumulation of H2O (l) in the GDL and
cathode flow field

[187]
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S.No. Characteristics studied Inferences made References

47. Dynamics of stirred tank reactor PEMFC Effects of temperature, external load resistance, inlet hydrogen and oxygen flow rates on
current evolution

[188]

48. Water management layer (WML) onto a traditional GDL Balance of water with WML in the fuel cell [189]
49. Fuel cell stack characterization and electrochemical response A semi-empirical electrochemical model of GDL porosity and electro-osmosis coefficient

of membrane proposed
[190]

50. Effect of GDL on the cell water management Characteristics of GDL influence membrane hydration and inlet humidity on anode side
has major effect on flooding at the cathode

[191]

51. Simulation of polarization curves and ohmic overpotential Effects of liquid water in both the GDL and catalyst layer, cathodic transfer coefficient
need to be focused

[192]

52. Repulsive Kelvin forces acting on liquid water through a porous the GDL by magnet particles Mechanism of the improvement of the cell performance by magnet particles is clarified [193]
53. A coupled electron and two-phase mass transport model for anisotropic GDLs GDL with deformation shows high concentration polarization [194]
54. Water distribution in a PEMFC by X-ray imaging technique Water distribution in region between separator and GDL evaluated [195]
55. Interaction of water droplet with solid wall on hydrophobic GDL Hydrophobic land areas are preferable for mitigating the accumulation of liquid water in

the gas flow channels
[196]

56. Single cell as a lumped model with 15 interconnected segments Current density, water content in the membrane, RH in the flow channels and water
accumulation in GDL predicted

[197]

57. Water transport rate across the GDL Water rejection rates across a GDL at different cathode air flow rates measured [198]
58. Synchrotron radiography and tomography study of water droplets in GDL Water cluster in the range of several nano-liters detected [199]
59. Multi-phase multi-dimensional model for cold-start simulations Low interfacial water vapor concentration at GDL and gas channel surface on cathode

side delay ice formation
[200]

60. Flooding analysis of a single PEMFC by impedance study The onset of flooding sensitive to the design of GDL [201]
61. Accumulation of liquid water within the PEMFC Rate of accumulation of liquid water, its impact on the rate of cell voltage drop deduced [202]
62. Dynamic water transport in the porous layers of PEMFC Capillary pressure, relative permeability and oxygen diffusivity determined [203]
63. Computational fluid dynamics analysis of GDL permeability Water management was good in systems in which the permeability in at least one

direction (in-plane or through-plane) was high
[204]

64. Performance testing of commercial diffusion media Existence of a strong and complex interaction between the macro- and micro-porous
layers of the gas diffusion electrode

[205]

65. Transport of liquid water in the cathode GDL Liquid water saturation increases with temperature [206]
66. Review on water management in GDL Microscopic flow of liquid water through the membrane, catalyst layers and GDL [207]
67. Effects of the flooding of GDL GDL porosity, thickness and mass transfer at the GDL-gas channel interface reported [208]
68. Microstructured flow field for passive water management New flow field design stabilized the cell performance [209]
69. CFD analysis of the reactants flow and water management Depended on anode humidification and the related water management [210]
70. Lattice Boltzmann model for the multi-phase flow phenomenon in the inhomogeneous GDL Simulates the unsteady behavior of liquid droplet motion in the porous medium [211]
71. Relationship between a flooding and PEMFC voltage drop Cell voltage decreased with time and was accelerated by larger current and smaller air

flow rate
[212]

72. Ratio of liquid water to pore volume in GDL Water saturation changed with cell operation conditions [213]
73. Mass transfer in porous gas diffusion medium Fraction of water-flooded pores calculated as a function of structural parameters of the

porous system
[214]

74. Water flow dynamics Water management that balances membrane dehydration with electrode flooding
deduced

[215]
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PP surface topology and GDL structure under the normal opera-
ion conditions [227]. The contact resistances between the GDL and
L have been shown to decrease nonlinearly as the GDL thickness
ecreased due to the compression pressure [228]. Total through-
lane electric resistance of the GDL and the catalyst layer under
ifferent compressions have been measured [229] and the results
howed that the difference between the total through-plane elec-
rical resistance under the channel and the shoulder was large
nough to cause the higher current density under the shoulder.
hirkov and Rostokin [230] performed an analysis of the way to
ake the GDL restrict the process of generation of current in a

athode and of what measures should be taken in order for the
xtraneous diffusion restrictions to become less significant. The
quivalent electric-circuit for PEMFC to obtain numerical distri-
utions of hydrogen/oxygen concentrations, cell potential, current
ensity, and gas/cell-component temperatures has been reported
y Onda et al. [231]. Using a theoretical contact mechanics model,
arber et al. [232] reported that smoother materials, thicker gold
oating, and higher clamping force resulted in a higher real percent-
ge contact area. Nonzero contact stress was required to maintain
ow electric resistivity in the PEMFC. Stress relaxation in the

embrane–electrode assemblies has been studied [233] by mod-
ling the membrane as a porous-viscoelastic solid, and the GDL as
nonlinear elastic solid. A two-dimensional two-phase model was
sed to analyze the effects of anisotropic electrical resistivity on
urrent density and temperature distribution by Bapat and Thynell
234]. It revealed that a higher in-plane electrical resistivity of the
DL adversely affected the current density in the region adjacent

o the gas channel. Current distribution to highlight the membrane
esistance [235], the contact resistance between the bipolar plate
nd GDL as predicted by finite element methods [236,237] and non-
sothermal, two-phase model [238] underscore the importance of
ptimization of cell geometry. The study of the internal properties,
uch as gas velocity distribution, mass fraction of the reactants, frac-
ion of water, and current density distribution in the electrode and
DL revealed that the co-flow mode improved the current den-
ity distribution with humidified normal condition compared to
he counter-flow mode [239].

The micro-porous layer (MPL) consisting of carbon black pow-
er and hydrophobic agent is utilized on one side or two sides of
he GDL. This layer is the crucial part in GDL to improve the fuel cell
erformance as it acts both as a valve that pushes water away from
he GDL to the flow field to minimize water flooding and also trans-
orts the input gas from flow field into catalyst layer. So it is one
f the bottlenecks in fuel cell developments, and many R&D activ-
ties during last decade have accomplished amazing achievements
n this area. Williams et al. [17] estimated various physical param-
ters of the GDLs coated with the MPL such as in-plane electronic
esistivity, hydrophobicity, gas permeability and pore size distribu-
ion. The effects of Teflon and carbon loadings in MPL have been
tudied [240–243]. Wang et al. [20] have used composite carbon
lack consisting of Acetylene Black and Black Pearls 2000 carbon
n a novel MPL. Kannan et al. [244,245] have reported that using
ureblack carbon as the material for the fabrication of micro-porous
ayer performed better than Vulcan-XC72R.

.6. Compression

The amount of compression on the GDL affects the contact resis-
ance, the GDL porosity, and the fraction of the pores occupied
y liquid water and ultimately the performance of PEMFC. Over-

ompression commonly exists in the fuel cells. To explore the effects
f GDL compression on fuel cell performance, several studies have
een carried out to highlight the decrease in fuel cell performance
ith increase in compression [246], degradation of the GDL under

ompression leading to the formation of preferential pathways for
Sources 194 (2009) 146–160 155

water transport. Scanning electron microscopy used to investigate
the effects of compression on the morphology of the GDL and it
showed that compressing the GDL causes the breakup of fibers and
deterioration of the hydrophobic coating [247]. It has been observed
that decreasing the stress applied on the GDL would increase dura-
bility of the MEAs and have a positive effect on their performance
[248]. The GDL is compressed very little under the channel whereas
under the rib it is compressed to gasket thickness. The compres-
sion of GDL reduces gas permeability and contact resistance, and
improves bulk conductivity. Nitta et al. [249] reported that the
inhomogeneous compression of GDL might lead to significant local
variation of mass and charge transport properties in the GDL.

Using the Finite element method and finite volume method,
Zhou et al. [250] studied the elastic deformation of the GDL, the
mass transport of the reactants and products and reported that
there existed an optimal clamping force to obtain the highest power
density for the PEMFC with the interdigitated gas distributors. The
effect of clamping force on the interfacial contact resistance and the
porosity of the GDL has been studied. It has been inferred that there
existed an optimal rib width of the bipolar plates to obtain a rea-
sonable combination of low interfacial contact resistance and good
porosity for the GDL [251]. In the case of fuel cell stacks, too much
pressure might result in damage to the GDL and uneven distribution
of the contact pressure which would result in hot spots. Using finite
element analysis procedures for the fuel cell stacking assembly
were established by Lee et al. [252] to determine the proper stacking
parameters such as stacking design, bipolar plate thickness, sealing
size and assembly pressure. Using the GDL parameters as the input,
the model developed by Hottinen et al. [253] indicated that inho-
mogeneous compression can have significant effects on the lifetime
and local performance of the cell. The numerical method by Zhou
and Wu [254] outlined the effects of the compression deforma-
tion on the contact resistance, GDL porosity distribution and the
cross-section area of the gas channel. The effects of the clamping
pressure on porosity, gas permeability, electrical resistance and GDL
thickness have been determined by Chang et al. [255].

The effect of inhomogeneous compression of GDL on the tem-
perature distribution [256], transport properties [257], the gas
permeability, bulk density, thickness and conductivity of two types
of GDL [258], the mechanical and thermal properties of GDL [259],
extrinsic properties such as porosity and permeability [260] and the
performance of PEMFC with respect to ohmic and mass transport
polarizations [261] have been studied. Fekrazad and Bergman [262]
reported that the fuel cell stack performance in terms of power out-
put and internal temperature distributions is very sensitive to the
compressive load. Using a reduced model for the compression of
the GDL, the influence of the compression on permeability, diffu-
sivity and heat conductivity as the function of the saturation of the
porous medium has been studied [263].

2.7. Structure

Structure plays an important role in defining the functionality
of the GDL. The cross-sectional view of GDLs reported in litera-
ture reveals a gradient in the pore size from the macro-layer to the
micro-layer. To bring about the structural modifications to the GDL
and impart the required balance of hydrophilicity and hydropho-
bicity, several treatments have been reported. The GDL layers are
typically containing the macro-porous gas diffusion backing and
micro-porous layer. The micro-porous layer consisting of carbon
black powder and hydrophobic agent is utilized on one side or two

sides of the GDL. This layer is the crucial part in GDL to improve the
fuel cell performance as it acts both as a valve that pushes water
away from the GDL to the flow field to minimize water flooding and
also transports the input gas from flow field into catalyst layer. So it
is one of the bottlenecks in fuel cell developments. But many R&D
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ig. 4. Membrane–electrode assembly configuration showing the capillary force to
bsorb the input gas and output water in the GDL.

ctivities during last decade have accomplished amazing achieve-
ents in this area. The functions of the micro-porous layers are to

acilitate effective distribution of the reacting gas to the membrane
urface and provide mechanical compatibility between the layers
ith minimum contact resistance and assist in water management.

Fig. 4 shows the micro-porous channels in the micro-porous
ayer which have the strong capillary force to absorb the input gas
nd output water. Under the assumption that all the pores are cylin-
rical, the capillary law illustrates the relationship between pore
iameter dp and the applied pressure p,

p = 4� Cos �

p
(4)

here � and � denote the surface tension and the contact angle
ith the micro-porous layer, respectively.

The macro-porous layer of the GDL is either carbon paper or
oven carbon cloth and it serves as a current collector, a phys-

cal substrate for the catalyst layer and an elastic component of
he MEA. The macro-porous substrate provides mechanical sup-
ort as well as connection between the flow field and micro-porous

ayer. In general, overall impedance of the cell comprises the bulk
esistance as well as contact resistance between electrodes and
lectrolytes in addition to GDL/bipolar plates. The contact resis-
ance could be higher between the bipolar plates and the GDLs due
o the flow channels (see MEA configuration in Fig. 4) compared
o that between GDLs and Catalysts layers. Hence, the MEA config-
ration and structure are very critical for achieving lower overall

mpedance and higher power density.
Chen-Yang et al. [264] reported a series of PTFE/carbon black

omposite-based single-layer GDL and the PTFE resins being homo-
eneously dispersed in the carbon black matrix and exhibited a
icro-porous layer like structure. POLYMET a polymer with a three-

imensional polymeric structure metallized with the enclosing,
oating of different kinds of metals or alloys has been proposed
265] as GDL material due to the wide ranges of tailor-made,

icro-porous structures on a designable scale. Nanostructured
omponents are introduced in MEA to improve the function-
lity by the structural refinement. Kannan et al. [266] have
eported the single-walled and multi-walled carbon nanotubes
upported platinum to fabricate the GDL and the catalyst layers

n the MEAs, respectively with excellent GDL surface morphol-
gy. Using these nanostructured components, the fuel cell tests
xhibit the promising performances either using the hydrogen–air
r hydrogen–oxygen as the reactants at ambient pressure. A mathe-
Fig. 5. Fuel cell performance of Nafion-212 based MEA at 80 ◦C using H2/air and
H2/O2 (100% RH) at 1 atmosphere back pressure.

matical model to describe the microstructure of the GDL of PEMFC,
based on tools from stochastic geometry has been attempted by
Thiedmann et al. [267]. The GDL has been considered as a stack
of thin sections based on the visual appearance of relevant micro-
scopic images. The thin sections have been modeled as planar (2D)
random line tessellations which have been dilated with respect to
three dimensions.

3. Fuel cell performance

As seen from Fig. 5 the fuel cell performance (peak power den-
sity) with H2 and O2 as reactants is very high compared to that with
H2 and air. Even the open circuit voltage is ∼15 mV higher for the
case with O2 as oxidant due to a portion of the Nernst equation RT/2F
ln(1/0.21). With proper design of the GDLs, the reduction in power
density when using air as an oxidant can be minimized. For exam-
ple, the power density observed using air is about ∼0.6 W cm−2,
even though the partial pressure of oxygen is only 0.21 in air. The
relatively high performance with H2 and air is due to the opti-
mum properties of hydrophilic/hydrophobic balance, conducting
network, pore dimension, distribution, etc. In the literature, several
strategies have been explored in order to have high performance
when using H2 and air.

One of the approaches was to use various types of carbon
powders like oil-furnace carbon black, acetylene-black, partially
graphitized Pureblack carbon, aligned carbon nanofibers, aligned
carbon nanofibers/Vulcan carbon composite, graphitized poly-
acrylonitrile carbon, carbon nanotube free-standing membrane,
metallic porous medium (copper foil), carbon fiber reinforc-
ing materials impregnated with different phenolic resin, pore
forming agents, pitch-based carbon materials (mesophase pitch
and coal tar pitch), vapor grown carbon nanofiber (VGCF) in
the carbon black/poly(tetra fluoroethylene) composite, PAN-based
carbon fiber cloth, Carbon fiber paper with 10 wt.% phenolic
resin and carbon fiber paper with phenolic resin, carbon black
[244,268–283].

There are also several publications dealing with GDL designs, like
porous gas diffusion half-layers, secondary pores [284–286]. There
are several studies using two-dimensional, pseudo 2D modeling
of oxygen diffusion, three-dimensional, isothermal and multi-

phase numerical modeling with a focus to optimize the transport
phenomenon of the GDLs to improve the fuel cell performance
[287–297]. In order to understand and optimize the fuel cell per-
formance at a wide operating RH range, various properties of GDLs
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ig. 6. Scanning electron micrograph of a micro-porous layer fabricated by wire rod
oating process.

uch as porosity, high frequency resistance, surface morphology,
urley porosity, etc. have already been studied [298–301].

. Coating processes

The preparation of the GDL has been reported by rolling, spray-
ng, and screen printing methods and the impregnation of the
afion solution by spraying and brushing methods. With the carbon
aper or the carbon cloth as the support structure (macro-porous

ayer), the preparation of the GDL is widely based on spray tech-
ique. Kannan et al. [302] have proposed the use of the wire rod
oating method. VGCF has been added to improve the adherence
f the micro-porous layer to the macro-porous layer. Fig. 6 shows
ypical surface morphology of the wire rod coated micro-porous
ayer of the GDL, showing crack free surface. Recent developments
n the preparation of GDL by wet slurry rather than dry methods

ould help mass production of GDL with less environmental con-
erns [302,303]. Alternatively the preparation of GDL with catalyst
aste has also been reported [304]. The hydrophobic properties
f carbon fibers improved by a CF4 plasma treatment has been
sed to fabricate GDL [305]. Ultralow loading noble metal (Pt) elec-
rodes were reported via dual ion-beam assisted deposition of pure
t metal particles directly onto the surface of a noncatalyzed E-
EK’s GDL [306–308]. Adding a micro-porous layer to traditional
DL can enhance the ability of water management, and therefore
chieve better cell performance and higher current density. The
ulcan XC-72R carbon loading of 1 mg cm−2 in the micro-porous

ayer has been reported by Yan et al. [309] for the high perfor-
ance. Feasibility and the effects of design parameters have been

xamined for micromachined metallic thin film GDL for PEMFCs
310]. With the titanium thin film impact of design parameters
uch as through-hole diameter, through-hole patterning and the
hin film thickness have been investigated to show the param-
ter dependence and design optimization. Porous film structure
or an electrode GDL has been reported [311]. High conductivity
f GDL film, using low-viscosity polypropylene and polystyrene
s the two immiscible polymer components of the film and the
onductive additives composed of high specific surface area car-
on black and synthetic flake graphite filling the film matrix, has
een prepared and tested. A micro-porous layer of a triple-layer

as diffusion electrode for a PEMFC has been made by a disper-
ion of carbon black and PTFE particles using a non-ionic surfactant
uch as Triton X-100 and reported [312]. A review on the compo-
itions, present fabrication processes and properties of GDL along
Sources 194 (2009) 146–160 157

with the development trends, has been presented by Wang et al.
[313].

5. Manufacture

The introduction of fuel cell technologies into the market is
determined by the offering price reduction of components. Cur-
rently, there are very few Commercial GDL manufactures in the
market. There are three international manufacturers such as SGL
Technologies GmbH, Mitsubishi Rayon Co., Ltd., Japan, and Ballard
Material Products, Inc., Lowell, Massachusetts. Cost and functional
quality are the points of most concern in GDL manufacture for
PEMFC technology. GDL has been based on carbon or graphite fiber.
These materials are very costly and are of very limited design flex-
ibility. They also cause the fiber penetration through the polymer
electrolyte membrane. To solve these problems, significant efforts
are being made by researchers to find the best alternative mate-
rials. In fact the cost of the GDLs within the membrane–electrode
constitutes about 20% and about 5% of the overall fuel cell stack.
Hence the cost of GDLs also plays a critical role in reducing the fuel
cell system cost for early commercialization.

6. Conclusion

GDL is an essential component of PEMFC. The choice of materials
for GDL will depend on the required multi-functionality of its struc-
ture. As the best components for each of the functionality cannot
make the best GDL, a trade-off between the properties will evolve
the optimum GDL. Hence factors such as electronic resistivity, frac-
tion of hydrophobic pores, gas permeability, pore size distribution
and the surface morphology, will define the functionality of the
GDL as the electronic resistivity of a dual-layer. GDL is dependent
on the macro-porous substrate and its gas permeability which is
related to larger pores and water management which relies on the
fraction of hydrophobic pores. A significant technical challenge in
a PEMFC is that the fuel cell is prone to excess liquid water forma-
tion due to water production from the oxygen reduction reaction at
the cathode. Hence development of highly functionalised GDL with
self-adjusting characteristics of water retention and water draining,
along with the structural features to steadily supply the reactant
gases to the catalyst layer will be essential for the mass utilization
of fuel cells for various power density applications.
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