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a b s t r a c t

This study presents an analysis of water permeation of a polytetrafluoroethylene (PTFE)-coated gas diffu-
sion layer (GDL) to determine the influence of hydrophobic treatment on the GDL for diagnosis of water
flooding. It is found that the behaviour of water drainage is controlled by the pore configuration instead
of the hydrophobicity in GDL. Better water drainage is achieved by the action of the Teflon coating in
eywords:
roton exchange membrane fuel cells
as diffusion layer
ydrophobic
ater permeation

modulating the GDL pore configuration to give both a larger average pore size and a wider distribution of
pore size. The results show that water penetration through the GDL must overcome a threshold surface
tension defined by the largest pore range. A 30 wt.% PTFE coating of a GDL is shown to generate a satis-
factory pore configuration, explaining the improved cell polarization performance with a lower driven
pressure (∼1.91 kPa) and a higher rate of water drainage.
ater flooding
olytetrafluoroethylene

. Introduction

The proton exchange membrane fuel cell (PEMFC) is one of the
ost promising energy resources for the future due to its advan-

ages of high power density at low temperature, very low or zero
mission of greenhouse gases, long-term reliable operation and
acility of system set-up [1–3]. However, it is well known that
EMFC suffers from water flooding, commonly from the reaction at
he cathode, O2 + 4H+ + 4e− → 2H2O, especially during high power
ensity operation [4,5]. The excess water accumulates in the mem-
rane electrode assembly (MEA), which blocks the oxygen feed
nd deteriorates the cell polarization performance considerably.
or efficient water management, the gas diffusion layer (GDL) is
ommonly hydrophobically treated with polytetrafluoroethylene
PTFE) for flooding mitigation. A Teflon coating on a GDL is intended
o engender vapour diffusion and water shear force for efficient
rainage [3,6–8]. Velayutham et al. [9] examined the effects of
TFE contents in the range 7–30 wt.% and found a 23 wt.% Teflon-
oated GDL to be optimal in terms of flooding diagnosis. Tüber et al.
10] demonstrated that a 20 wt.% PTFE coating produces a strongly

ydrophobic GDL, which leads to superior cell performance at room
emperature. The review by Li et al. [3] showed an optimal con-
entration of PTFE within 20–40 wt.%, depending on the conditions
sed for the preparation of GDL samples. It is believed that the PTFE
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coating on a GDL is a compromise between pore hydrophobicity and
pore configuration [11,12]. Normally, too little PTFE coating results
in insufficient hydrophobicity for water removal, while excessive
PTFE loading causes an inferior cell performance, since it blocks the
GDL pore void and reduces electrical conductivity.

Direct observation of flooding into GDL is quite complicated
and may interfere with both the GDL specimen and the operat-
ing conditions. Most studies have examined only the outcome of
GDL hydrophobic treatment by cell polarization testing [12–15]
or computational modelling [16,17]. However, these characteriza-
tions were usually accompanied by many other operative effects,
which inevitably obscure the actual flooding phenomenon inside
PEMFC systems. This could explain the lack of the direct evidence
needed to specify the degree of PTFE coating for flooding diagnosis.
Recently, Benziger et al. [18] described a pressurized membrane
filtration system for simulating water penetration through a GDL
in order to evaluate the role of the PTFE coating. Firstly, they found
that the water must achieve a threshold pressure to force water
through the largest pores in the GDL. Secondly, they showed the
largest pores in a GDL were effective for drainage of water flood-
ing. And the water drainage was dominated by only a small portion
of void in GDL. This result implies the water drainage was correlated
largely with the pore configuration of the GDL, which differs from

the common viewpoint of hydrophobic promotion. The objective of
this study was to extend the experiments with water-pressurized
GDL filtration to a broader range of operative pressures, combined
with an examination of the influence of pore configuration on water
drainage for various PTFE-coated GDLs. Moreover, the effect of PTFE

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:cecilchou@itri.org.tw
dx.doi.org/10.1016/j.jpowsour.2009.07.049
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ig. 1. A diagram of the pressurized water filtration system. The pressure is mea-
ured as the height of the hydrostatic head of the water above the GDL.

reatment on GDLs was examined with respect to modulation of
dequate pore configuration instead of the surface hydrophobicity
n GDL.

. Experimental approach

.1. Hydrophobic Teflon coating and characterization

The GDLs were all obtained from SIGRACET® GDL (SGL 10AA,
GL Carbon Group, Germany) as carbon papers without PTFE or
icroporous layer (MPL) coating. The carbon papers were cut into

.4 cm × 2.4 cm squares and immersed in a PTFE aqueous dispersion
olution (DuPontTM Teflon® PTFE TE-3893) for 30 min. PTFE emul-
ions of 15–60 wt.% were prepared. The coated carbon papers were
ir-dried at 120 ◦C for 1 h, and subsequently sintered in a furnace
t 350 ◦C under a nitrogen atmosphere with a temperature rising
ate of 3 ◦C min−1 for 30 min. The treated GDLs were characterized
y optical microscopy (OM) (BX51, Olympus) and scanning electron
icroscopy (SEM) (JSM-7000F, JEOL) for surface morphological and

tructural observations, respectively. The hydrophobicity of the
DLs was characterized by the contact angle with a static water
rop shape analysis system (DSA100, KRÜSS). The contact angle
as determined as the average value of at least three measure-
ents of 10 �L water droplets at randomly chosen regions on each
DL sample. The porous structure of the GDL was characterized
ith a mercury porosimeter (Autopore 9520, Micromeritics). The

verage pore size and size distribution were determined from the
ercury intrusion by an applied pressure based on capillary law.

.2. Water permeation characterization

The water permeation through GDL was characterized in a pres-
urized membrane filtration cell. As shown in Fig. 1, the GDL was
laced on a laboratory-built polymethylmethacrylate (PMMA) cell
ttached to a 70 cm high, 1.4 cm diameter cylinder. Initially, a peri-
taltic pump (MP-1000, EYELA) was used to introduce water into

he cylinder slowly (0.2 g min−1) until the water started to pene-
rate the GDL. When the water started to drain out of the GDL, the
ydrostatic head, i.e. the height of the water in the cylinder, was
ecorded as the threshold pressure Pth. The pump was regulated
o maintain Pth in order to measure the drained water flow. The
Fig. 2. A model of the pressurized water penetration through the GDL with trans-
verse cylindrical pairs of different diameters under (a) P < Pth, (b) P = Pth, and (c)
P > Pth.

amount of water drainage was recorded with a precision balance
(GF-300, A&D) with a time interval of 5 s. The water permeation
behaviour at pressures >Pth, i.e. higher hydrostatic heads, was char-
acterized. Unlike the study reported by Benziger et al. [18], the
water permeation characteristics and its influence subject to pore
structure variation were examined above the threshold pressure.

3. Water permeation analysis

Fig. 2 shows a diagram for water penetration through the GDL
with various pore diameters under different driven pressures. In
this model, it is assumed that the pores are cylindrical and dis-
tributed non-uniformly. The penetration pressure �P of water into
a pore of size d in GDL can be described by the Young and Laplace
relation [19]:

�P = 4� cos �

d
(1)

where � is the surface tension of water, � is the contact angle of
water with the pore surface, and d is the pore diameter. As shown,
the water is first expelled from the pores when the applied pressure
is insufficient to override the surface tension (as shown in the case
of �P < �Pth in Fig. 2(a)). When the pressure is increased to �Pth,
the water can overcome the minimum surface tension and start to
penetrate through the GDL via the largest pores (dmax) as shown in
Fig. 2(b). With this micro-sized pore configuration, a laminar flow

should prevail through these pores, hence the water flow rate (Qth)
drained from dmax can be described by Darcy’s law [20]:

Qth = Kth�Pth = kthAth

�L
�Pth (2)



538 Y.-I. Chou et al. / Journal of Power Sources 195 (2010) 536–540

oated

w
d
a
0
t
c
t
f

Q

w
a

l
a
a

K

K

w
t
f
n
K
f
s
o
a
t
c
p
t
s
G

with a few in the range 0.2–10 �m (micropores). For the uncoated
GDL, the porosity � is 91.0% and the average pore diameter dav

is 61.4 �m. With the PTFE coating, the voids in both micro- and
macro-regions are inevitably reduced. This is especially conspicu-
Fig. 3. SEM and OM images of (a) the unc

here kth is the intrinsic permeability coefficient of water at pore
max, Ath is the total area of dmax pores, � is the viscosity of water,
nd L is the penetration length of water at a GDL thickness of
.38 mm. As shown in Fig. 2(c), a further increase of the pressure
o �P1 (when �P > �Pth) is applied for water penetration to over-
ome the higher resistance from pores of small diameter (d1). In
his respect, the flow rate (Q1) at �P1 is related to the water fluxes
rom pores dmax and d1:

1 = K1�P1 = Kth�P1 + K ′
1�P1 (3)

here K1 is the apparent permeability of water at �P1 through dmax

nd d1, and K ′
1 is the permeability of water through only d1.

With a further rise of applied pressure to �Pn, the pore sizes
arger than dn are all activated for water penetration. Thus, Kn for
ll penetrable pore sizes (from dn to dmax) and the Kn for pore dn

re:

n = Qn

�Pn
(4)

′
n = Kn − Kth −

n−1∑

i=1

Ki = knAn

�L
(5)

here An is the total penetration area for pore size dn. Here,
he flow rate qn for the indicated pores dn can be obtained
rom ��Pnd4

n/128�L and subsequently An can be evaluated from
n�(dn/2)2, where the pore number (nn) is determined by (Qn −
n−1�Pn)/qn. Once An is known, the permeability coefficient of kn

or pore size dn can be obtained from Eq. (5). According to this analy-
is, the behaviour of water penetration and the pore configuration
f GDL are correlated. It can be seen from the results presented
bove that drainage in the fuel cell is dominated by macropores;
herefore, the water-pressurized GDL filtration in this work was

haracterized at hydrostatic heads of <70 cm, which focuses on
ores with a diameter >30 �m. This study was designed to charac-
erize water penetration behaviour with pressure-activated pore
tructure in order to explain the benefit of the Teflon coating for
DL.
and (b) the 100 wt.% Teflon-coated GDLs.

4. Results and discussion

Fig. 3 shows typical SEM and OM images of GDLs with and
without a PTFE coating. It is clear that the PTFE is coated on the
cross space of the carbon fibres. The PTFE coating reduces the void
volume and the pore number of the GDL. Fig. 4 shows the pore
distribution of GDLs with different PTFE loadings. The majority of
pore sizes of the GDLs were in the range 20–400 �m (macropores)
Fig. 4. Average pore size and porosity of GDLs with different PTFE coatings. Inset:
pore size distribution of Teflon-coated GDLs.
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ig. 5. Effect of hydrostatic pressure on the water flow rate for various Teflon-coated
DLs. Inset: time-dependent water weight drained from uncoated GDL at various
ydrostatic pressures.

us for small pores, where the Teflon fills a considerable portion of
oids, smoothing out the micropore region and leading to a larger
verage pore size. It is shown that the porosity is reduced to 78.3%
ut the average pore size is increased to 76.7 �m for a PTFE con-
entration of 60 wt.%.

Fig. 5 illustrates the flow rates of different PTFE-coated GDLs
nder various hydrostatic head heights and the inset shows the
eight of water drained from the GDL. The linearity of water
rained versus time indicates these flow rates are constant and sta-
le for the relevant pore structure regime. Fig. 5 shows that, due
o the hydrophobicity of GDL, no water drainage can be achieved
hen the height of the hydrostatic head is lower than that cor-

esponding to the penetration pressure �Pth. These �Pth values
re 2.72 kPa (27.7 cm), 2.58 kPa (26.3 cm), 1.91 kPa (19.5 cm), and
.02 kPa (20.6 cm) for 0 wt.%, 15 wt.%, 30 wt.%, and 60 wt.% PTFE-
oated GDLs, respectively. According to Eq. (1), the maximum
ore diameter for each Pth value corresponds to 67.7 �m, 84.4 �m,
17.6 �m, and 113.7 �m for 0 wt.%, 15 wt.%, 30 wt.%, and 60 wt.%
TFE-coated GDLs, respectively. This result coincides with the pore
nalysis from mercury-intrusion porosimetry, which showed that
he maximum pore size increased with increased concentration of
TFE. With more PTFE coating, the voids in the micropores are fur-

her filled, thereby enhancing the wt.% of macropores and resulting
n a decrease of �Pth for the initial draining. These characteristics
f GDLs with different amounts of PTFE coating are summarized in
able 1.

able 1
haracteristics of GDLs coated with various PTFE emulsion concentrations.

PTFE(%) �Pmin (Pa) � (◦) davg (�m) dmax
a (�m) � (%)

0 2716.6 129.7 61.4 67.7 91.0
15 2577.4 139.1 64.8 84.4 90.9
30 1911.0 141.3 66.0 117.6 87.8
60 2018.8 142.9 76.7 113.7 78.3

dmax is calculated based on � of 71.975 mN m−1 at 298 K from Eq. (1) [21].
Fig. 6. Plots of K′ versus d for various Teflon-coated GDLs.

Also shown in Fig. 5, the 30 wt.% PTFE-coated GDL exhibits the
superior water penetration with its lower Pth and higher flow rates.
This result is compatible with those of other studies, where the
concentration of PTFE emulsion was 20–40 wt.% [22] for attainable
water drainage and polarization performance. Besides, it is noted
that the flow rate is not in linear proportion to the driving pres-
sure, which implicates a discrepancy in Darcy’s law. Part of the
explanation might be that the GDL has an uneven distribution of
pore size and a tortuous pore structure, showing a departure from
Darcy’s assumption of single cylindrical pore distribution. The K′

values of GDLs at various pore diameters in Fig. 6 indicate that
30 wt.% GDL has the desired K′ characteristics applicable to a large
pore range of 60–110 �m. The uncoated GDL also shows acceptable
water drainage, but it is limited to pores <65 �m. It can be seen from
Eq. (5) that the K′ for each range of pore size is controlled by two
parameters; i.e. intrinsic permeability, k, and permeance area, A.
The k property is independent of flowing fluid, but is often corre-
lated with the configuration of porous media via the well known
formula as k = cd2 where c is a dimensionless constant for pore
structural properties. A can be identified from the quantity of the
indicated pore size and further related to the pore configuration of
the GDL.

Fig. 7 shows the k values evaluated from various Teflon-
coated GDLs with different pore diameters. Most k values are
<2.0 × 10−10 m2 and are proportional to d2 with a slope of 0.031
(c ∼ 1/32), which is in good agreement with Poiseuille’s law:

Q = 1
32

d2A

�L
�P (6)

The inset in Fig. 7 shows the pore size distributions of different
Teflon-coated GDLs can be obtained from this water penetration
analysis. For an uncoated GDL, the small pore size range controls
water drainage. With Teflon coating, the effective pore size of GDL
shifts to a larger pore size range and the 30 wt.% Teflon-coated
GDL provides the largest average pore size of 40–120 �m and
the widest pore size distribution for superior water drainage with

lower threshold pressures as well as efficient drainage flux. It is
well known that a Teflon coating raises the GDL hydrophobicity and
minimizes vapour condensation. However, the variation of pore
configuration along with the Teflon coating can lead to significant
improvement of water drainage. This manipulation of GDL pore dis-
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Fig. 7. Linear plot of k versus d2 for various Teflon-coated GDLs. Inset: macropore
size distribution of the Teflon-coated GDLs.
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ig. 8. The polarization curves of PEM fuel cells with uncoated and 30 wt.% Teflon-
oated GDLs.

ribution gives rise to an effective increase of macropores, assisting
he water drainage at a smaller �Pth and a higher flux performance.
or further verification of the results, polarization tests were done
or evaluation of the Teflon coating. Voltage-controlled measure-

ents were performed with a Gore PRIMEA® 5621using anode and
athode catalyst loadings of 0.45 (Pt-Ru) and 0.6 (Pt) mg cm−2 at a
ell temperature of 65 ◦C and at an ambient pressure of 1 atm. From

wo serpentine flow field channels, anode and cathode gases were
ed with 1.5× and 3.0× H2/air stoichiometries at 70 ◦C and 80 ◦C
umidification, respectively. Fig. 8 shows the polarization differ-
nce between Teflon-coated and uncoated GDLs. From a current
ensity of 400 mA cm−2, the cell voltage of the uncoated GDL was

[
[

[

ources 195 (2010) 536–540

lower than that of a 30 wt.% Teflon-coated GDL by approximately 5%
and the difference was increased with a further increase of current
density. When the current density exceeded 1000 mA cm−2, there
was a further substantial drop of cell voltage for the untreated GDL
due to considerable water flooding. In summary, with an appropri-
ate Teflon coating to modulate the pore configuration on the GDL,
it is possible to achieve adequate water management for superior
cell polarization performance.

5. Conclusions

The results of a water permeation analysis of various PTFE-
coated GDLs are presented in this study. It was shown that the pore
configuration of a GDL has a key role in the diagnosis of water flood-
ing. In line with the proposed water penetration mechanism, water
drainage began from the largest pores in a GDL, and the intrin-
sic water permeability of a GDL was controlled by pore size only.
The effect of a PTFE coating on the pore configuration is impor-
tant, since it provides a dramatic improvement of water drainage
from a GDL. The contribution of the pore configuration to drainage
outweighs the influence of hydrophobicity. In this work, the exper-
imental results showed that a 30 wt.% PTFE-coated GDL had larger
macropores, which resulted in superior cell polarization perfor-
mance featuring a favourable water drainage characteristic and a
greater permeability efficiency at a much lower driven pressure.
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