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a b s t r a c t

In the analysis of proton exchange membrane (PEM) fuel cell components, the capillary pressure vs. satu-
ration (PC(SL)) curve is an increasingly popular tool for understanding the interaction of liquid water with
the porous gas diffusion layer (GDL) material. In this study, hysteretic water/air PC(SL) measurements were
combined with mercury intrusion porosimetry (MIP) and time-of-flight secondary ion mass spectrome-
try (ToF-SIMS) imaging to quantify the effects of fluoropolymer loading on GDL samples. Commercially
wetproofed carbon fiber papers with 0–40 wt.% Teflon loading were investigated. MIP showed a slight
reduction in characteristic pore radii and a significant loss of pore volume at the highest Teflon loading.
Water/air PC(SL) measurements showed a significant reduction in water wetting between samples with
0 and 5 wt.% Teflon loading, but negligible additional wetproofing at loadings from 10 to 40 wt.%. ToF-
SIMS imaging, a technique that is sensitive to monolayer surfaces coverages, found that GDL materials
with 5 wt.% Teflon loading displayed nearly complete fluoropolymer coverage on the carbon substrate,
confirming PC(SL) measurements showing that all of the wetproofing occurs in a narrow range of Teflon

loadings. Results for PC(SL) measurements were fitted using a bundle-of-capillaries model. The apparent
water intrusion contact angles fell between 130◦ and 133◦ in the rough Teflonated pore space (regardless
of loading), whereas the apparent gas intrusion contact angles fell between 66◦ and 70◦ for the same
materials.
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. Introduction

Water management continues to be a major research focus for
roton exchange membrane (PEM) fuel cells. Poor water manage-
ent in a PEM system results in either membrane dehydration

decreased ionic conductivity [1]) or flooding and the myriad issues
hat accompany excess liquid water (including mass transport
esistance [1] and faster degradation of stack components [2,3]).
he engineering of gas diffusion layers (GDLs) that sustain mem-
rane hydration without flooding over a wide range of operating
onditions is one route to better water management. Although the
DL has received much attention for this reason [1,4–10], a funda-
ental understanding of how to optimize GDL design is still being

eveloped.

The GDL substrate is almost universally either a woven cloth

r unwoven paper made from carbon fibers. Manufacturers often
reat the GDL with hydrophobic fluoropolymer [4] and/or a gran-
lar microporous layer (MPL) or fill [5–7] in order to reduce the
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pooling of liquid water. The performance effects of different GDL
treatment methods are normally evaluated using single-cell elec-
trochemical measurements in the mass transfer affected regime
[4–6,11,12]. Electrochemical measurements are governed by a
complex set of coupled phenomena, making it difficult to reli-
ably deconvolute the mass transfer affected response into a single
factor such as the effect of GDL treatment on wetting proper-
ties. In situ visualization has helped to interpret such results,
by illuminating some of the complex changes in liquid behavior
that result from GDL modification [8–10]. Hydrophobic treat-
ments have been shown to affect water movement throughout
the entire cell, preventing spontaneous wicking of water into
GDL pores [8,9], causing water to move as droplets instead of
films in the gas channels [8,10], and even changing the water
balance between anode and cathode sides of the cell [9,10]. How-
ever, a predictive understanding of such effects is still elusive, as
the performance benefit of any GDL modification depends heav-

ily on the specific operating conditions and cell geometry used.
Moving forward, it will be important to connect treatment steps
with quantitative measurements of the interaction of the GDL
and liquid water. This paper seeks to provide such data, specifi-
cally addressing how the internal GDL pores change as a function

http://www.sciencedirect.com/science/journal/03787753
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Table 1
Select physical properties of the Toray TGP-H090 carbon fiber papers with increasing Teflon loadings.

Nominal Teflon loadinga Areal mass (mg cm−2)b Calculated Teflon
loadingc

MIP cumulative
volume (�L mg−1)d

Areal volume (�L cm−2) Calculated porositye

0 wt.% 11.9 ± 0.1 – 1.57 18.7 ± 1.0 0.67 ± 0.03
5 wt.% 12.7 ± 0.1 6.3 ± 1.1 wt.% 1.50 19.1 ± 1.0 0.68 ± 0.04

10 wt.% 13.1 ± 0.2 9.2 ± 1.4 wt.% 1.49 19.5 ± 1.1 0.70 ± 0.04
20 wt.% 14.8 ± 0.3 19.6 ± 1.6 wt.% 1.29 19.1 ± 1.2 0.68 ± 0.04
40 wt.% 21.5 ± 0.9 44.7 ± 2.4 wt.% 0.76 16.4 ± 1.9 0.59 ± 0.07

a Supplier-designated loading.
b

ch of

o
e

d
m
d
t
S

P

w
V
t
p
f
f
t

P

w
c
t
c
c
s
i
a
t
p
t
w

fi
f
o
t
G
t
p
p
u
t
v
c
a
d
e
w
m

Mean and uncertainty estimated from five measurements at each loading.
c Loading based on difference from 0 wt.% areal mass.
d Uncertainty estimated as ±0.08 �L mg−1 from three replicate measurements ea
e Porosity based on the manufacturer-specified thickness of 280 �m.

f Teflon loading, a common parameter adjusted by manufactur-
rs.

One very useful test that is rapidly gaining prominence for
escribing the GDL pore space is the capillary pressure-saturation
easurement [13–20]. The capillary pressure, PC, is the pressure

ifference formed between the liquid phase and gas phase within
he pores of the GDL, expressed as a function of liquid saturation,
L:

C (SL) = PL − PG, SL = VL

VPORE
= VL

εVT
(1)

here PL is liquid pressure, PG is gas pressure, VL is liquid volume,
PORE is pore volume in the GDL, ε is material porosity, and VT is
otal geometric volume of the GDL. The PC(SL) curve provides a
robe of the liquid/gas interfaces within the GDL material for dif-
erent levels of water saturation. The simplest interpretation comes
rom the pressure in a smooth cylindrical capillary, expressed by
he Young–Laplace equation [21]:

C = −2� cos �

REFF
(2)

here � is the surface tension of an air/water interface, � is the
ontact angle (as drawn through the liquid), and REFF is the effec-
ive pore radius. Although GDL materials do not have smooth
ylindrical capillaries, Eq. (2) helps to understand the trends that
an be observed through careful measurement of capillary pres-
ure. Materials with smaller characteristic pores (smaller REFF) will
ncrease the magnitude of capillary pressure required to intrude
n interface past the pore throats, while hydrophobic treatments
hat lower surface energy (resulting in larger �) shift the capillary
ressure to more positive values. Moreover, this simple descrip-
ion belies a much more complex behavior, such as the hysteretic
etting/dewetting first shown in 2007 [14].

Here we show that the PC(SL) relationship provides a sensitive
ngerprint of the GDL material, and can be used as a direct probe

or assessing how changes in manufacturing impact the morphol-
gy and wetting behavior of the material. There are several ways
o extract parameters that are useful for interpreting changes in
DL properties. Harkness et al. suggested comparing two quanti-

ies from PC(SL) measurements with fuel cell water management
erformance, namely, the “modal imbibition pressure” and the
ressure/saturation required to sustain a 1.5 A cm−2 equivalent liq-
id flow [19]. Gostick et al. suggested using PC(SL) data to calculate
he USBM wettability index, a ratio of the work required to dewet
s. wet a GDL sample [20]. We recently showed that a bundle-of-
apillaries model can be used for a self-consistent interpretation of

pparent GDL pore size distribution and hysteretic contact angle
istribution from mercury intrusion porosimetry (MIP) and PC(SL)
xperiments [22]. Despite oversimplifying both the structure and
etting physics of complex porous media, bundle-of-capillaries
odels are commonly used for understanding MIP experiments
two carbon papers.

[23], and we show that they are valuable for comparing the inter-
action of GDL materials and water.

2. Experimental

In this study, a series of Toray carbon papers was tested with
increasing Teflon loadings to quantify the impact of the coatings on
liquid water interaction. All GDL samples tested were Toray TGP-
H090 carbon papers either left plain or commercially wetproofed
by the supplier. Papers were tested with nominal loadings of 5 wt.%
Teflon (Fuel Cell Earth, Stoneham, MA) as well as 10, 20, and 40 wt.%
Teflon (BASF Fuel Cell, Somerset, NJ). Although the details of wet-
proofing treatment are proprietary to the suppliers, it is commonly
accomplished through deposition of a suspension of polytetrafluo-
roethylene (PTFE) or fluorinated ethylene propylene (FEP) particles
[4,24,25], and will be treated as such in our discussion. Measured
physical properties are summarized in Table 1; sample thickness
was taken as the manufacturer-specified 280 �m.

2.1. Mercury porosimetry

A Micromeritics AutoPore IV 9500 was used for mercury
intrusion porosimetry (MIP) experiments. Mercury pressure was
increased from 0.4 to 30,000 psi (3 kPa–207 MPa), and the corre-
sponding intruded volume was measured; a maximum volume was
reached for each carbon paper sample well below the final pressure.
The cumulative volume intruded was taken as the total pore vol-
ume. Incremental volume intruded at each pressure was used to
estimate a pore size distribution for each sample according to Eq.
(2). The mercury/vapor surface tension was taken as 0.485 N m−1,
and the assumed contact angle was 130◦.

2.2. Water/air capillary pressure

A schematic of the setup used to measure water PC(SL) rela-
tionships is shown in Fig. 1. The equipment used was similar to
a pressure cell described previously [22], but the incorporation
of the GDL sample into the cell was improved. The epoxy previ-
ously used to seal the edges of the sample was eliminated out
of concern for potential changes in the wettability and pore vol-
ume of the material. Instead, the following scheme was used to
seal the sample within the cell: the 38 mm diameter GDL sample
(a) was encircled by a 20 mil Teflon gasket (b) and sandwiched
between a hydrophobic Teflon membrane (c, Pall Life Sciences
TF-450, 0.45 �m characteristic pores) and a hydrophilic Nylon
membrane (d, Whatman NL 17, 0.45 �m). Both membranes were

supported by a 4 mil thick stainless steel screen (e, Pall Corporation)
perforated with 180 �m pores. This sample stack was assembled
between the two halves of an aluminum pressure cell, with distrib-
utor flow fields machined into the two mating faces. The sample
stack was sealed by two o-rings that crush the membranes and
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Fig. 1. Schematic for the capillary pressure measurement apparatus. The GDL sam-
ple (a) is surrounded by a Teflon gasket (b) and sandwiched between hydrophobic
(c) and hydrophilic (d) membranes. Each membrane is supported by a steel screen
(e). This sample stack is compressed between the two manifolds of the pressure
cell. After assembly, the cell is evacuated using a vacuum aspirator, the vent valve is
used to set the gas pressure measured by transducer P . The bottom manifold and
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ment of samples spontaneously wetted with isopropanol. Fig. 2b
shows that there is a slight shift in the characteristic pore radius
(where the majority of volume is intruded) from approximately
14–13 �m from papers with 0–40 wt.% , respectively. This is consis-
tent with deposits of fluoropolymer particles reducing the effective
G

ample stack are filled with liquid water using the syringe pump, then the vacuum
spirator is turned off. The saturation is then cycled using the syringe pump and the
apillary pressure difference is measured by transducer PC .

eflon gasket around the perimeter of the GDL sample. The torque
n the assembly bolts was set with a torque wrench and the result-
ng compressive pressure on the GDL sample was estimated using
ressure-sensitive film (Sensor Products Inc.). For all data pre-
ented here, the pressure on the samples was estimated to be
pproximately 85 psi (0.59 MPa). This was found to be sufficient
o compress the membranes tightly against the GDL sample and

aintain fluid contact across the layers, and represented a moder-
te compressive force compared to what is used in some fuel cell
tacks [26].

The procedure for measuring capillary pressure was nearly iden-
ical to that described previously [14,22]. Briefly, after the liquid

anifold and sample were filled under vacuum [22], the syringe
ump was used to cycle water at a constant rate into and out of
he sample while the liquid/gas pressure difference was measured.
fter verifying that the water intrusion and gas intrusion curves
ere consistent, a stepwise cycle was taken; the final capillary pres-

ure was recorded after a pause of 120 s after each volume change
tep [14]. The saturation at each step was calculated as in Eq. (1),
ith the sample assumed to be completely drained at −30 kPa (i.e.

ero irreducible saturation assumed) and the liquid volume at pres-
ures above −30 kPa indicated by the change in the syringe volume.
he total pore volume was taken from MIP total intrusion volume.
he air manifold was left stagnant during the test, as this was found
o prevent evaporation more effectively than humidifying the gas
ide by sparging.

.3. Imaging methods

The coating quality was observed using two imaging techniques,
canning electron microscopy (SEM) measuring backscattered elec-
ron intensity and time-of-flight secondary ion mass spectroscopy

ToF-SIMS). SEM backscattering (SEM-B) has previously been used
o look at GDL coatings, as fluoropolymer additives appear white
ue to the higher rate of elastic interactions compared to graphitic
arbon [24]. Here we use a JEOL JSM-7000F at 10 keV accelerating
er Sources 195 (2010) 787–793 789

voltage operating in backscattered electron mode. The technique
has limited surface sensitivity, so it is mainly useful for identi-
fying areas thickly coated in Teflon. ToF-SIMS is complementary
to SEM-B, as it probes the top few nanometers of a sample and
thus reveals Teflon thin films down to the sub-monolayer level.
Areas of 0 and 5 wt.% samples were windowed with carbon tape so
that the same area could be compared with both imaging methods.
ToF-SIMS spectra were acquired on an ION-TOF TOF.SIMS 5 spec-
trometer using an 25 keV Bi3+ ion source in pulsed mode, for a mass
range of m/z = 0–500.

2.4. Fitting effective contact angle distribution with
bundle-of-capillaries model

Water/air PC(SL) curves for each carbon paper were fit using a
bundle-of-capillaries model as described previously [22]. Briefly:
a pore size distribution for each nominal Teflon loading was first
estimated using the MIP incremental volume. A series of normal-
ized single-Gaussian contact angle distributions was then assumed,
each with a given mean contact angle �mean and standard deviation
�. No correlation was assumed between contact angle and pore
radius, so smaller pores had the same contact angle distribution
as larger pores. A MATLAB script was used to calculate theoretical
water/air PC(SL) curves for a bundle of cylindrical capillaries using
Eq. (2) for each contact angle distribution, and the best fit for the
corresponding experimental PC(SL) curve was found from the low-
est root sum of squared error (RSSE), using a weighting scheme
that reduced the influence of the less certain low and high pres-
sure extremes. For the experimental PC(SL) curves that were fitted,
an effective saturation was used that removed the irreducible and
residual phase saturations, as a bundle-of-capillaries model can-
not include trapped phases. Effective liquid saturation, SE,L, was
calculated as follows [22]:

SE,L = SL − SL,Min

SL,Max − SL,Min
(3)

where SL,Min is irreducible liquid saturation (corresponding to the
volume at roughly −20 kPa capillary pressure for these Toray sam-
ples) and SL,Max is the maximum liquid saturation (residual gas
saturation, corresponding to +20 kPa). The surface tension of the
water/air interface was taken as 0.072 N m−1.

3. Results and discussion

3.1. Mercury porosimetry

Cumulative pore volume plots from mercury intrusion
porosimetry are shown in Fig. 2a. There is no systematic trend in
total areal volume among papers with 0–20 wt.% Teflon loading,
and we conclude that lot-to-lot variability in the porosity of the
carbon substrate is comparable to the volume lost to the Teflon
treatment. A significant drop in areal pore volume is observed with
the 40 wt.% paper, which was confirmed by gravimetric measure-
pore throat sizes between the carbon fibers, but the effect is not
large. For a smooth cylindrical pore, this shift in characteristic pore
size would result in a pressure increase of about 8%, which is com-
parable to our sample-to-sample variability.
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Fig. 2. Mercury intrusion porosimetry data for Toray TGP-H090 wetproofed with
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Fig. 3. Liquid intrusion and gas intrusion water/air capillary pressure curves for
Toray TGP-H090 carbon papers, three replicate samples for each condition: plain
carbon paper (squares), and wetproofed with 5 wt.% (stars), 10 wt.% (circles), 20 wt.%
(triangles), and 40 wt.% Teflon (diamonds). A significant shift to more positive (more
hydrophobic) capillary pressures was observed between plain and 5 wt.% Teflon
wt.% (squares), 5 wt.% (stars), 10 wt.% (circles), 20 wt.% (triangles), and 40 wt.%
eflon (diamonds): (a) cumulative intruded volume as a function of apparent pore
adius. The total pore volume only shows a significant drop with the addition of
0 wt.% Teflon. (b) Incremental pore volume.

.2. Water/air capillary pressure

Capillary pressure curves for Toray papers with 0, 5, 10, 20 and
0 wt.% Teflon loading are shown in Fig. 3. Data for three repli-
ate samples at each loading are included. One noticeable feature
s the large hysteresis observed between liquid intrusion and gas
ntrusion curves. Liquid intrusion required positive liquid pres-
ures to increase saturation, while gas intrusion required negative
iquid pressures to decrease saturation. There was almost zero
pontaneous imbibition or drainage (liquid intrusion at negative
ressures or gas intrusion at positive pressures), meaning liquid
aturation will remain static in these materials until applied exter-
al pressure exceeds the pressure required to force fluid fronts
hrough additional pore throats. This hysteresis has been observed
y multiple researchers measuring capillary pressure curves in car-
on papers, all recording characteristic pressures in the range of
–10 kPa [14,18,19]. It has been noted that structural effects from
he complex pore geometry of the fibrous materials is sufficient to
xplain the hysteresis [18,19], though chemical heterogeneity may
lso play a role [22].

Comparing curves for 0 and 5 wt.% loaded samples, pressures
or the entire saturation range are seen to shift to more positive
alues with this first addition of Teflon. This reflects the expected

owering of surface energy as graphitic carbon is covered by the
uoropolymer. This effect is observed for both liquid intrusion and
as intrusion processes, but the large hysteresis between the two
urves is maintained. That is, a higher positive pressure is required
o force water into the GDL pores (around 4 kPa increase between
loaded paper. Higher loadings did not further shift the magnitude of the capillary
pressure for most of the saturation range.

0 and 5 wt.% Teflon), but a less negative pressure is required to
remove liquid from the same pores. Comparing the magnitude of
liquid intrusion and gas intrusion curves, for the 0 wt.% (bare car-
bon) samples it is easier to intrude water than it is to remove it,
while for the wetproofed samples it is easier to remove water than
to intrude it. Gostick et al. suggested using the USBM wettability
index to quantify this effect of Teflon loading [20], where a negative
value will clearly show that it was easier to dewet a sample than it
was to wet it. Our calculated wettability indices are +0.47 and −0.26
for the plain and 5 wt.% treated papers, respectively, comparing
favorably with Gostick et al.’s values for similar materials.

Above 5 wt.%, additional Teflon loading has negligible effect on
capillary pressure for both the liquid intrusion and gas intrusion
processes. The pressures required for the liquid or gas front to pene-
trate pore throats does not rise systematically with higher loadings,
as might be expected. Additional fluoropolymer is apparently not
covering bare carbon, but is instead thickening the existing coat
of Teflon, as was suggested previously by Gostick et al. [20]. Fur-
ther evidence for this conclusion is discussed in Section 3.3. The
minor geometry changes from thicker Teflon deposits (as discussed
in Section 3.1) are also apparently too small to affect the move-
ment of water/air interfaces, with the possible exception of the gas
intrusion pressures at high saturation.

Some previous studies have suggested that increasing Teflon
loading has little effect decreasing water wettability above some
minimum threshold value. Using meniscus height measurements,
Lim and Wang found that external contact angles on treated car-
bon papers were not significantly different between 10 and 40 wt.%
Teflon [4]. Using octane drainage and the method of standard
porosimetry, Kumbur et al. found a small difference between 10
and 20 wt.% loaded SGL papers, but the difference was much less
than that observed between 5 and 10 wt.% papers [15]. In measuring
a “hydrophobia fraction”, Lobato et al. recorded significant sponta-
neous uptake of liquid water for an untreated Toray substrate, but
almost none for E-Tek paper from 40 wt.% down to 10 wt.% Teflon

[11]. Finally, Gostick et al. found no significant difference in cap-
illary pressure between E-Tek carbon papers loaded with 10 and
20 wt.% Teflon [20].
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Fig. 4. SEM backscattering micrographs of Toray TGP-H090 samples with nominal
Teflon loadings of (a) 0 wt.% (b) 5 wt.% and (c) 10 wt.%. Arrows highlight several thick
J.D. Fairweather et al. / Journal o

Other studies have shown significant differences between GDLs
easured at higher Teflon loadings, suggesting that the coating
as not complete in these cases. Vol’fkovich et al. observed signifi-

antly more spontaneous uptake of liquid water for Teflon loadings
ess than their maximum of 42 wt.% [25]. Cheng et al. observed
ecreases in the reactivity of the carbon surface with oxygen past

oadings of 20 wt.% [24].
It is difficult to draw broad conclusions from these results; some

uggest that additional Teflon above 10 wt.% has very little impact
n coating while others observe large changes for loadings beyond
0 wt.%. The different techniques do look at different aspects of the
DL; i.e. external contact angle is only affected by surface wetta-
ility while reactivity with oxygen is determined by the carbon
urface throughout the GDL, and even capillary pressure is deter-
ined by restricting pore throats and may be unaffected by changes

n the larger pore spaces. Differences may also arise from the indi-
idual coating techniques and the specific fluoropolymer used for
ach study. Additional study is required using these complemen-
ary techniques in order to determine optimum loading level for a
iven treatment method and material.

.3. Imaging of Teflon coverage

SEM backscattering micrographs of the 0, 5, and 10 wt.% wet-
roofed carbon paper surfaces are shown in Fig. 4. Image contrast is
ased in part on the rate of elastic electron scattering, making thick
eposits of fluoropolymer appear white against the background of
arbon fibers and binder material. Arrowheads highlight several
hick Teflon regions in Fig. 4b and c. With a 5 wt.% Teflon loading
Fig. 4b), the fluoropolymer mainly appears as deposits limited to
orners and the junctions between fibers, and large areas of carbon
ppear exposed. Similar heterogeneous distributions of Teflon have
een commonly observed for GDL carbon papers [4,24,27]. The het-
rogeneous distribution has been explained by the fluoropolymer
pplication process and redistribution during the subsequent dry-
ng and sintering steps. For the 10 wt.% sample (Fig. 4c), the white
ontrast appears to show that the Teflon is much more widespread
ith the slightly heavier loading, and much less exposed binder

s visible. Bridges and films of Teflon are also visible at pore cor-
ers; such films have been noted as a major effect of higher Teflon

oadings due to their impact on transport [4].
Insets in Fig. 4a and b show ToF-SIMS maps of the CF2

+ ion signal
m/z = 50) for the 0 and 5 wt.% Teflon samples. The correspond-
ng areas on the SEM micrographs are indicated by dashed boxes.
omparable images were generated for all significant positive and
egative ion PTFE peaks and gave similar indications of Teflon sur-

ace coverage. The CF2
+ signal (bright pixels) for the untreated

aper (Fig. 4a inset) corresponds to noise levels, confirmed by
xamining the full ToF-SIMS spectrum. In contrast, the full spec-
rum and ion map images for the 5 wt.% wetproofed material shows
hat fluoropolymer is ubiquitous in the sample. Comparing the SEM
nd ToF-SIMS images in Fig. 4b shows that Teflon functionality is
resent where there are no deposits visible in the SEM. The only
ark areas in the inset appear where there is shadowing of the ion
eam by topography.

Fluoropolymer functionality is observable everywhere on the
urface at the lowest Teflon loading tested, which helps to explain
he insensitivity of PC(SL) measurements at higher Teflon loadings.
ased on the apparent Teflon coverage from SEM backscattering,

t might be expected that the 5 and 10 wt.% samples would show
significant difference in wetting behavior. However, the more
urface-sensitive ToF-SIMS technique suggests that the fluoropoly-
er is present far beyond the thick deposits that show contrast in

he SEM. The ubiquitous thin coating is important, since wetting is
enerally dominated by the top few monolayers of a surface [28].
igher loadings of Teflon on the GDL materials will only add to this
fluoropolymer deposits. Insets show ToF-SIMS images for CF2
+ peak (m/z = 50) for

the boxed areas on the 0 and 5 wt.% samples; brighter pixels correspond to stronger
signal.

base coating and are unlikely to change the wetting or the capil-
lary pressure, which supports a previous suggestion by Gostick et
al. [20].

This more widespread thin coating is likely a result of the typical
wetproofing treatment process used for GDL materials. The final
sintering step takes the sample temperature far above the glass

transition temperature of the deposited Teflon particles, and often
above the melting point. At these temperatures, the polymer has
high mobility and may spread across the graphitic substrate. This
effect will be more important when a Teflon copolymer such as
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Table 2
Best fit parameters for a single-Gaussian contact angle distribution.

Nominal Teflon loading Intruding phase Mean contact angle �mean (◦) Standard deviation � (◦)

0 wt.% Liquid 104.0 4.0
Gas 31.6 11.6

5 wt.% Liquid 132.7 1.7
Gas 66.7 1.0

10 wt.% Liquid 130.8 1.0
Gas 69.6 1.0

F
c
[
t
a
t
t
t
T

3
b

t
a
d
e
l
fi
1
t

g
d
t
m
l
s
T
c
t

i
d
e
a
t
l
f
a
c
p
p
p

w
a
c
s
e
p

probably have to come from a change in pore geometry and not
in wetting.

Another conclusion is that MIP can sometimes be used to
approximate the water intrusion curve for an effectively Teflonated
material, with a simple ratio of surface tensions, �H2O/�Hg, required
20 wt.% Liquid
Gas

40 wt.% Liquid
Gas

EP is used as the treating agent, as the lower molecular weight
opolymers are more mobile at high temperature than pure PTFE
29]. Hence, the final quality and uniformity of the wetproofing
reatment can be adjusted by changing the Teflon copolymer or by
ltering the conditions of the high-temperature treatment steps. In
he case of the commercially treated carbon papers considered in
his study, the surface chemistry as revealed by ToF-SIMS shows
hat the treatment has already been optimized to provide high
eflon coverage.

.4. Fitting effective contact angle distribution with
undle-of-capillaries model

Using the pore size distribution calculated from MIP, effec-
ive contact angle distributions for each sample were estimated,
ssuming a bundle-of-capillaries model and a single-Gaussian
istribution, using the method detailed in Cheung et al. [22]. Param-
ters resulting in the best fit for each experimental PC–S curve are
isted in Table 2, and the experimental capillary pressure data and
tted curves for Toray TGP-H090 with Teflon loadings of 0, 5 and
0 wt.% are shown in Fig. 5a. The effective contact angle distribu-
ions for these loadings are plotted in Fig. 5b.

The effective mean contact angles for both water intrusion and
as intrusion rise as Teflon loading increased from 0 to 5 wt.%, but
o not continue to increase at higher loadings. This again indicates
hat the fluoropolymer coating lowers the surface energy with the

inimal addition of Teflon but has no additional effect at higher
oadings for these papers. The mean contact angles for liquid intru-
ion into the wetproofed samples are in the range of 130–133◦.
his is the middle of the range estimated by Harkness et al., who
ompared “modal imbibition pressures” for mercury and water for
hree wetproofed GDLs [19].

The calculated distributions become much narrower with
ncreasing Teflon loading, as reflected in the shrinking standard
eviations. A standard deviation of one degree was the small-
st value included in our investigated range, so the distributions
pproach �-functions for most Teflon loadings. Careful examina-
ion shows that this is because the fitted PC(S) curves with the
owest RSSE are not quite able to match the experimental data
or the Teflon-treated samples. The fitted curves are too negative
t low saturations and too positive at high saturations. This effect
omes from the shape of the MIP pressure curves used to calculate
ore size distributions, reflecting differences in the way the sam-
les were encased in the MIP apparatus vs. in the water/air capillary
ressure cell (i.e. uncompressed vs. moderately compressed).

It is worth noting that the calculated mean contact angles for
ater intrusion into the wetproofed papers are very close to our
ssumed contact angle for mercury intrusion (130◦, used to cal-
ulate pore size distribution). It appears that, when the effect of
urface tension is removed, it is just as difficult for water to pen-
trate this material as it is for mercury. From the combination of
ore roughness and lowering of surface energy from Teflon, the
130.7 1.0
66.3 1.0

130.7 1.0
68.8 4.0

water/air interface behavior approaches the highly non-wetting
behavior of the mercury/mercury vapor interface, even for a 5 wt.%
Teflon loading. Based on this observation, if a larger resistance to
water intrusion is desired for better water management, it will
Fig. 5. Fitting of capillary pressure data using a bundle-of-capillaries model with
pore size distribution from mercury intrusion. (a) Capillary pressure data and fits
for Toray TGP-H090, plain (squares and dotted line) and treated with 5 wt.% (stars
and dashed line) and 10 wt.% Teflon (circles and solid line). Effective saturation for
each curve was calculated using Eq. (3). (b) Calculated contact angle distributions
for the fitted curves.
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or conversion. This validates an assumption previously used by
costa et al. to estimate water intrusion pressures from mercury

ntrusion of carbon cloth [30]. In that case, the cosine of the each
ontact angle was also included in the conversion, but the mea-
ured contact angles for mercury and water on the rough surface of
he carbon cloth were nearly identical (141◦ vs. 143◦). It has sim-
larly been observed that for highly wetting or non-wetting fluids
n a rough pore space, it is often more accurate to ignore contact
ngle for such conversions [31].

MIP alone cannot be used to estimate water intrusion pressures
or GDLs with significant bare carbon exposed. In such cases, the
etting difference between mercury and water is more significant

han the effects of pore roughness. Some estimate of the effective
ontact angle difference would be required, such as those calculated
n this study.

We acknowledge that the GDL material does not physically
esemble a bundle-of-capillaries, and the complex geometry and
onnectivity of the fibrous pore space play major roles in the
bserved hysteresis between liquid and gas intrusion. Therefore,
he different contact angle distributions calculated here should
e viewed as effective contact angles and not a direct result of
he wettability of the surfaces. However, this phenomenological
pproach is useful for describing changes in wetting (as revealed
y water/air capillary pressure) and separating out the impact of
eometry changes (as shown by MIP). Furthermore, the use of effec-
ive advancing and receding contact angles is one way of accounting
or hysteretic effects in pore network models without including
omplex geometric effects (pinned interfaces, etc), and therefore
ssigning effective contact angle distributions can be helpful in
odeling GDL behavior. For example, contact angle hysteresis has

een used to model hysteretic capillary pressure relationships in
corrugated” pore networks, essentially pore networks with a con-
ectivity of two [32].

. Conclusions

Commercial carbon paper GDLs with increasing Teflon loading
ere investigated to quantify the impact of fluoropolymer coating

n the interaction with liquid water. Mercury porosimetry showed
very small decrease in the characteristic pore size for Teflon load-

ngs up to 40 wt.%. Hysteretic water/air PC(SL) curves shifted to more
ositive pressures with the addition of 5 wt.% Teflon, but no fur-
her change was found between 5 and 40 wt.% loading. ToF-SIMS
maging confirmed that the fluoropolymer coverage was nearly
omplete at 5 wt.% loading, indicating that the wetproofing agent
as able to spread during high temperature treatment.

A bundle-of-capillaries model was used to calculate effective
ore size distributions for water and gas intrusion into each sample.
he effective mean contact angles rose with the initial addition of
eflon, reflecting the lowering of GDL surface energy, but with no
urther increase above 5 wt.% loading. The calculated contact angle
istribution for water intrusion approached a delta function around
he assumed contact angle for mercury, indicating that the water

ntrusion process was comparable to mercury intrusion for these
reated carbon papers.

The samples tested in this study were effectively wetproofed,
ith a rough Teflonated pore space that required only very low flu-

ropolymer loadings to be effective. We conclude that: (1) because

[
[
[
[
[

er Sources 195 (2010) 787–793 793

of insensitivity to the specific loading used, water wetting should
be a lesser consideration compared to the other effects of increased
Teflon treatment, such as changes to permeability, tortuosity and
mechanical strength [4,11]; and (2) future efforts to optimize the
GDLs for high current density operation should focus on engineer-
ing pore geometry, as the surface coating is less likely to provide
further gains.

It is worth noting that these conclusions were based on tests
with new GDL samples at room temperature, reflecting the prop-
erties of the materials when a fuel cell is first assembled. There
is much work showing that the GDLs lose hydrophobicity during
the course of a PEMFC lifetime [2]. Also, GDL wettability has been
observed to shift to more hydrophilic behavior after exposure to
liquid water at fuel cell operating temperatures [4,25]. Water/air
capillary pressure measurements like those described here will be
very useful in quantifying these changes for different GDL materi-
als, and in improving designs to compensate for these effects, and
these changes will be explored in a future study.
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