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Polytetrafluoroethylene  (PTFE)  has  been  widely  employed  as a hydrophobic  coating  for  the  polymer
electrolyte  membrane  fuel  cell  (PEMFC)  gas  diffusion  layer  (GDL).  Despite  a number  of  application  tech-
niques  available,  a method  of  quantifying  the  distribution  of  PTFE  in the  through-plane  direction  of the
GDL  has  not  been  well  established.  In this  work,  we  present  a  novel  method  for  measuring  heterogeneous
through-plane  PTFE  distributions  within  the  bulk  of  the GDL  using  scanning  electron  microscopy  (SEM)
energy  dispersive  X-ray  spectrometry  (EDS)  imaging.  To  the authors’  best  knowledge,  this  work  repre-
olymer electrolyte membrane fuel cell
as diffusion layer
olytetrafluoroethylene (PTFE)
ettability distribution

eterogeneous

sents the  first  direct experimental  investigation  of the  through-plane  distributions  of  PTFE  for various
commercially  available  GDLs.  SEM  EDS  imaging  of  typical  PTFE  distributions  for  paper,  felt,  and  cloth
GDLs are  presented  and  discussed.  SEM  backscatter  electron  images  (SEI)  are  also  provided  to enable  the
comparison  of  PTFE  distributions  with  the  morphological  features  of  the  GDL.  This work  has  the  potential
to be  employed  to tune  PTFE  distributions  for optimal  water  management  in  the  GDL  for  improving  the
overall  design  and  performance  of  PEMFCs.
. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are highly
fficient, scalable devices for the conversion of chemical to electri-
al energy [1].  One of the major challenges in improving PEMFC
erformance is water management [2–4]. One component that
lays an important role in such water management is the gas diffu-
ion layer (GDL), a hydrophobic porous carbon fiber layer that aids
n (i) reactant delivery to the catalyst layer, (ii) removal of liquid

ater, and (iii) improving the electronic conductivity and struc-
ural stability of the MEA. Accumulation of liquid water in the GDL
an limit fuel cell performance by blocking reactant access to the
atalyst layer, and must be removed to prevent clogging of the GDL
ores [2,4,5].  The issue of water management can be addressed by
nderstanding the transport properties of the GDL. Porosity and
ydrophobicity are two such properties that require further study.

Commercially available GDLs can be classified into three cat-
gories based on their microstructure: paper, felt and cloth.
olyacrylonitrile-based carbon fibers are either bonded together

n a matrix (paper), hydro-entangled (felt), or woven (cloth). For
aper, individual carbon fibers are cut to lengths of 3–12 mm,
ound into a web-like structure using a binder (typically polyvinyl

∗ Corresponding author. Tel.: +1 416 946 5031; fax: +1 416 978 7753.
E-mail address: abazylak@mie.utoronto.ca (A. Bazylak).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

alcohol), impregnated with resin, and finally heat-treated to tem-
peratures over 2000 ◦C [5].  For felt, the fibers are bound together
by a hydro-entanglement step that orients some of the fibers in
the through-plane direction, in the absence of a binder. Both felt
and paper morphologies are highly porous (typical pore size is
between 10 and 30 �m [5]). The fiber placement in felt is more
random due to the hydro-entanglement process. For cloth GDLs,
the carbon fibers are formed into yarn strands that are woven
into a cloth structure. For cloth, the weave pattern tends to pro-
duce both macro- and micro-pores, compared to the micro-porous
structure of paper and felt [2,6]. As Escribano et al. [7] observed,
these microstructural variations influence the properties of
GDLs.

GDLs are rendered hydrophobic by applying a polytetrafluo-
roethylene (PTFE) coating. PTFE is a fluoropolymer consisting of a
repeating carbon backbone with fluorine side units, having compo-
sition (C2F4)n. It is well-suited for application to the GDL due to its
hydrophobicity and stability [5,8]. Typically, carbon black is added
to improve the electrical conductivity of the coating. Borup et al.
[9] observed that the GDL loses its hydrophobicity with time, and
Schulze et al. correlated the GDL performance loss with changes
in its surface properties [10]. The objective of the present study
is to compare through-plane distributions of PTFE in paper, felt,

and cloth GDLs to help improve our understanding of the GDL  sur-
face properties. To this end, we  describe a microscopy technique
to probe the elemental composition of GDL cross-sections impreg-
nated with PTFE.

dx.doi.org/10.1016/j.jpowsour.2011.11.005
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:abazylak@mie.utoronto.ca
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For each material, untreated and 10 wt.% PTFE treated samples
were tested (Table 1). The samples were initially cut to approx-
imately 1 cm × 1 cm and mounted in extension springs to stand
upright and parallel, as shown in Fig. 1a. The springs and samples

Table 1
Identification and properties of the GDL samples tested.
20 A. Rofaiel et al. / Journal of P

Lim and Wang found that when varying the PTFE content of
aper GDL Toray TGP-H-090, a 10 wt.% addition of PTFE provided
esirable fuel cell performance [11]. (For the remainder of this
aper, we refer to Toray TGP-H-90 as T090). It is important to
ote that Lim and Wang only investigated paper GDL. As well,
hey applied the PTFE treatment in-house, and did not examine
re-treated GDLs. Although PTFE increases the hydrophobicity of
he GDL, its application should be limited due to its high electri-
al resistivity (greater than 1018 � cm−1) [12]. Another tradeoff to
TFE application is the impact on GDL porosity distributions [2,13],
hich in turn can influence the mass transport behavior within the

uel cell.
While 10 wt.% PTFE was found to be sufficient by Lim and

ang [11] when they studied T090, 20 wt.% is the highest gen-
rally employed PTFE loading [5].  Through an analysis of GDL
icrostructure parameters such as porosity, absolute permeabil-

ty, and contact angle, Park and Popov [2] determined that the
ptimal PTFE content was approximately 20 wt.%. They found that
ptimal performance is based on a balance between the hydropho-
icity of the GDL surface and its absolute permeability. However,

 recent review by Wang et al. [14] has stated that further studies
re required to fully characterize the hydrophilic/hydrophobic dis-
ribution within the GDL, and that this information is required for
ealistic model development and numerical analysis.

There are several methods of applying a hydrophobic treatment
o the GDL. Since PTFE resin does not respond well to solvent or

elting processes [15], it is usually applied as an aqueous disper-
ion. The dispersion contains PTFE particle sizes ranging from 50 to
00 nm [16]. Since typical GDLs pore sizes are between 10–30 �m
5], the PTFE particles should easily penetrate into the GDL bulk.
ypical PTFE application techniques include spray, brush, flow, and
mmersion of the GDL in a PTFE solution [2,5]. Spray and brush
echniques are better suited for surface or one-sided applications,
hile the immersion and flow methods are more effective when

ulk treatment is required. PTFE bulk penetration is important so
hat liquid water does not remain trapped within the porous core
egion of the GDL. Since most commercial and experimental pur-
oses require bulk PTFE distribution, the immersion technique is
he most common. Immersion also allows for a greater control on
he applied PTFE content (PTFE loading), as the dispersion con-
entrations can be adjusted. Additionally, PTFE can be repeatedly
pplied until the desired weight loading is achieved. A key draw-
ack to this method is the lack of control of PTFE distribution,
articularly in the through-plane orientation. For a description of
TFE application processes, the reader is referred to the available
iterature [2,5,16,17].

Although several researchers have investigated the impact
f PTFE loading on overall PEMFC performance [2,8,11,18],  the
uantification of its effect has been mostly limited to overall load-

ng. The PTFE application process has the potential to affect the
hrough-plane porosity distribution. Mathias et al. [5] reported that
hanging the drying time during PTFE application can affect its
istribution, with slower drying times leading to higher concen-
rations in the interior of the GDL, and faster drying times showing
igher concentrations near the surfaces. Lobato et al. [8] showed
hat increasing PTFE loading also increases the electrical resistivity,
n both the in-plane and through-plane directions.

Literature regarding the graded application of PTFE in through-
lane and in-plane orientations is sparse. As mentioned above,
athias et al. [5] provided measurements of through-plane dis-

ributions in relation to PTFE dispersion drying times. However,
he particular effects of the distributions were not discussed, nor

ere standard methodologies for reproducing such distributions
eveloped. The difficulty in performing such measurements is due
o the heterogeneity of the GDL morphology and PTFE distribu-
ion. The GDL is highly porous, and the distribution of PTFE at
ources 201 (2012) 219– 225

one location may  vary significantly from those in other locations.
Large pores can also act to conceal areas of PTFE coverage, yield-
ing inaccurate coverage data. In a recent study, Mendoza et al.
[19] used Raman spectroscopy to measure in-plane PTFE distri-
butions in carbon paper GDLs. The authors analyzed the carbon
and fluorine signatures at both high and low concentrations of
PTFE. The presence of PTFE was detected at loadings down to
1.8 wt.% PTFE, and large features were observed for loadings above
20 wt.%. However, they did not consider through-plane distribu-
tions of PTFE, which is important as this is the direction of water
transport between the catalyst layer and the current-collecting
bipolar plate, nor did they explore the PTFE content for other GDL
microstructures.

To characterize through-plane distributions of PTFE for a range
of GDL materials, we present an imaging method that employs
scanning electron microscopy (SEM) energy dispersive X-ray spec-
trometry elemental mapping (EDS). SEM EDS is a surface imaging
technique for determining the presence of particular elements. A
high-energy electron beam is focused on a surface, exciting elec-
trons of near-surface atoms, which emit photons. Emitted X-rays
from the element of interest, which have a selective characteristic
energy, are detected and mapped based on their relative intensi-
ties, to produce a visual representation of the element’s presence on
the surface. The resulting image is a two-dimensional map  showing
the locations of the element of interest. Due to PTFE’s high concen-
tration of fluorine and its absence in the regular structure of the
GDL, fluorine is a suitable element for determining the presence
of PTFE. The characteristic energy of fluorine is 0.677 keV. From
the two-dimensional elemental mappings obtained from the EDS
measurements, we  generate one-dimensional through-plane PTFE
distributions, illustrating their dependence on the heterogeneous
GDL microstructures.

Recently, Radhakrishnan and Haridoss [20] used a similar tech-
nique to characterize the presence of PTFE in the residue obtained
from compressing a GDL over multiple cycles. They found that this
cyclic compression led to degradation of PTFE within the GDL due to
the applied pressure. Although that technique is similar to the work
discussed in the present paper, to the best of our knowledge, this
is the first direct experimental investigation to qualitatively com-
pare the through-plane PTFE distributions in three commercially
available GDL microstructures: paper, felt, and cloth.

2. Methodology

2.1. Sample preparation

Untreated GDLs were obtained from the following manufac-
turers: Freudenberg H2315 (felt), Toray TGP-H-090 (paper), and
AvCarb 1071 HCB (cloth). For PTFE treatment, samples were sent
to Fuel Cell Earth (Stoneham, MA)  to ensure a uniform PTFE
application process for all samples. However, the process of PTFE
application is proprietary. The benefit of purchasing commercially
available materials is that materials that would be used in fuel cell
applications can be analyzed.
Material Manufacturer PTFE loading [wt.%] Thickness [�m]

Felt Freudenberg H2315 10 150–200
Paper Toray TGP-H 090 10 200–250
Cloth AVCarb 1071 HCB 10 250–300
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ig. 1. GDL sample holders: (a) GDL samples mounted in an extension spring to 

ltrasonic cleaning and carbon coating) held in the SEM loading plate by conductiv

ere placed in a mold plate, and Epo-Thin low-viscosity epoxy
ardener and resin (Buehler, Whitby, Canada; 5 parts resin to 2
arts hardener) was added to the mold-plate until the GDL sam-
les were submerged; the epoxy was then allowed to cure. The
poxy molds were used purely to immobilize the GDL samples for
EM imaging, and it is unlikely that the epoxy would have any effect
n the structure or the PTFE distributions. For each microstructure
nd treatment combination, two samples of each material were
repared and placed in separate molds, so each sample-treatment
easurement was repeated. Because the resin contains substan-

ial quantities of chlorine, this signature element can be used to
istinguish the resin from the PTFE (primarily fluorine) and GDL
primarily carbon).

After allowing the resin to cure for over 24 h, the mold
as ground and polished using three levels of fine, oil-based
ono-crystalline diamond suspensions (15 �m,  9 �m,  and 1 �m,

equentially) until the surfaces of the GDL were exposed. The pol-
shing process took several hours by way of a manual rubbing

otion, using slow and gentle motions. This technique of slow and
ven polishing was employed to ensure that there was  no damage
o the GDL samples.

After polishing, the samples were sonicated in hexane for
pproximately 5 min  to remove any contaminants. Due to the
orosity of the GDL, sonication was necessary to remove remnant

mpurities and particles from the polishing process. The samples
ere then sputter-coated with carbon (carbon evaporation coat-
ng at 80 Å), for enhanced electronic conductivity for examination
nder the SEM. Fig. 1b shows the mold in its final form, with
he through-plane surface of each sample exposed and carbon
oated.
he samples in place for mold 1. (b) The two  molds in their final state (following
on tape. (c) Sample placement and imaging locations for mold 1.

2.2. EDS measurements

EDS elemental mapping was employed for determining the
presence of fluorine within the GDL. Due to the high concentra-
tion of fluorine in PTFE and its absence in the GDL, fluorine is a
suitable element for determining the presence of PTFE throughout
the GDL. Through X-ray radiation, excited electrons emit photons at
a characteristic wavelength (1.832 nm for fluorine). These photons
are detected and mapped based on relative intensities to produce
a visual representation of the presence of fluorine. All SEM imag-
ing was  performed on a JEOL JSM-6610LV SEM with an Oxford
Instruments X-max Silicon Drift Detector with 20 mm2 active area
for EDS measurements. PTFE-treated samples were examined with
EDS maps for quantifying fluorine content and SEI for illustrating
the structural morphology of the GDL. An untreated felt sample was
imaged at the characteristic wavelength of fluorine, and no signal
was detected. This demonstrated that the technique was indeed
measuring fluorine in the PTFE.

To mitigate shadowing due to GDL porosity and maximize pen-
etration of the beam into the pores, the samples were oriented
parallel to the vertical (azimuth) angle of the EDS beam. When
capturing the EDS maps, both fluorine and carbon maps were exam-
ined.

The imaging regions were taken adjacent to each other, so that
a continuous region was captured. This is shown schematically in
Fig. 1c. Multiple images were collected for each sample, and the
distributions were averaged and normalized. The reported results

were representative of observed trends. It is important to note that
some variation is expected between samples due to the random-
ness of the GDL structure [13].
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The SEM magnification varied between 250× and 350×, depend-
ng on the sample thickness (between approximately 150 and
00 �m).  The size of the EDS image was 512 × 384 pixels acquired
ith a pixel dwell time of 600 �s for a total capture time of 117.96 s
er frame. Each image was obtained through software-based frame

ntegration of 5 frames.
The fluorine map  images were condensed into one-dimensional

istributions using MATLAB’s Image Processing Toolbox. The
reyscale value of each pixel along the in-plane direction of the
mage (horizontal axis in the EDS mappings) was  summed to
btain a relative PTFE value along the thickness of the GDL. The
elative PTFE values were normalized across the through-plane
irection.

. Results

As discussed above in Section 2, two molds were constructed
or immobilizing the GDLs for SEM imaging. However, the imaging
esults were found to be qualitatively similar, so we  focus only on
old 1 for the remainder of the paper. For Mold 1, the imaged

egions were adjacent to each other, so that a continuous image
as formed across the entire scan length (Fig. 1c).

Fig. 2 shows the SEI SEM images of the felt (a), paper (b), and
loth (c), for the GDL materials and treatments described in Table 1.
t is important to note that the SEI results clarify the local morpho-
ogical structure of the material, consisting of carbon fibers, PTFE
nd resin (and binder, in the case of paper GDL). EDS maps of the
amples in Fig. 2a–c are shown in Figs. 3–5,  where both carbon
top) and fluorine (bottom) EDS maps demonstrate the differences
n both degree of penetration and distribution of PTFE between the
arious microstructures tested.

The PTFE is known to agglomerate near the surface [13], so it is

ot surprising that there is PTFE near the surfaces (top or bottom of
he images) for most of the samples. Additionally, for Figs. 3–5,  the
hrough-plane direction is along the vertical axis of the images, and
he images themselves are of cut cross-sections of GDL materials.

ig. 2. SEIs from mold 1: (a) sample 1 (PTFE-treated felt, top); (b) sample 3 (PTFE-treate
easured as three adjacent measurements and combined to form the full image.
ources 201 (2012) 219– 225

It is important to note that EDS is a surface technique, so only
PTFE near the cross-sectional surface will be detected. Since the
GDLs tested were highly porous, electron beams that did not impact
near the surface dissipated within the irregular lattice structure
of the materials. As a result, only PTFE near the surface could be
detected. X-rays emitted from PTFE particles deep within the GDL
would be lost due to the complex pore morphology.

EDS maps for the paper GDL are shown in Fig. 3a (carbon map)
and Fig. 3b (fluorine map). PTFE was  largely concentrated along the
surface fibers (near the top and bottom surfaces), with less fluorine
detected in the central region. This observation could explain the
water retention in the GDL core region following purging, as seen
by Buchi et al. [21]. This also agrees with work by Fishman and
Bazylak regarding PTFE accumulation at the surface regions along
the thickness direction of the GDL [13]. From a study on the effect
of PTFE on the through-plane porosity profiles of uncompressed
paper GDLs, the authors found that the porosity of treated paper
GDLs decreased near the surfaces, compared to that of untreated
paper GDLs. The core porosity, however, did not show a compara-
ble trend. That study found that PTFE is non-uniformly distributed
along the thickness of the paper GDL, with the particles primarily
accumulating near the surfaces of the GDL.

Fig. 4 shows the EDS maps of (a) carbon and (b) fluorine for the
Freudenberg felt GDL. As expected from the hydro-entanglement
manufacturing process, the carbon fibers were oriented randomly
throughout the through-plane direction (Fig. 4a). Similar to the
paper GDL (Fig. 3), the PTFE coating in the felt GDL is concen-
trated near the top and bottom surfaces. However, there is a gradual
decrease in the PTFE content from the surfaces to the core of the
GDL.

EDS maps for the cloth GDL (Fig. 5) illustrate the differences
in carbon fiber morphology and PTFE distribution for the paper
GDL, compared to the paper and felt GDLs. In particular, the PTFE is

not limited to the surface regions, and has accumulated along the
weaves of the cloth. While the PTFE did not significantly penetrate
into the woven yarns of the cloth, Fig. 5b shows that some PTFE

d paper, middle); and (c) sample 5 (PTFE-treated cloth, bottom). Each image was
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Fig. 3. The results of (a) carbon and (b) fluorine EDS maps on the paper GDL on mold 1. The carbon map  appears much more detailed than the fluorine map  due to the higher
elemental presence of carbon, which composes most of the GDL. Each image was  measured as three adjacent measurements and combined to form the full image. These
images  are cross-sections, so the through-plane direction is along the vertical axis of the image.

Fig. 4. The results of (a) carbon and (b) fluorine EDS maps on the felt GDL on mold 1. The carbon map  appears much more detailed than the fluorine map due to the higher
elemental presence of carbon, which composes most of the GDL. Each image was  measured as three adjacent measurements and combined to form the full image. These
images  are cross-sections, so the through-plane direction is along the vertical axis of the image.

Fig. 5. The results of (a) carbon and (b) fluorine EDS maps on the cloth GDL on mold 1. The carbon map  appears much more detailed than the fluorine map  due to the higher
elemental presence of carbon, which composes most of the GDL. Each image was  measured as three adjacent measurements and combined to form the full image. These
images  are cross-sections, so the through-plane direction is along the vertical axis of the image.
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Fig. 6. Averaged through-plane PTFE distributions for the three trea

id accumulate in the middle of the yarns, following the transverse
bers.

The SEM images discussed above provide a qualitative descrip-
ion of PTFE penetration into the various GDL microstructures.
owever, this does not provide a quantitative analysis of the actual
TFE content in the through-plane direction of the GDL. To highlight
his information, fluorine distributions averaged along the in-plane
irection of the images (along the horizontal axes in Figs. 3–5)  are
resented. The fluorine content and GDL thicknesses were nor-
alized to facilitate comparison and standardize contrast effects

ntroduced by the SEM software. This analysis was performed using
 Matlab script, described in Section 2. The normalized distributions
or the three microstructures (paper, felt, and cloth) are discussed
elow.

The distribution plots for the three GDL materials are shown
n Fig. 6. It is important to note that, for this study, we are inter-
sted in relative PTFE distributions in the through-plane direction
f the GDL. At present, quantification of the exact amounts or spa-
ial locations of PTFE is beyond the scope of this study. The plot
or paper demonstrates approximately symmetrical adsorption of
TFE within the sample, with peaking PTFE concentrations near
he surface edges and lower accumulation in the core. A similar
imodal distribution is seen for the felt GDL. The PTFE penetration

n the cloth, however, appears more uniform throughout the bulk
f the GDL. This is likely due to the transverse weave pattern of the
loth, which is expanded in more detail below.

. Discussion

We can attribute the symmetric, bimodal distribution in the felt
nd paper GDLs to (i) the drying time following PTFE application [5]
nd (ii) the surface morphology of the paper GDL, whereby the PTFE
uspension easily penetrate into the surface pores [13,22]. Addi-
ionally, Fig. 6 shows higher concentrations of PTFE closer to the
ight hand surface side of the paper GDL. Further work is required
o determine the specific cause of this imbalance, but it is likely
elated to the application methods used.

The PTFE distribution in felt is similarly bimodal; however, the
TFE was able to penetrate deeper into the felt than the paper. This
uggests that the binder used in the papermaking process impedes
he infiltration of PTFE distribution into the bulk of the paper GDL.
n felt, there is no local surface porosity minima associated with
inder [22] preventing the PTFE from penetrating deeper into the
DL core region. In contrast, for the surface regions of the paper
DL, local low-porosity binder regions cause PTFE to accumulate

t the surface [13]. This is equally demonstrated in Fig. 6 for the
aper and felt distributions. It can also be noted that the PTFE
ccumulates as large agglomerations in regions of densely packed
bers.
L materials tested. The 0-position represents the center of the GDL.

The uniform appearance of PTFE through the cloth sample
shown in Fig. 6 is different than the bimodal distributions for the
cloth and paper GDLs. The resulting distribution appears more
uniform, with some fluctuations. However, this is an artifact of
the sinusoidal pattern of the cloth weave. As can be seen from
Fig. 5b, the fluorine of PTFE follows the carbon strands of the
weave. Since the weave traverses the full through-plane thickness
of the cloth, the averaged fluorine content appears to remain con-
sistent throughout the GDL thickness. As well, the random nature
of the distribution could be attributed to the fact that each scanned
region of the cloth GDL contains significant amounts of in-plane and
transversely oriented fibers, with some PTFE penetrating along the
transverse yarns. PTFE does not appear to collect near the cloth GDL
surface, as it does for paper and felt. Instead, PTFE is non-uniformly
distributed along the in-plane and transverse strands of carbon
fibers. Additionally, we  cannot separate the through-plane region
in cloth into surface and bulk regions because of the macro-porous
structure created by the weave pattern of the fibers.

The technique reported here is capable of highlighting the loca-
tions of PTFE in all GDLs, including cloth. At present, however, the
authors cannot comment on the effect that this would have on
GDL performance, which is beyond the scope of this study. How-
ever, further ex situ experiments could be conducted to measure
the diffusivity, permeability and porosity for cloth GDLs with vari-
able PTFE loading and under PEMFC operating conditions. Improved
PEMFC performance could be achieved by tailoring the PTFE dis-
tribution in the GDL to ensure that liquid water droplets do not
interfere with diffusion through the GDL porous structure. Further
investigation of the GDL is necessary for a complete characteriza-
tion of the PTFE penetration. For instance, multiple through-plane
slices of the GDL could be imaged by freeze-fracturing treated
GDLs. Such a technique would minimize any damage to the PTFE
or porous structure due to cutting processes, and would remove
any possible surface agglomeration effects. Future work could also
include an investigation of PTFE application methods, notably the
drying time, temperature, and their impact on the imaged PTFE
distribution.

5. Conclusion

In this work, we presented a novel method for measuring het-
erogeneous through-plane PTFE distributions within the bulk of the
GDL using SEM-based EDS imaging. SEM EDS imaging and typical
PTFE distributions for paper, felt, and cloth GDLs were presented
and discussed. Paper and felt materials exhibited highly heteroge-

neous PTFE distributions in the through-plane direction, with high
concentrations at the GDL surfaces and low concentrations in the
core region. On the other hand, the PTFE distributions observed
in cloth appeared to be significantly more consistent through the
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hickness of the GDL. We  have attributed the penetration of PTFE
nto the cloth GDL core to the weave pattern of the yarns, along

hich PTFE seemed to accumulate. SEI results were also provided
o enable the comparison of PTFE distributions with the morpho-
ogical features of the GDL. The results presented in this work can
e used by modellers to inform their description of the anisotropic
TFE distributions throughout the GDL. This need for hydropho-
icity distributions has been identified by Wang et al. in a recent
eview paper [14]. Additionally, the novel technique discussed
ere has the potential to allow manufacturers of GDL materials to
arameterize their application of PTFE for optimal water manage-
ent in the GDL. Ultimately, we hope that it will provide some

nsight into improving the overall design and performance of
EMFCs.
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