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Abstract

This paper describes a method to characterize the structure of polytetrafluoroethylene (PTFE)
treated gas diffusion layers (GDLs) with and without microporous layers (MPLSs) using 3D X-ray
micro computed tomographic (LCT) microscopy. In this work, the structure of single and dual layer
GDLs is evaluated via uCT for various GDL samples (such as Toray TGP-H-060 and AvCarb
EP40) loaded with different MPLs. A new method is presented for separating, or segmenting, the
various phases of the GDL, i.e., void space, carbon fiber (including binder and PTFE), and MPL.
Through analysis, it was found that the variation in bulk porosity and the average pore diameter of
the GDLs depends highly on the GDL series manufacturing and treatment processes. Using
advanced image analysis techniques, routines were developed to accurately segment the GDL
fibers (including binder/PTFE) and the MPL. The percentage of the intruding MPL material into
the carbon fiber paper as a function of the GDL thickness was successfully found for dual layer
GDLs, with varying PTFE content and areal weight loading in the MPL. This analysis provides
invaluable insight into the physical microstructure of paper-based GDLs, emphasizing the
heterogeneous porosity distribution of single layer GDLs and the interaction of the MPL with the

carbon fiber paper of dual layer GDLs.
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1. Introduction

The proton exchange membrane fuel cell (PEMFC) has recently received significant
attention from the automotive industry as a clean and efficient energy system with a significant
potential for development and integration into transportation systems [1-3]. A PEMFC creates
electrical power through the electrochemical reduction-oxidation reaction of a fuel and an oxidant.
Commonly, hydrogen gas is used as a fuel at the anode and oxygen gas (or air) is used as an oxidant
at the cathode, with only heat and water as by-products of the reaction. The anode and cathode
electrodes each consist of a catalyst layer (CL), a gas diffusion layer (GDL), and a bipolar plate.
The electrodes are separated by a perfluorosulfonic acid (PFSA) membrane that allows for proton
exchange from the anode to the cathode, while electron transfer occurs through an external load.
The PFSA membrane, layered with a CL and GDL on both sides, forms the membrane electrode
assembly (MEA), which is the core of a PEMFC. Reactant gases are transported through a flow
field in the bipolar plate to their respective electrodes of the MEA and are then diffused through
the GDLs to the CLs, which is where the reduction-oxidation reaction occurs. The ineffective
transport of reactants to, and removal of products from, the reaction sites on the CLs can lead to
mass transport issues within the cell which, in turn, lead to decreased performance, especially in
high power density regions [3, 4].

The GDL of a PEMFC is an integral layer which enhances the diffusion of reactant gases
from the flow field to the CL of the respective electrodes [5, 4]. This porous carbon layer is
important for the electrical connection and heat dissipation between the CL and bipolar plate; while
it also acts as a mechanical support for the MEA [3]. Another key process occurring in the GDL is
the mitigation of the water produced at the cathode by the electrochemical reaction [6]. In essence,

the GDL must remove excess water to avoid flooding of the electrodes, while the PFSA membrane



must be kept well hydrated to maintain high proton conductivity [3]. To ensure this proper water
saturation balance, it is necessary to understand the structural properties and the two-phase flow of
reactant gas and water within the GDL to help with mitigation strategies for improving mass
transport properties [6, 3].

The GDL is composed of carbon fiber strands (dia. ~7 pm) manufactured into a sheet-like
product [7]. The fuel cell community commonly uses three different GDL types: paper-, felt-, and
cloth-based. The main difference between these GDLs is the mechanisms in which the carbon
fibers are held together in the manufacturing process, as described in detail by Mathias et al. [7].
Paper-based GDLs consist of carbon fibers, machine laid and bound together by a chemical binder.
This is followed by impregnation of a carbonizable thermoset resin and a heat-treatment process
for carbonization/graphitization of the resin and carbon fibers. The dried resin acts as a binder to
hold the carbon fibers together and the heat-treatment process helps to improve electrical and
wetting properties. Another approach for paper-based GDLs is to add a carbon or graphite powder
to the resin binder in the paper making process to help further improve the electrical properties and

also impart hydrophobic properties to the material [7].

To ensure that pores do not become flooded with liquid water, leading to impeded gas
diffusion, GDLs are commonly treated with hydrophobic coatings such as polytetrafluroethylene
(PTFE) and/or microporous layers (MPLs). The untreated (unteflonated) or treated (teflonated)
macroporous carbon fiber paper substrate is referred to as a single-layer GDL, while a GDL with
an MPL is referred to as a dual layer GDL [4]. To increase the hydrophobicity of single layer
GDLs, the paper is commonly impregnated with an aqueous PTFE dispersion, followed by a drying
and heat-treatment process to remove the remaining solvent, and also fix the PTFE and carbonize

the constituents [7]. For dual layer GDLs, the MPL consists of a carbon black powder and a



hydrophobic agent (commonly PTFE) applied to one or both sides of the carbon fiber substrate and
taken through a further drying and heat treatment process [7]. The addition of an MPL serves to
improve water management and electrical contact between the GDL and CL [2, 4]. Together, the
addition of these coatings has been repeatedly proven to significantly increase PEMFC

performance, especially in regions of high current densities [4, 5, 8-10].

A number of recent studies have provided new insight into the physical structure of the
GDL. The chief metrics for characterization are related to the pore size distribution (PSD) and bulk
porosity, since these features directly affect the GDL’s mass transport properties [11]. There are
two main methods used to characterize these properties: mercury intrusion porosimetry (MIP) and
capillary flow or method of standard porometry (MSP). MIP provides volumetric information
about the PSD of the GDL, while MSP determines the PSD of only the smallest diameter of a
tortuous path (throat of through-pore) within the GDL. As mentioned in Arvay et al. [3], MSP may
serve as a better method for measuring PSD than MIP since it uses a much lower pressure and
therefore has less chance of distorting pores or destroying the GDL sample [3, 11]. A typical graph
of the PSD measurement of a GDL reveals a bimodal distribution with micropores and macropores.
The micropores can be explained by voids formed in the hydrophobic coatings (i.e., voids in the
binder/PTFE or voids between carbon nanoparticles within the MPL); whereas the macropores
represent the pores formed between the GDL carbon fiber strands or large cracks within the MPL
[8, 9, 3].

Han et al. [8] combined Scanning-Electron Microscopy (SEM) and MIP to characterize the
pore structure of single layer Toray TGP-H-030 GDLs with 20 wt% PTFE content. The authors
found a bimodal PSD with a smaller peak at 85nm (representing micropores formed by small

agglomerates within the binder and PTFE) and a larger and broader peak at 40.3um (representing



macropores formed by the carbon paper) [8]. This study also looked at embedding the carbon paper
with a mixture of carbon particles and PTFE, which was called a carbon-filled GDL (CFGDL).
Their results showed that the total porosity of single layer and CFGDLs were 77 % and 67 %, while
the average pore diameters were 35.8 and 4.7 um. In-situ testing confirmed an increase in cell
performance using the CFGDL as compared to the single layer GDL, especially around limiting
current densities. The authors attributed this increase to the preferential formation of micro-water
droplets within the modified microstructure of the CFGDL, which reduces mass transport losses
[8]. This study demonstrates the importance of the optimization of the GDL parameters for

maximum fuel cell performance.

Phillips et al. [12] characterized untreated and treated, single layer paper-based GDLs
through the ex-situ measurement of transport properties such as wettability, pore size distribution
(PSD), and permeability. Using MSP, it was found that the average pore diameters for the samples
of Toray TGP-H-060 with PTFE levels of 0, 6, 19 wt% decreased only slightly from 33, 30.5,
29um, respectively. Based on these results [12] and those presented in [7, 8-10, 13], it has been
found that the amount of PTFE applied affect several mass transport characteristics within

PEMFCs, and can greatly enhance their performance.

Parikh et al. [11] used image analysis techniques to obtain a PSD from 2D SEM images for
different single layer GDL types (Freudenberg H2315 non-woven, SGL 25 BC with 5% PTFE, and
TGP-H-060 with 7% PTFE). They found a considerable variation in the pore sizes, shapes and
clustering between different GDLs, with the average pore size ranging from 16.5um for the
Freudenberg, 31.83um for the SGL, to 26.4um for Toray. These results are in good agreement with
the results obtained from MIP and MSP techniques [11, 8, 9, 12]. In an effort to understand the 3D

structure of the GDL, a stochastic model has been used in [11] to construct a 3D realization of the



studied GDLs based on the 2D SEM images and pre-determined pore parameters. The authors
suggest that the 3D geometry should be used in modeling to yield a more representative behavior
of the two-phase flow in the GDL. Additionally, they proposed that the GDLs microstructural
properties should not solely be characterized by PSD, but also by pore shape and clustering of pores

in the interconnected porous network of the GDL [11].

The above studies utilize bulk methods (i.e. MIP and/or MSP), along with 2D SEM
Imaging, to characterize the porosity and PSD of GDLs. However, it is inherently known that GDLs
have a complex porous 3D structure that can vary in the in-plane (IP) and through-plane (TP)
directions. High-resolution X-ray computed tomographic microscopy (LCT) techniques have been
increasingly utilized in recent years as a valuable tool for visualizing and understanding the

complex 3D microstructure of the GDL.

In a primary study, Sinha et al. [14] used uCT to image the liquid water distribution in a
GDL, and thus to obtain a liquid saturation curve across the GDL thickness. Further, Buchi et al.
[15, 16] have used UCT to obtain the local water saturation level across the GDL thickness for
different water pressures. Other similar studies have proven pCT to be useful in the imaging and
analysis of the water configuration within the GDL [6, 17, 18]. Using uCT, Markotter et al. [19,
20] have shown vivid visualizations of the water transport paths in the GDL with an in-situ PEMFC
setup after ceasing the reactant flow. uCT has also been used to show the effects of the PTFE
content in the GDL [21], to study the effect of compression on the GDL morphology [22, 23], to
identify and segment the MPL within the GDL [24], and to visualize the entire membrane electrode
assembly (MEA) [25]. Kim et al. [26] have used uUCT to study the porosity variation of paper-based
and felt-based GDLs under freeze-thaw cycles and have also provided an extensive review on the

evaluation of water management using UCT [27]. These studies show significant value as they can



be used for numerical models and also for understanding the microstructural transport parameters

of the GDL [22, 28].

Bazylak and coworkers [6, 29-33] have provided substantial insight into the structure of the
GDL by using uCT to acquire a 3D image of the structure of the GDL and then to characterize the
porosity distribution. Specifically, Fishman et al. [29-31] have imaged a series of uncompressed
GDLs, at a resolution of 2.44 um per voxel side to strategically and sequentially determine the
porosity distribution of different types of single layer GDLs (paper, felt, cloth) [29] with different
PTFE loadings [30], as well as crack formation in the MPL of dual layer GDLs [31]. The results
showed that there is a heterogeneous porosity distribution in the through-plane direction, exposing
a more porous surface (due to surface roughness) of the GDL as compared to the core porosity.
They also observed a W-shaped pattern in the through plane direction of only paper-based GDLs.
This heterogeneous porosity distribution of uncompressed and untreated (no PTFE loading) carbon
fiber paper was, by the authors, attributed to the local clustering of the resin binder material in the
areas of low porosity formed from a ply layering manufacturing process [29, 7]. It was found that
when the GDL is loaded with PTFE, the porosity decreases mostly in these localized porosity
minima, due to the further and preferential agglomeration of PTFE at the same location of the
binder material [30]. Furthermore, Fishman et al. studied cracking within the MPL, as well as the
interpenetration of the MPL into the carbon fiber paper [31]. In the continuation of this work,
Challa et al. [32, 33] performed water injection experiments while using UCT to determine the
quantitative water profile throughout the GDL at the time of liquid water breakthrough [32].
Additional work compared compressed GDLSs to the previous results of the uncompressed GDLs
[33]. These comprehensive studies performed by Bazylak and coworkers have provided great

insight into the 3D structure and heterogeneous porosity distribution of GDLSs.



The present study conducts a thorough examination of the physical structure of untreated
and treated, single and dual layer paper-based GDLs using high-resolution X-ray computed
tomographic microscopy. Advanced image analysis methods are presented to segment the different
GDL sub-materials from void spaces in order to determine the porosity. The heterogeneous
porosity distributions in the through-plane (TP) and in-plane (IP) directions of single layer GDLs
are reported. As a novel contribution to previous research, this study also analyses the influence of
the MPL’s areal weight loading and PTFE content on the intrusion of the MPL into the carbon fiber
substrate for dual layer GDLs. Overall, this study reveals the microstructural properties resulting

from the various manufacturing processes of single and dual layer GDLs.
2. Methodology

This section describes the GDL samples and the procedures that were performed to

characterize them.
2.1. Materials

In total, eight GDL samples, provided by Ballard Power Systems, were imaged using 3D
X-ray computed tomographic microscopy. To investigate the effects of PTFE treatment on the
porosity distribution of the GDL, tomographic imaging was performed on five single layer paper-
based GDLs from different manufacturers and with varying PTFE ratios. The manufacturers
studied were Toray and AvCarb. Specifically, the TGP-H-060 series from Toray and the EP40
series from AvCarb were used for comparison. The PTFE ratio is the proportion of PTFE in the
carbon fiber paper by weight (i.e., PTFE/(PTFE+carbon fiber+binder)), with “T0’, ‘T6’, ‘T12’, and
‘T19’ representing 0, 6, 12, and 19 wt%, respectively. One main difference between the
unteflonated Toray and AvCarb carbon fiber papers (denoted s TO) is that there is an addition of

carbon particles in the resin binder of the paper for the AvCarb series [7, 8]. These single layer



GDL samples will be referred to as TGP-H-060 TO, TGP-H-060 T6, TGP-H-060 T19, EP40 TO

and EP40 T12 throughout the text.

To investigate the effect of the microporous layer (MPL), further uCT scans were
conducted on three dual layer GDLs consisting of different PTFE ratios and areal weight loadings.
The PTFE ratio, in this case, is the proportion of PTFE in the MPL by weight (i.e.,
PTFE/(PTFE+carbon black)), with ‘T18” and ‘T30’ representing 18 and 30 wt%, respectively. The
areal weight loading is the total MPL loading (i.e., PTFE+carbon black), with ‘Low’ representing
15 +/- 2 g/m? and ‘High’ representing 35 +/- 4 g/m?. The AvCarb EP40 T12 carbon fiber paper is
used as the macroporous base substrate upon which the MPL is loaded. In essence, carbon black
(CB) from Denka and a PTFE suspension from DuPont were mixed together with a pore forming
material (methylcellulose) and deionized water to form the MPL slurry. The slurry was knife-
coated onto the carbon fiber paper and the MPL areal weight loading was adjusted by controlling
the gap of the blade during the knife coating. The GDL was dried in an oven at 80°C, then heat
treated at 400°C for 10 minutes. These dual layer GDL samples will be referred to as EP40 T12

CBT18(Low), EP40 T12 CBT30(Low), and EP40 T12 CBT30(High) throughout the text.
2.2. Scanning procedure

The tomographic imaging was performed using an Xradia MicroXCT-400 X-ray computed
tomography microscope. The GDL samples were cut to a size of 2x1.5mm in cross-section in order
to be firmly secured to the sample holder and thus to minimize sample flutter during image
acquisition. Approximately 1mm x 1mm sample size was imaged resulting in volume consisting
of approximately 980 x 980 x 200 voxels with a resolution of 1.167 pum per voxel side. This satisfies

the minimum sample size requirement for repeatable porosity measurement previously prescribed



by Fishman et al. [29], on the basis of a sensitivity analysis. For each scan, 2500 radiographs,

scanning 360°, were taken at an exposure time of 10 s.
2.3. Image processing

For all scans, post-processing was performed using ImageJ and Avizo to segment the GDL
material from void space (representing pores). As the binder/PTFE and carbon fiber strands have
a similar grey-scale value, it was not possible to differentiate between them; hence they will
collectively be referred to as fibers. Also, due to the resolution limit of the Xradia tomography
apparatus of ~1 um, porosity within the MPL cannot be identified and it is treated as a bulk
material'. Although X-ray scattering effects can sometimes be a problem in micro-CT imaging
resulting in difficulties in edge detection [37], the issue was not observed in the series of scans
performed for this work. After imaging was complete, all the scans were rotated to align the x-y-
z- axes of the GDL to the global coordinate system, and then cropped to the area of interest. A
through-plane (TP) view refers to a cross-section parallel to the thickness direction while an in-

plane (IP) view refers to a cross-section parallel to the plane of the GDL sheet.
2.3.1. Single layer GDLs

Single layer GDLs were taken through the following image processing sequence. First, a
3D anisotropic diffusion filter [38] was applied to the 3D dataset in order to reduce noise. The
anisotropic diffusion filter uses the gradient information in the image to define a function that
smoothes the image along the edges while preserving the information across them. This results in

enhanced edges separating homogeneous regions which facilitates the selection of a hard threshold

The nanometer scale porosity of MPL can be resolved using other methods, such as nano-CT
methods or destructive microscopy, i.e. focused ion-beam scanning-electron microscopy such as
used by Gunda et al. [36]. Nevertheless, the lack of resolution for imaging porosity within the MPL
does not affect characterization of the intrusion of MPL within the carbon fiber substrate of the
dual-layer GDL.
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for segmentation of fibers from air. Second, a global threshold was manually selected to isolate the
fibers from the background. Ostadi et al. [34] have indicated the importance of selecting proper
thresholding values. Finally, a morphological closing operation was applied within the ImageJ

software to eliminate small holes arising due to inhomogeneity in the data.
2.3.2. Dual layer GDLs

Figure 1(a) shows a TP view (cropped) of dual layer EP40 T12 CBT18(Low) GDL. The
MPL, located in the upper half of the image, appears light grey; the GDL fibers (including binder
and PTFE) appear white, and the void space is dark grey. As it can be seen, the void space and
MPL have similar grey scale values, and thus a more rigorous approach for segmentation was
required as compared to the single layer GDLs. Dual layer GDLs were taken through the following
image processing sequence, visually outlined in Figure 1. Firstly, two 2D binary datasets were
created using the methodology described in 2.3.1. In one dataset, Figure 1(b), a global threshold
was applied such that both the MPL and the fibers were segmented from the background. In the
other dataset, Figure 1(c), a different global threshold was applied to segment only the fibers while
the MPL was included with the background. Secondly, the first dataset was multiplied against the

invert of the second, resulting in MPL segmentation as shown in Figure 1(d).
2.3.3. Quantification

Once the segmentation was completed, image analysis tools were used on the segmented
2D slices of the GDL in order to determine the area porosity as € = 100 — A, where A is the area
percentage of the GDL material in the image (including the fibers, binder and PTFE, and/or the
MPL material). To quantify the porosity distribution within the single layer GDLs, the IP slices
were used to determine the TP porosity distribution traversing the GDL thickness and the two TP

slices were used to determine two IP porosity distributions traversing along the GDL sheet. Since
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there is experimental noise at the ends of the sample, the IP directional porosity distribution data
considered for analysis has been cropped from -350um to +350um, which still includes the entire
GDL thickness (~ -100um to ~ +100 um), where the 0 represents the mid-point of the GDL. The
bulk porosity is obtained by dividing the number of voxels of void space by the total number of
voxels in the stack of images. Only image slices containing at least 1% GDL were included in the
calculation of bulk porosity, following Fishman et al. [30]. For dual layer GDLs, the area

percentage of the MPL was quantified as a function of the thickness of the GDL.
3. Results and Discussion

This section shows qualitative and quantitative results for the single layer GDLs, as well as

the results from the analysis performed on the dual layer GDLs.
3.1. Analysis of single layer GDLs
3.1.1. Qualitative

An IP slice of AvCarb EP40 TO GDL, taken from the 3D dataset is shown in Figure 2(a),
along with an SEM image (Figure 2(b)) for comparison purposes. As it can be seen, the
tomographic image shows all the main features captured in the SEM image, i.e. the carbon strands,
resin binder and void space. It would appear that the porosity was created by two types of voids:
macropores from bulk voids between the carbon strands, and micropores within the binder filled
with carbon particles. Although the GDL structure looks much simpler in the binary cross-sectional
slices as compared to the SEM image, the web-like morphology between the binder and carbon

fiber strands can be clearly observed in both images.

Figure 3 shows a reconstructed 3D image of TGP-H-060 T19 (Figure 3(a)), along with
cross-sectional views from the IP (Figure 3(b)), and TP (Figures 3(c, d)) slice directions. As it can
be seen in Figure 3(a), the PTFE visually appears to be distributed throughout the GDL in a non-

12



uniform manner; some areas rich with PTFE while others are nearly transparent. The carbon fiber
strands, while mainly randomly distributed and oriented, may contain slight machine directionality
from the manufacturing process. Figure 3(b) displays the binary IP slice, in which the long, thin
white areas represent the carbon strands, and the larger white areas correspond to a local area of
PTFE webbing between the carbon strands. The TP slices (Figures 3(c, d) show that the surface of
the single layer GDL has inherent surface roughness, which is known to increase contact resistance.
These figures also reveal both through pores, allowing reactants and products to flow through the

GDL, and closed or dead end pores.
3.1.2. Quantitative

The bulk porosity and standard deviation of the area porosity (as compared to the bulk
value) from uCT measurements, as well as the average pore diameters (determined via MSP [12]),
are presented in Table 1 for both unteflonated and teflonated single layer Toray TGP-H-060 series
and AvCarb EP40 series GDLs. As can be seen, there is considerable variation in porosity between
the different series of single layer GDLs and within a GDL series as a function of PTFE content.
Note that each value of porosity is from a single tomography scan, and there could be variations
within a GDL sheet or between different GDL sheets of the same material. Also, although the
segmentation was robust, changes in the chosen threshold value for the segmentation would also

change the reported bulk porosity.

The results given in Table 1 are plotted in Figure 4, showing the variation in bulk porosity
as a function of the PTFE content for both the Toray and AvCarb GDLs, along with prior data from
Fishman et al. [30] for TGP-H-060 GDLs. Although the porosity results in this work (for the Toray
TGP-H-060 series) follow the same trend as prior findings, the actual magnitudes are much

different. This could be due to either differences in the manufacturing process, density variations
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within the GDL sheet, and differences in the method used to denoise and binarize the data. While
the addition of PTFE had a significant effect on the porosity in the Toray series GDLs (with a
decrease from 82% to 78% to 71 % for TGP-H-060 TO, T6, and T19, respectively), no significant
change in the porosity was found for the AvCarb series GDLs upon addition of PTFE (82% for
both EP40 TO and T12). This result was unexpected, but as noted in [30], the nature of GDL
manufacturing is batch-specific and there could be significant variation in percentage porosity
between GDL sheets. This porosity variability, as well as the porosity variability on any individual

GDL sheet will be the focus of a future study.

The main benefit of uCT is the ability to characterize property variation along any direction
vector within the GDL. Figure 5 shows the variation in porosity in the TP direction for all five
single layer GDLs. As it can be seen, there is a considerable variation in the area porosity as a
function of position. For example, the TP heterogeneous area porosity of the unteflonated TGP-H-
060 TO GDL has a W-shape, with a sharp drop in porosity near both surfaces (due to surface
roughness) and a core region with peaks and valleys of local maxima and minima. Also, the
distribution is not symmetric; with a lower minimum on one side of the GDL as compared to the
other. As discussed earlier, Fishman et al. [29] have attributed this characteristic W-shaped pattern
to the ply manufacturing process that is used in the production of paper-based GDLs and the
agglomeration of binder in local minima porosity regions [29, 7]. The TP direction porosity for the
teflonated samples is affected most in the minima regions of porosity found in the unteflonated
sample, due to the further and preferential agglomeration of the PTFE in the local minima regions
[30]. All of the five curves show the same trend. However, the variations are enhanced in the Toray
series GDLs as compared to the AvCarb series GDLs since, as shown in Figure 4, the bulk porosity

of the Toray material decreases significantly with increasing PTFE content, while the decrease in
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porosity for the AvCarb material is limited. This difference could be due to production methods,
since the Toray GDL is manufactured using a ply process, whereas the AvCarb GDL is
manufactured via bulk consolidation. Thus the limited W-shaped pattern seen in the AvCarb GDL

could simply be due to material heterogeneity.

The porosity distribution in both the two IP directions and the TP direction for Toray TGP-
H-060 T19 is shown in Figure 6. As it can be seen, the area percentage porosity in both IP directions
fluctuates marginally and randomly, and matches well with the bulk porosity value, whereas there
is great variation in the TP direction porosity. These results follow the trends that have been
reported in other studies using uCT [29, 30], and may be in part from the preferred gathering of
PTFE in the lower porosity regions of the untreated GDL, and/or in part from the drying process

of the PTFE in the GDL [29, 30, 7, 21].

The results displayed in Table 1 show a much different influence of the effect of PTFE on
the average pore diameter as compared to the bulk porosity differences between the Toray and
AvCarb series GDLs. While the expected trend of a decrease in pore size with an increase in PTFE
loading was found, the average pore size for the Toray only decreased slightly (reducing from 33
to 30.5 to 29 um for TGP-H-060 TO, T6, and T19, respectivley) in comparison to AvCarb GDLSs
(52 to 27.5 um for EP40 TO and T12, respectively). Han et al. [8] has found similar trends between

single layer and carbon-filled GDLs (CFGDLS).

The results given in Figures 4-6 and in Table 1 indicate that there is a complex relationship
between the interconnected voids creating the macropores and micropores present in the GDL. It
can be hypothesized that these microstructural changes in the GDL are caused by (i) the
manufacturing process and more specifically the application and drying methods of PTFE and (ii)

the intrinsic manner in which the PTFE interacts with the base carbon fibers used to make the Toray
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and AvCarb series GDLs. It should be mentioned that the results for bulk porosities and trends for
the effect of PTFE treatment match well with other methods of porosimetry reported in literature
[8, 9]. As shown in this section, PTFE can locally reduce porosity, and hence alter transport
properties of the GDL. Using the results from uCT, a better understanding of porosity distributions
in current GDL manufacturing processes can be obtained, in an effort to optimize the underlying

parameters for improved fuel cell performance.
3.2. Analysis of dual layer GDLs

A quantitative comparison has been conducted to study the effect of the addition of a
microporous layer (MPL) to a macroporous paper substrate. Figure 7(a) presents the dual layer
EP40 T12 CBT18(Low) GDL, while Figure 7(b) presents the single layer EP40 T12 GDL. Note
that the greyscale value of the pixels corresponding to MPL in Figure 7(a) have been modified so
that the MPL (light grey) can be easily distinguished from the void space (dark grey) and the GDL
fibers (including binder/PTFE) (white). The comparison of the two images shows that the MPL
percolates deeply into the carbon fiber paper in specific regions, and reveals a variation of the
intrusion depth of the MPL into the carbon paper. The dual layer GDL (Figure 7(a)) is thicker as
compared to the single layer GDL (Figure 7(b)) due to the addition of MPL material. The presence
of the MPL has also decreased the surface roughness of the GDL, from 26 microns to 5 microns.
Hence, the contact resistance between the GDL and catalyst layer will be decreased. Note that the
surface roughness was quantified by calculating the root mean squared variation of the values of
the distances of every point on the surface from the mean surface profile [39] in both Figure 7(a)
and (b).

While some have reported a clear boundary between the MPL on the macroporous substrate

[8], many others have reported a complex interaction between the MPL material intruding into the
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carbon fiber paper [8, 9, 13, 24, 31], corroborating the results shown in Figure 7. Fishman et al.
[31] has effectively shown the effect of cracking within the MPL using pCT. In a similar fashion,
Pfrang et al. [24] separated the MPL and fibers (including PTFE) to determine their respective
filled fraction contributions as a function of the GDL thickness. The reasons behind the cracking
and intrusion of the MPL is highly dependent on the material recipe, manufacturing process, drying
procedure and heat treatment used for the fabrication and application of the MPL onto the carbon
fiber paper.

Through advanced image analysis, the MPL was segmented from the carbon fiber paper
(including binder and PTFE), and the area percentage of the MPL was quantified as a function of
the GDL thickness. Figure 8 compares the area percentage of the MPL in the TP direction with the
three dual layer GDLs. The zero on the x-axis represents the side of the carbon paper that the MPL
was not applied to. The results from MPLs with different PTFE levels and the same areal weight
loadings (EP40 T12 CBT18(Low) and CBT30(Low)) demonstrate that with a lower PTFE level
(CBT18(Low)), there is more intrusion of the MPL into the carbon paper in comparison to a higher
PTFE level (CBT30(Low)). The researchers hypothesize that this trend may be caused by the
difference in the viscosity of the MPL slurry, since a previous study indicates that an increase of
PTFE content in the MPL slurry results in an increase in viscosity [40]. Based on this hypothesis,
the greater viscosity in the CBT30(Low and High) MPLs, as compared to the CBT18(Low) MPL,

would inhibit the MPL slurry from infiltrating the GDL material during application.

The results from MPLs with the same PTFE level and different areal weight loadings (EP40
T12 CBT30(Low) and CBT30(High)) show that with a higher areal weight loading
(CBT30(High)), the MPL becomes almost twice as thick in comparison to a lower areal weight

loading (CBT30(Low)). There is a region near the CBT30(High) MPL surface where the area
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percentage reaches nearly 100% due to a dense agglomeration of MPL material from the higher
areal weight loading. Figure 8 shows that, for these more viscous MPLs (with higher PTFE levels),
there is a greater accumulation of the MPL towards the side of the carbon paper that the MPL was
applied to, with less interpenetration into the bulk of the carbon paper. Even when more material
is added with the CBT30(High) MPL, there is not as much invasion as compared with the
CBT18(Low) MPL. This leads to the conclusion that the PTFE level in the MPL will restrict the
intrusion of the MPL into the carbon fiber paper. Thus, by using uCT, valuable information about
the interaction of the MPL with the carbon fiber paper was inferred, which can lead to advanced

understanding of this crucial layer for enhanced fuel cell performance.
4. Conclusions

This study utilized high-resolution X-ray computed tomographic microscopy to acquire 3D
images of Toray TGP-H-060 and AvCarb EP40 series carbon paper GDLs. Through analysis it was
found that the variation in bulk porosity and average pore diameter of single layer GDLs depends
highly on the GDL series manufacturing and treatment processes. In general, the heterogeneous
(W-shape) porosity distribution found in the TP direction of the paper-based GDLSs is attributed to
the ply manufacturing process, the preferential agglomeration of binder and PTFE, and the
procedure used for the drying process of the PTFE. Furthermore, dual layer GDLs were examined
in order to evaluate the interaction between the MPL and the carbon fiber paper. Using advanced
image analysis techniques, routines were developed to accurately segment the GDL fibers
(including binder/PTFE) and the MPL. The percentage of the intruding MPL material into the
carbon fiber paper as a function of GDL thickness was determined for dual layer GDLs that have
varying PTFE content and areal weight loading in the MPL. This analysis provides invaluable

insight into the physical microstructure of paper-based GDLs, emphasizing the heterogeneous
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porosity distribution of single layer GDLs and the interaction of the MPL with the carbon fiber

paper of dual layer GDLs.
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Table 1: Porosity analysis (bulk porosity, average pore diameter, and standard deviation in area
porosity in the three directions) of Toray TGP-H-060 TO, T6, T19 and AvCarb EP40 TO, T12. The
Average pore diameter was measured via MSP while the remaining values were acquired from

uCT imaging.

Bulk Average pore TP Area IP-1 Area IP-2 Area
GDL Type Porosity diameter Porosity SD  Porosity SD  Porosity SD

(%) (pm) (%) (%) (%)
TGP-H-060 TO 82.3 32.92 8.9 1.3 2.5
TGP-H-060 T6 78.3 30.48 12.8 1.6 1.2
TGP-H-060 T19 71.1 29.03 12.5 2.0 29
EP40 TO 82.4 52.00 8.5 3.0 2.4
EP40 T12 82.2 27.53 10.2 2.9 2.6
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Figure Captions

Figure 1: TP section of EP40 T12 CBT18 (Low) taken from the 3D tomographic dataset; (a) the
raw grey scale image showing the contrast between the GDL fibers (incl. binder/PTFE) (white),
the MPL (light grey) and void space (dark grey); (b) the binary image of MPL and GDL (white),
and void space (black); (¢) the binary image of the void space and MPL (black), and the GDL
fibers (white); (d) the final binarized view of the MPL (black) used for image analysis
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Figure 2: Comparison of (a) cross-sectional view from the 3D tomographic dataset of AvCarb
EP40 TO and (b) SEM image.
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Figure 3: Tomographic image of Toray TGP-H-060 T19; (a) 3D volume rendering of the carbon
fibers, binder and PTFE; (b)-(d) cross-sectional slices in the IP, TP-1, and TP-2 directions,
respectively
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Figure 4: Variation in bulk porosity with PTFE content for Toray TGP-H-060 and AvCarb EP40
GDL samples. Note: Literature data [Fishman-i(2011)] for Toray TGP-H-060 series is provided
for comparison purposes.
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Figure 5: Porosity distributions in the TP direction for different amounts of PTFE treatment
(Toray TGP-H-060 TO, T6, and T19 and AvCarb EP40 TO and T12)
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Figure 6: Porosity distribution in the TP direction and IP directions for Toray TGP-H-060 T19
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Figure 7: Tomographic image of a cross-sectional slice of (a) dual layer GDL EP40 T12 CBT18

(Low); (b) single layer GDL EP40 T12
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Figure 8: Area percentage distribution of MPL with dual layer GDLs; EP40 T12 CBT18 (Low),
EP40 T12 CBT30 (Low), EP40 T12 CBT30 (High)
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