The
University
a Of

F

%" Sheffield.

This is a repository copy of Effect of composition and structure of gas diffusion layer and
microporous layer on the through-plane gas permeability of PEFC porous media.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/181080/

Version: Accepted Version

Article:

Neehall, N.D., Ismail, M.S. orcid.org/0000-0002-9539-8925, Hughes, K.J. orcid.org/0000-
0002-5273-6998 et al. (1 more author) (2021) Effect of composition and structure of gas
diffusion layer and microporous layer on the through-plane gas permeability of PEFC
porous media. International Journal of Energy Research, 45 (15). pp. 20988-21005. ISSN
0363-907X

https://doi.org/10.1002/er.7158

This is the peer reviewed version of the following article: Neehall, ND, Ismail, MS, Hughes,
KJ, Pourkashanian, M. Effect of composition and structure of gas diffusion layer and
microporous layer on the through-plane gas permeability of PEFC porous media. Int J
Energy Res. 2021; 45( 15): 20988- 21005., which has been published in final form at
https://doi.org/10.1002/er.7158. This article may be used for non-commercial purposes in
accordance with Wiley Terms and Conditions for Use of Self-Archived Versions. This
article may not be enhanced, enriched or otherwise transformed into a derivative work,
without express permission from Wiley or by statutory rights under applicable legislation.
Copyright notices must not be removed, obscured or modified. The article must be linked
to Wiley’s version of record on Wiley Online Library and any embedding, framing or
otherwise making available the article or pages thereof by third parties from platforms,
relgees and websites other than Wiley Online Library must be prohibited.

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of

the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

| university consortium eprints@whiterose.ac.uk
WA Universities of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/



10

11

12

13

14

15

16

17

18

19

20

21

Title Page

Title

Effect of composition and structure of gas diffusion layer and microporous layer on the

through-plane gas permeability of PEFC porous media

Authors

N.D. Neehall, M.S. Ismail, K.J. Hughes *, M. Pourkashanian

Energy 2050, Department of Mechanical Engineering, Faculty of Engineering, University of

Sheffield, Sheffield S3 7RD, United Kingdom.
" Corresponding author: Tel: +44 (0) 114 21 57214

Email address: K.J.Hughes @sheffield.ac.uk (K.J. Hughes)



22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Abstract

The through-plane permeability of the gas diffusion media (GDM) is investigated
experimentally with regard to the microporous layer (MPL) composition and the gas diffusion
layer (GDL) composition and structure. The MPL composition is held constant at 80% carbon
powder and 20% PTFE (by weight) for various carbon loadings. The decrease or increase in
GDM permeability was found to be dependent on the structure of the GDL used in conjunction
with the type of carbon powder. It was found that a low surface area carbon powder (Vulcan
XC-72R) forms thin, dense MPLs with small cracks when compared to a high surface area
powder (Ketjenblack EC-300J) which creates thick, rough MPLs with large cracks with
increased carbon loadings. For most cases, the permeability decreases with increasing carbon
loading; however, the non-woven, straight fibre carbon papers using Ketjenblack EC-300J
show the lowest permeability at the lowest carbon loading. Furthermore, the percentage
reduction from the GDL substrate permeability appears to be predictable for similar structures
with increasing carbon loading. The increase in PTFE loading from 10-30% in the GDL was
shown to have a significant impact on the percentage reduction from the original GDL
permeability of ~9-15% for GDMs composed of Vulcan XC-72R as a carbon powder; however,

such effects are insignificant when using Ketjenblack EC-300J carbon powder.

Keywords: PEFCs; GDLs; MPL; Gas permeability; Carbon loading; GDL structure.
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Nomenclature

Italic symbols
D
k
L

Q

u

Greek Symbols

u

Abbreviations
CL

FFP

GDM

GDL

MPL

PEFC

SLPM

Circular diameter m
Permeability m?
Thickness m
Volumetric flow rate m’s’!
Velocity ms’!
Fluid viscosity Pas
Catalyst layer

Flow-field plate

Gas diffusion media (GDL + MPL)
Gas diffusion layer

Microporous layer

Polymer electrolyte fuel cell

Standard litre per minute
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1. Introduction

Polymer electrolyte fuel cells (PEFCs) are a promising alternative to the fossil fuel-based,
conventional power-generation technologies for portable, automotive and stationary
applications due to their ability to exhibit high power densities with rapid, low-temperature
start-up and size flexibility [1]-[11]. PEFC components need to demonstrate high transport
properties whilst maintaining proper water and thermal management within the cell to achieve
these desirable properties. The gas diffusion media (GDM) forms a crucial link between the
thermal and water management and the electrochemical activity in the PEFC [4], [6]. The GDM
typically consists of a gas diffusion layer (GDL) attached to a microporous layer (MPL) with
the GDL situated nearer to the flow-field plate (FFP) and the MPL adjacent to the catalyst layer
(CL). The main functions of the GDM are to distribute the reactant gases uniformly and
efficiently to the CL, improve the electrical contact with the CL, allow the flow of electrons
and heat, and facilitate the removal of excess liquid water away from the electrodes to the flow

channels [1], [6], [12].

GDM fabrication typically describes the altering of the GDL substrate by the addition of a
hydrophobic material such as PTFE or the addition of a thin layer referred to as an MPL which
consists of carbon powder and a binding/hydrophobic agent such as PTFE followed by a heat
treatment step. The physical properties of this thin layer are determined from the type, loading
and particle size of the carbon powder used in conjunction with the type of hydrophobic agent,

such that, the former controls the surface morphology and the later the pore properties [13].

There are numerous studies in the literature which focus on the effects of MPL composition
[14-34] aimed at improving the performance of the fuel cell [14-18][20-34]. Furthermore, there
are many investigations on the MPL which can be characterized by the type and loading of the
hydrophobic agent used [1][14][15][19-24][31] and the carbon powder type used [1][15-

19][25-30][32]. Gas permeability is one of the key properties of the PEFC porous media which
4
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describes how effective the convective gas transport is within the porous regions of the fuel
cell and accurate values of permeability are needed to obtain realistic saturation profiles in
PEFC models [1], [19]. Gas permeability is usually measured in the through-plane or in-plane
directions due to the anisotropy of the GDM, that is, in a direction traverse to or orthogonal to
the GDM respectively [3]. The investigations presented in this paper focus on the through-
plane gas permeability. There have been several experimental investigations into the gas
permeability of the PEFC porous layers [1], [3], [19], [35-52]; however, very few [1], [19] have

looked at the effect of MPL composition on through-plane gas permeability.

Orogebemi et al. [1] showed the lowest through-plane permeability at 20% PTFE loading for
carbon loadings within the range of 0.5-2.5 mg cm? using Ketjenblack EC-300J carbon
powder; an increase in permeability between 20-50% PTFE loading in the MPL was also
shown which agreed with the results presented in [3], [40]. Additionally, the through-plane
permeability of the GDM using two different carbon powders (Vulcan XC-72R and
Ketjenblack EC-300J) was investigated in [19] for a 20% PTFE loading in the MPL for similar
carbon loadings. The results indicated a decrease in through-plane permeability with increased
carbon loading for the two carbon powders, with the permeability of the GDMs coated with
Vulcan XC-72R being higher for carbon loadings less than 1.5 mg cm™. The investigations
conducted by Orogbemi et al. [1], [19] were based on a single GDL substrate, SGL 10BA;
however, non-woven carbon fibre commercial GDL substrates differ in structural

configurations, namely straight non-woven or felt/‘spaghetti’ [49] and were not considered in

(1], [19].

Most of the cited literature have focused on the through-plane gas permeability of commercial
GDL or GDM substrates with the exception of the works conducted by Orogbemi et al. [1],
[19] in which GDMs were prepared using a single commercial GDL substrate to investigate

the impact of carbon and PTFE loadings in the MPL on through-plane gas permeability. To the
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best of the author’s knowledge, there have been no previous investigations on the impact of
GDL structure (straight non-woven and felt/‘spaghetti’ carbon fibre paper) and the effects of
PTFE loading in the GDL on the through-plane gas permeability of GDMs prepared for
different carbon loadings. The focus of this paper extends the works conducted in [1], [19], to
include for the first time, the impact of different GDL substrates varying in structure and PTFE
composition on GDMs prepared using two different carbon powders, namely, Vulcan XC-72R
and Ketjenblack EC-300J. These carbon powders are used for various carbon loadings and the
impact on the through-plane gas permeability and thickness of the prepared GDMs before and
after application of an MPL were investigated. SEM images were used to investigate surface
morphology and MPL thickness. It should be noted that impact of conventional sintering would
be discussed in future works and the results reported here were to determine explicitly the

impact of the base GDL structure on GDM permeability and morphology of the GDM.

2. Materials and Methods

2.1 Materials

Five different commercial carbon substrates (GDLs) with varying structures were used to
prepare the GDM; the manufacturer’s data (SGL Carbon GmbH, Meitingen, Germany and
Toray International, UK) for these substrates are listed in Table 1. The through-plane gas
permeability was investigated for six samples of each GDM. Three carbon loadings of 0.5, 1.0
and 2.0 mg cm™, utilising two different carbon powders- Vulcan XC-72R (Cabot Corporation,
USA) and Ketjenblack EC-300J (AkzoNobel, the Netherlands)- were used to prepare the MPL

on each GDL. The manufacturer’s data for the carbon powders are given in Table 1.
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Table 1. Manufacturers’ data for the GDLs and carbon powders.

Gas Diffusion Layer
Straight fibre non-woven Felt/‘spaghetti’
Properties
Toray Toray SGL SGL SGL
TGP-H-120 | TGP-H-90 | 35BA 10CA 10EA
Thickness (um) 370 280 300 400 374
Areal Weight (g m™?) - - 54 90 112.9
Porosity (%) 78 78 - - -
PTFE Loading (%) 5 5 5 10 30
Carbon Powder
Properties

Ketjenblack EC-300])

Vulcan XC-72R

Pore volume
(ml/100 g)

Apparent bulk density
(kg m?)

Surface area (m? g'l)

Particle diameter
(nm)

pH
Volatile
(by weight % max.)

310 - 345

125 - 145

950
30

9.0-10.5
1.0

178

20 - 380

254
30

2-11
2-8

125
126

127

128

129

130

131

132

ink slurry to be coated onto the GDLs as described in Section 2.2.

Two other materials apart from the carbon powders were necessary in the preparation of the
MPL. A binding agent was necessary to hold the particles together. Polytetrafluorethylene
(PTFE) was used as the hydrophobic binding agent - PTFE with 60 wt. % aqueous dispersion
emulsion (Sigma Aldrich, UK) was used. Isopropanol (W292907-8KG-K, Sigma Aldrich, UK)
was used as a dispersant for the mixture with a > 99.7% concentration. These three materials,

that is, carbon black powder, PTFE and isopropanol were used in the preparation of the MPL
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2.2 Methods

GDL samples were cut from the master sheets using a circular paper punch with a 1-inch
diameter [1], [3], [19], [36]. It should be noted that all GDLs used in the investigations
conducted in this paper were from the same master sheet except for eight samples of SGL 10EA
which were cut from a different master sheet. The thickness of the samples was measured at
four equally spaced locations using a micrometre to provide an average thickness of the
samples. Prior to application of the MPL, the permeability of the GDL was determined. The
experimental setup used to measure the through-plane gas permeability of the GDLs and GDMs
was used in the experimental investigations conducted in [1], [3], [19], [36]. Figure 1 shows a
schematic representation of the experimental setup. The in-house experimental setup consists
of an upper and lower fixture used to facilitate the nitrogen gas flow through the sample, which
is positioned between the fixtures as discussed in [36]. It should be noted that the gas

permeability is an intrinsic property of the material and is not sensitive to type of gas used.
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Figure 1. Schematic representation of the experimental setup used to measure the through-plane gas permeability.
Reprinted from [3] with permission from Elsevier.

Eight equally spaced flow rates controlled by a flow controller (HFC-202 Teledyne Hastings,

UK) with a range of 0.0 to 0.5 SLPM were used in conjunction with a differential pressure
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sensor (PX 653 Omega, UK) with a range of + 12.5 Pa, to determine the pressure drop across

the samples.

The process of applying an MPL to the GDL using a microporous layer ink slurry was adopted
from [1], [19]. The procedure was used here to create an MPL with three different carbon
loadings: 0.5, 1.0 and 2.0 mg cm™. The composition of carbon powder to PTFE was kept
constant such that the mixture contained 80 wt. % carbon and 20 wt. % PTFE for all carbon
loadings. The necessary amount of carbon powder to PTFE dispersion was determined for the
constant composition and manually mixed into a paste. The dispersion agent, isopropanol, was
added to the paste and the mixture sonicated for three hours in an ultrasonic bath (U300H,
Ultrawave Ltd., UK). The GDLs samples were then mounted onto a heating plate, which was
set at a temperature of 80 °C, necessary to evaporate the volatile components of the ink, which
was applied to the substrates using a spray gun (Badger 100™ LG, USA). Nitrogen gas was
used in the application of the ink onto the GDLs. The permeability of the GDMs was then
determined in a similar manner to that of the GDL substrates. It should be noted that the
pressure difference values, for the 1.0 and 2.0 mg cm™ carbon loadings for the straight non-
woven carbon fibre papers coated with Vulcan XC-72R, exceeded the range of the pressure
sensor (+12.5 Pa) used and as such eight equally spaced lower flow rates were used in the
determination of the through-plane gas permeability. SEM images were used to determine the

surface morphology before and after coating. The model of the scanning electron microscope

used was JEOL JSM-6010LA.

10
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2.3 Data analysis

At low fluid velocities (with Reynolds number less than or equal to 3), the viscous resistance
to fluid flow was the major cause of the pressure gradient across the porous media for single-
phase gas flow due to negligible inertial losses. As such, Darcy’s Law was utilised to solve the

permeability as follows [1][11][19]:

AR, i, (1)
—=—u
Lk, ¢

where u, is the superficial gas velocity, kg is the gas-phase permeability, uyis the gas-phase
dynamic viscosity, AF; is the gas-phase pressure drop and L is the thickness of the sample.
Further to this, u, can be determined as follow:

Q 2)
D 2
4

Ug =

T

where Q is the volumetric flow rate and D is the diameter of the sample exposed to gas flow
[1], [19]. The gas permeability of the bare carbon substrates was determined by curve fitting

the experimental data of the pressure gradient across the substrate to the fluid velocity to Eq.
(D.

Six samples are used to minimise uncertainties in the permeability measurements carried out
in this study and the average permeability plotted with error bars, which represented a 95%

confidence interval around the mean.

11



192 3. Results and Discussion

193 3.1 Through-plane gas permeability of the GDLs

194  Table 2 shows the through-plane permeability and thickness values of all uncoated GDL
195  substrates, before the application of an MPL onto the GDL substrate. The listed values
196  represent the mean and 95% confidence interval limits for the gas permeability and thickness
197  of thirty-six samples per GDL substrate (eighteen samples per each carbon powder). Gas
198  permeability was estimated experimentally by fitting the data, determined from the dependence
199  of fluid velocity on pressure drop, to Equation 1. Figure 2 illustrates the relationship between
200  the pressure gradient across the substrates to the fluid velocity used in the estimation of the gas
201  permeability of the samples. The linearity of the pressure gradient to fluid velocity relationship

202  for the samples investigated justified the use of Darcy’s law.

203 Table 2. Through-plane permeability of tested GDL substrates.

GDL substrates Permeability Thickness
k x 10712 (m?) (um)
Toray TGP-H-120 5.70+£0.13 358.33 £1.83
Toray TGP-H-90 6.91 £0.13 291.18 £ 0.84
SGL 35BA 39.87 £ 0.80 294.55 +£1.69
SGL 10CA 21.86 £0.46 353.75£5.21
SGL 10EA 18.77 £0.97 376.35 £ 6.43

204

12
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Figure 2. Experimental data for the pressure gradient as a function of fluid velocity for the GDL substrates used.

Comparison of the through-plane permeability of the GDL substrates to the available literature
shows good agreement. Ismail et al. [36] measured the through-plane permeability of SGL
10CA (10% PTFE) and SGL 10EA (30% PTFE) to be 20.3 X 107'?2 m? and 21.7 x 10712
m? respectively without considering the compressibility of air. Previous studies [40], [42], [43]
have shown a decrease in through-plane permeability with an increase in the amount of PTFE
and this was due to the partial occupation of the pores by the PTFE particles which
subsequently leads to a reduction in the porosity of the medium. This trend is reiterated in the
present study. It should be noted that eight of the SGL 10EA samples used in this study were
cut from a different sheet and showed through-plane permeability within the range 21.4 —
25.1 x 1072 m?2 This emphasizes the variability of samples between different sheets, which
may be a result of fabrication uncertainties as suggested in [53]. Gostick et al. [48] reported a

value of 8.99 x 10712 m? for Toray TGP-H-90 and Mangal et al. [47] reported a value of 8 X
13
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244

10712 m? for Toray TGP-H-90 in the through-plane direction for samples with 0% PTFE
compared to the 5% PTFE loading in the samples used in this investigation which would
probably explain the reduction in permeability as shown in Table 2. Aldakheel et al. [52]
reported the through-plane gas permeability of Toray TGP-H-90 with 5% PTFE loading to be
6.62 X 10712 m2 Unsworth et al. [54] reported that there is a common misconception of Toray
GDLs sharing a uniform microstructure, independent of manufactured thickness; however,
based upon through-plane porosity distributions of Toray TGP-H-60 and Toray TGP-H-120 it
was shown that the latter was formed through compression of two plies of the former. Similarly,
Toray TGP-H-90 was believed to comprise of three plies of Toray TGP-H-30 and as such, it is
expected that the permeability values reported in this work should be different between the
Toray TGP-H-90 and Toray TGP-H-120 [55]. Williams et al. [37] measured the through-plane
permeability of Toray TGP-H-120 and obtained a value of 8.69 X 10712 m? El-Kharouf et
al. [49] reported values of 4.53 X 1072 m? 3.90 X 10?2 m? and 53.1 x 10712 m? for
Toray TGP-H-090, Toray TGP-H-120 and SGL 35BA respectively. Notably, the values
obtained in [49] were obtained using a mercury intrusion method (MIP) and therefore it
incorporates both the through-plane and in-plane permeability, and as such, should be lower
than the values determined here. SGL 35BA shares a similar structure to that of Toray TGP-
H-090 and Toray TGP-H-120; all three (3) substrates are categorized in [49] as non-woven
carbon papers with straight fibres. The significant difference in through-plane permeability was
due to increased porosity due to lower bulk density and increased pore diameters of the SGL
35BA samples [49]. Figure 3 shows the SEM images of the base carbon substrates used in this
study. The SEM images of Toray TGP-H-120 and Toray TGP-H-90, shown in Figure 3 (a) and
(b) respectively, are very similar which is reflected in the magnitude of the gas permeability;
however, it is clear from Figure 3 (c) that the pore sizes are larger for SGL 35BA when

compared with those of Toray TGP-H-90 and Toray TGP-H-120 which would explain the

14



245  higher gas permeability. Figure 3 (d) and (e) shown are also very similar which would explain
246  the similar magnitudes of gas permeability for SGL 10CA and SGL 10EA even though the

247  PTFE content varied from 10% to 30%.

el L ¢ =
SEl 15kV WD21mmSS50 500pm
Pd/C

Bvi W

SEI 15kV WD21mmSS50

Pd/C

SEl 15kV  WD15mmSS50 500pm

(d)

SElI 15kV  WD21mmSS50 500um
Sample

SEl 15kV  WD22mm SS50
Sample

(e)
248
249 Figure 3. SEM micrographs for (a) Toray TGP-H-120, (b) Toray TGP-H-090, (c) SGL 35BA, (d) SGL 10CA and
250 (e) SGL 10EA.
251
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3.2 Through-plane gas permeability of the Gas diffusion media.

The through-plane gas permeability of GDMs was investigated in this section for two carbon
black types, namely Vulcan XC-72R and Ketjenblack EC-300J. The MPL composed of 20%
PTFE and 80% carbon black by weight, which was held constant for three carbon loadings: 0.5
mg cm™, 1.0 mg cm and 2.0 mg cm™. MPL composition values between this range have been
widely used in previous studies in the literature namely [19], [56], [57]. Gas permeability of
the GDMs was calculated in a similar way to that of the bare substrates with the use of Equation
1. Figure 4 shows the typical pressure gradient as a function of fluid velocity for the GDMs
composed of Vulcan XC-72R and Ketjenblack EC-300J MPLs for the two different structured
GDLs under investigation, namely: Toray TGP-H-120 and SGL 10EA. The pressure gradient
versus velocity curves for the GDMs using Toray TGP-H-90, SGL 35BA and SGL 10CA
substrates showed similar linearity (Refer to F-1 of the supplementary material). The error bars

represent the 95% confidence interval about the mean.
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Figure 4. Experimental data for the pressure gradient as a function of fluid velocity for (a-b) Toray-TGP-H 120
and (c-d) SGL 10EA coated with Vulcan XC-72R (a, c) and Ketjenblack EC-300] (b, d).

Notably, the pressure gradient increases with the increase in carbon loading for a given velocity
in the majority of cases. This trend was seen for both non-woven straight fibre carbon papers
(Toray TGP-H-120, Toray TGP-H-90 and SGL 35BA), as well as for felt/spaghetti-like carbon
fibre papers (SGL 10CA and SGL 10EA) composed of an MPL using Vulcan XC-72R. The
results for SGL 10CA and SGL 10EA are consistent with those reported by Orogbemi et al. in
[1], [19] for substrates coated with both Vulcan XC-72R and Ketjenblack EC-300J such that
the pressure gradient increases with increasing carbon loading independent of the carbon
powder type. This was due to the increase in thickness of the substrates with increased carbon
loading. Figure 4 (b), however, showed an opposite effect with increasing carbon loading, that
is, the pressure gradient for a given velocity was the highest at a carbon loading of 0.5 mg cm™
when compared to 2.0 mg cm™ when coated with Ketjenblack EC-300J. This was due to the

increase in the size of the cracks on the MPL surface as the carbon loading was increased as
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shown in the subsequent section. The through-plane gas permeability of the GDMs is compared
in the subsequent section with regard to carbon type and carbon loading (effectively, the

thickness of the MPL).

3.2.1 Effect of carbon loading and carbon black type in the microporous layer.

The previous section has demonstrated the significant effect of the increase in carbon loadings
in the MPL with the different types of carbon blacks. This varies from what has been reported
by Orogbemi et al. [1], [19] and the authors believe these variations were the result of the type
of substrate used in combination with the type of carbon black in the MPL. Figure 5 shows the
trends in the through-plane gas permeability of the substrates used as a function of carbon
loading for the two carbon black types used. The through-plane gas permeability values for the

samples shown in Figure 5 can be found in Table A1 of the supplementary material.
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Figure 5. Through-plane gas permeability of GDM for various substrates coated with (a) Vulcan XC-72R and (b)
Ketjenblack EC-300].

For the majority of cases, the increase in carbon loading, after 1 mg cm, results in a decrease
in the through-plane permeability. The permeability of samples on which the Ketjenblack EC-
300J were coated onto, particularly the non-woven straight fibre carbon papers, show an
opposite trend, that is, 0.5 mg cm? carbon loading has the lowest through-plane gas
permeability. Figure 6 and Figure 7 show the SEM images of each carbon loading for samples
coated with Vulcan XC-72R and Ketjenblack EC-300J for Toray TGP-H-90 and SGL 10EA
respectively. The surface morphology of the GDMs using Toray TGP-H-120 and SGL 35BA
were similar to those of Toray TGP-H-90 shown in Figure 6 and the GDMs using SGL 10CA

were similar that of SGL 10EA shown in Figure 7 for the carbon loadings and carbon powder
type.

Figure 6 (a-c) and Figure 7 (a-c), that is the GDLs coated with Vulcan XC-72R, showed a

reduction in the pores with an increase in carbon loading which reflected the decrease in
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through-plane permeability with increased carbon loadings. Figure 7 (d-f) also showed a
reduction of pore space in the felt/‘spaghetti’ structured SGL 10EA with an increase in carbon
loading. As such the through-plane gas permeability of GDMs utilising felt/*spaghetti’ GDLs
was reduced with increasing carbon loading regardless of the carbon powder type. The
reductions in the through-plane permeability were at least one order of magnitude lower and in
some cases, two orders for carbon loadings between 1.0 mg cm™ and 2.0 mg cm™. This is in

agreement with the results reported in [1], [19].

Figure 6 (d-f) distinctly showed that at a low carbon loading of 0.5 mg cm, the pores in the
structure are almost completely covered. This justifies the opposite trend shown for GDMs
using non-woven straight fibre carbon papers coated with Ketjenblack EC-300J such that at a
low carbon loading, the through-plane gas permeability is the lowest. The cracks on the surface
increased in size with an increase in carbon loading which is reflected by the increase in
through-plane permeability with increased carbon loading for the non-woven straight fibre
carbon papers. It is interesting, however, that the surface morphology from Figure 7(e) and 7(f)
showed large cracks similar to 6(e) and 6(f) even though the trend in gas permeability increased
with carbon loading for the GDMs using non-woven straight fibre GDLs and decreased with
carbon loading for the GDMs using felt/‘spaghetti’ GDLs. El-Kharouf et al. [49] reported
porosity values of 67.2%, 61.8% and 70.5% for Toray TGP-H-90, Toray TGP-H-120 and SGL
35BA whilst Gostick et al. [58] reported porosity values for the SGL 10 series to be 84% for
SGL 10DA and 86% for SGL 10CA. Since the felt/spaghetti’ type papers, have higher
porosities, this may be an indication that even the high surface area powders are able to
penetrate the pore space of the felt/‘spaghetti’ fibre GDLs as the carbon loading is increased
resulting in the decrease permeability compared to the opposite effect shown for the non-woven

straight fibre papers.
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Another interesting observation from Figure 6 (e,f) and 7 (e.f) are the large cracks which
develop with the use of the high surface area carbon powder (Ketjenblack EC-300J) regardless
of the GDL substrate type at 1.0 and 2.0 mg cm™ carbon loadings. Cracks may be beneficial in
the role of water management whereby the cracks provide a preferential pathway for the
removal of water from the CL to the GDL [59]; however, some have argued that cracks
decrease cell performance by degradation of the mechanical structure of MPL [60] or was
influenced by the size of the flow channel in conjunction with these cracks [61] whereas [62]
showed that influence of cracks are play a minimal role in cell performance since the majority
of water is removed from the CL in vapour form. The surface morphology of the GDMs
investigated here would be studied in greater detail in future works to determine their influence

on cell performance.

As such, the combination of the various base substrate and type of carbon black played an
important role in the resulting trends in through-plane gas permeability of the GDM.
Furthermore, the final structure was significantly affected by the properties of the carbon
powder type used in combination with the base structure of the GDL. The resulting increase in
through-plane permeability for the GDMs which used a combination of non-woven straight
fibre carbon papers and Ketjenblack EC-300J was primarily due to the high surface area of the
Ketjenblack EC-300J as compared to the Vulcan XC-72R. High surface area carbon powders
form large cracks and thicker layers compared to low surface area carbon powders which form
smoother surfaces with a dense, thin layer with less cracks [63]. Figure 6 and Figure 7

corroborate this fact.

22



350
351

500U  —

Feb 07, 2018 Feb 07,2018

" 4

15kV  WD15mmS! 15kV. WD16mmSS50 S00pm  e—
Feb 07, 2018

. "‘ £
SEl 15kV WD25mm SS50
Feb 07, 2018 Sample

Figure 6. SEM micrographs of Toray TGP-H-90 coated with Vulcan XC-72R (left) and Ketjenblack EC-300] (right) for
(a,d) 0.5 mg cm?, (b,e) 1.0 mg cm™ and (c,f) 2.0 mg cm™.
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Figure 7. SEM micrographs of SGL 10EA coated with Vulcan XC-72R (left) and Ketjenblack EC-300] (right) for
(a,d) 0.5 mg cm?, (b,e) 1.0 mg cm™ and (c,f) 2.0 mg cm™.

As stated previously, the increase in carbon loadings increases the thickness of the visible

thickness of the MPL. Figure 8 illustrates the increase in thickness with the increase in carbon
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357  95% confidence intervals.
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Figure 8 clearly identifies the significant increase in thickness for the GDLs coated with
Ketjenblack EC-300J as opposed to Vulcan XC-72R. As indicated in [1], [19], [26], [57] these
variations in thickness were the result of MPL dispersion and penetration into the GDL
substrates. Figure 9 shows typical SEM cross sectional images of SGL 10CA for both carbon
powders at a 1.0 mg cm™ carbon loading. It is clear, that there is substantial penetration into
the GDL structure. The MPL thickness varies considerably, as shown in Figure 9, due to the
variations in the penetration into the GDL substrate which is non-uniform. On comparison of
Figure 8 and 9, it is clear that the MPL thickness is severely underestimated as suggested in
[1], [19] with the penetration of the high surface area carbon powder (Ketjenblack EC-300J)
into the GDL substrate being less than that of the low surface area carbon powder (Vulcan XC-

72R).

SEI 5kV. WD13mmSS50 x200 100pm  — SEl 10kV WD12mmSS50 %200

(b)

Figure 9. SEM cross-sectional images of SGL 10CA coated with (a) Vulcan XC-72R and (b) Ketjenblack EC-300]
for 1.0 mg cm carbon loading respectively.

Furthermore, such variations in the thickness indicate that the properties of the carbon black
affect the properties of the MPL in terms of porosity, pore size distribution and surface
morphology [15], [49]. Clearly, in all the cases, there is an increase in thickness with an

increase in carbon loading and this result is independent of the type of carbon powder used.
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This result agrees with the literature found in [1], [19], [64]. El-Kharouf et al. [49] indicated
Toray TGP-H-120 and Toray TGP-H-90 share similar properties such as porosity and
tortuosity. SGL 35BA was reported to have a slightly higher porosity; however, the tortuosity
when compared to that of the Toray carbon papers was found to be far less which would
indicate a lower increase in thickness when coated with Vulcan XC-72R as shown in Figure 8
(a). Figure 8 (b) showed an increase in thickness for SGL 35BA when compared with that of
Toray TGP-H-90 and Toray TGP-H-120 for substrates coated with Ketjenblack EC-300J. This
is rather unexpected as the porosity of SGL 35BA is higher and the tortuosity is lower than the
Toray carbon papers; this may have been due to fabrication uncertainties as indicated in Section

3.1.

For the felt/‘spaghetti’ type carbon papers, there is a noticeable increase in thickness with
increasing carbon loadings and PTFE in the GDL, as shown in Figure 8. This is understandable
since SGL 10EA has a higher PTFE loading (30%) compared with SGL 10CA (10% PTFE
loading). The reduced porosity of SGL 10EA would indicate that a smaller amount of carbon
ink would be able to penetrate the sample; as such, the visible MPL thickness was higher than

that of SGL 10CA.

In the majority of cases, the substrates coated with Ketjenblack EC-300J had a higher through-
plane gas permeability when compared to those coated with Vulcan XC-72R due to the large
crack formations with increasing carbon loading. The permeability of the non-woven straight
carbon fibre substrates at 0.5 mg cm™ had a higher permeability when coated with Vulcan XC-
72R as compared to Ketjenblack EC-300J. As the carbon loading was increased, however, the
substrates formed a dense, smooth structure resulting in a lower permeability which is in

agreement with [63].
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401  3.2.2 Comparison of similar structured GDLs

402 A comparison of the percentage reduction in gas permeability from the original GDL substrate
403  as a function of carbon black type and carbon loading would be beneficial to compare similar
404  like structures. Figure 10 shows the percentage reduction of through-plane gas permeability

405  from the original sample after coating with each type of carbon black used in this work.

2 .
I 0.5 mg cm ™ carbon loading

100 — 1.0 mg cm ? carbon loading

B2 2.0 mg em™ carbon loading

4
qr

R A N R R

Percentage reduction in gas permeability from original substrate
n
(=
|

R
L
SR
AR
AL
Pl
s
L
L
LR
AR
1o
o
e
L
SR
AR
AL
AL
s
L
L
LR
AR
AL
AL
s
L
L
LR
AR
1o
o
e
L
SR
AR
AL
AL
s
L
L
LR
AR
1o
o
[P
L
L
LR
AR
1o
o
e
L
SR
AR
7%%:
s

207
i72%

A T T T Y

o2
&2
<s
<4
s
s
s
&2
4
4
4
s
s
&2
&2
<s
<4
s
s
s
&2
4
4
4
s
s
s
&2
4
4
4
s
s
&2
&2
<s
<4
s
s
s
&2
4
4
4
s
s
&2
&2
4
4
4
s
s
&2
&2
<s
<4
s
s
s
2
L

0 - = . , . , .
Toray Toray SGL 35BA SGL 10CA SGL 10EA
TGP-H-120 TGP-H-90

GDL/MPL substrates coated with Vulean XC-72R
(@)

28



406

407
408

409

410

411

412

413

414

415

416

417

418

419

100 I 0.5 mg cm™ carbon loading

T 1.0 mg cm™ carbon loading

90 — B2 2.0 mg em™ carbon loading

;

Percentage reduction in gas permeability from original substrate
Lh
S
1

0 -
I I
Toray Toray SGL 35BA SGL 10CA SGL 10EA
TGP-H-120 TGP-H-90

GDL/MPL substrates coated with Ketjenblack EC-300J
(b)

Figure 10. Percentage Reduction in gas permeability from the original substrate for different carbon loadings
coated with (a) Vulcan XC-72R and (b) Ketjenblack EC-300)].

The percentage reduction in gas permeability for the non-woven straight fibre carbon papers
shows similar reductions for each carbon loading and for each carbon type used. It should be
noted that the percentage reduction decreases for the non-woven straight fibre carbon papers
with increasing carbon loading which reflects an increase in gas permeability with increasing
loading for a high surface area carbon powder (Ketjenblack EC-300J). The felt/‘spaghetti’ type
structures showed a clear distinction in the percentage reduction of gas permeability. This was
attributed to the increased PTFE, which resulted in increased thickness due to the lower
porosity (blocking of the pores with the increase in carbon loading) as shown in the SEM
micrographs in Figure 7 and illustrated in Figure 8 and Figure 10. Figure 10 (a) and (b)
shows that, for SGL 10CA and SGL 10EA coated with Vulcan XC-72R, there is a noticeable

difference in the percentage reduction caused by the level of PTFE increase in the GDL
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substrates when compared with the relatively small reductions when coated with Ketjenblack
EC-300J as the carbon loading was increased. This would imply that the reduction in through-
plane gas permeability of the GDM varies depending on the type of carbon black and substrate
used; however, depending on the type of carbon black, the level of PTFE in the GDL may

either have a huge impact or only slight reduction with an increase in carbon loading.

4.Conclusions

The through-plane gas permeability of different structured GDLs (non-woven straight and
felt/‘spaghetti’) which form the GDM was investigated for MPLs containing two carbon
powder types (Vulcan XC-72R and Ketjenblack EC-300J) for various carbon loadings (0.5, 1.0
and 2.0 mg cm?). The MPL composition of 80 wt. % carbon powder and 20 wt. % PTFE was
held constant for all investigations. The impact of increased PTFE loading in the GDL on the
through-plane gas permeability and thickness of the GDM was also explored. SEM images
were used investigate the surface morphology of the MPL with different carbon loading and

types. The main conclusions are as follows:

e GDM through-plane permeability does not necessarily decrease with increased carbon
loading. The type of carbon powder and loading used in conjunction with the type of
GDL substrate was shown to influence the GDM through-plane permeability. Carbon
powders with a high surface area (Ketjenblack EC-300J) showed the greatest reduction
in permeability from the original substrate by ~80% for low carbon loadings when
coated onto non-woven straight carbon fibre papers with this reduction being as low as
~50% for higher loadings. Non-woven straight fibre carbon papers coated with a low
surface area (Vulcan XC-72R) carbon powder showed the greatest reduction in
permeability from the original substrate by ~95% for high carbon loadings with this

reduction being as low as ~55% for low carbon loadings.
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Surface morphology of the MPLs composed of a carbon powder with a low surface area
(Vulcan XC-72R) showed smoother surfaces with smaller crack formation when
compared to MPLs composed of a high surface area carbon powder (Ketjenblack EC-
300J) which showed significantly larger cracks. Furthermore, the combination of non-
woven straight carbon fibre papers with a high surface area carbon powder (Ketjenblack
EC-300J) revealed larger surface crack formations with increased carbon loading when
compared to the felt/‘spaghetti’ type fibre papers which showed incomplete coating of
the surface for low carbon loadings with cracks being formed as the carbon loadings
was increased; however, the permeability of the GDMs utilising felt/‘spaghetti’ type
fibre papers, decreased with increasing carbon loading independent of the carbon type
due to the higher porosity of and greater penetration into the GDL substrate.

GDLs sharing a similar type structure resulted in similar percentage reductions in
through-plane permeability from the original substrate when an MPL was applied to it
regardless of carbon type and loading. This indicates that, for some GDL materials, the
through-plane gas permeability of the GDM may be predictable for a given carbon
loading.

For a given loading of low surface area Vulcan XC-72R carbon powder, the increase in
PTFE loading in the GDL, from 10 to 30%, leads to a decrease in gas permeability of
the GDM by ~9-15%. Such effect was almost negligible (~2%) for 0.5 and 1.0 mg cm”
2 carbon loadings but ~5% for 2.0 mg cm™ when high surface area Ketjenblack EC-

300J carbon powder is used.

This paper highlights the crucial importance of the GDL base structure on the properties of the
GDM. Future works will investigate the use of a wider range of surface area powders to support

the findings concluded in this paper and the impact of MPL preparation methods to further

31



468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

understand and predict the final GDM properties and structure and how these structures

influence the performance of a real fuel cell.
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707 Figure F-1. Experimental data for the pressure gradient as a function of fluid velocity for (a-b) Toray-TGP-H 90,
708 (c-d) SGL 35BA coat and (e-f) SGL 10CA coated with Vulcan XC-72R (a, c, e) and Ketjenblack EC-300] (b, d.f).

709 Table A-1. Through-plane gas permeability of the GDLs coated with Vulcan XC-72R and Ketjenblack EC-
710  300J.

Permeability
k x 10712 m?
GDL
Vulcan XC-72R Ketjenblack EC-300]
substrate
0.5 1.0 2.0 0.5 1.0 2.0
mg cm mg cm mg cm? mg cm? mg cm? mg cm
Toray
243 0.29 0.24 1.48 1.90 2.82
TGP-
+0.58 +0.06 +0.04 +0.17 +0.82 +0.65
H-120
3.15 0.40 0.26 1.51 2.44 2.98
Toray
+0.91 +0.12 +0.03 +0.3 +0.94 +0.31
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713

TGP-

H-90
SGL 15.1 3.78 0.89 10.22 11.64 18.19
35BA +2.21 +0.81 +0.19 +2.34 +2.58 +2.30
SGL 7.99 5.32 3.39 8.28 7.15 6.08
10CA +1.11 +0.54 +0.57 +0.88 +0.80 +0.58
SGL 4.43 1.67 1.09 7.82 6.20 3.57
10EA +1.07 +0.40 +0.15 +2.18 +0.44 +0.67

46



