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HIGHLIGHTS GRAPHICAL ABSTRACT

e Microporous layers were fabri-
cated with varying weight in-
clusions of graphene.

e Composite MPLs were charac-
terised by their morphology,
microstructure and electro-
chemical properties.

e Lower graphene concentrations
(30%) improved cell performance
in low humidity conditions.

e Graphene concentration at 50 wt %
or above enhances cell perfor-
mance in  high  humidity

conditions.
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performance. The inclusion of graphene in the MPL alters the pores size distribution of the
layer and results in presence of higher amount of mesopores. Polarisation curves indicate
that a small addition of graphene (i.e. 30 wt %) in the microporous layer improves the fuel
cell performance under low humidity conditions (e.g. 25% relative humidity). On the other
hand, under high humidity conditions (>50% relative humidity), adding higher amounts of
graphene (>50 wt %) improves the fuel cell performance as it creates a good amount of

g;?‘s:sl;elack mesopores required to drive excess water away from the cathode electrode, particularly
Characterisation when operating with high current densities.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
N these reasons graphene is an attractive material to use in PEM
Introduction

Polymer Electrolyte Membrane Fuel Cells (PEMFCs) are elec-
trochemical energy conversion devices capable of providing
clean and sustainable for transport, stationary and portable
applications, owing to their high-power density, fast start-up
time and operation at relatively low temperatures [1]. Howev-
er, further research is required in order to improve their per-
formance, durability and to reduce their cost. Water
management remains one of the largest challenges facing the
fuel cell technology especially at high current density; amount
of water in the membrane electrode assembly (MEA) should be
optimised to avoid either water flooding which limits reactant
transport [2,3] or membrane dehydration which limits proton
transport [4,5]. The microporous layer (MPL) within the gas
diffusion layer (GDL) of PEFC is widely acknowledged as a
crucial performance enhancing component [6,7], improving
cell efficiency and durability through improved water man-
agement and better electrical contact with the catalystlayer [7].

The purpose of this research is to develop a greater under-
standing of how composition affects MPL microstructure and
morphology, and ultimately identify strategies to improve fuel
cell efficiency. The synergetic effect of different types of carbon
has been explored by several researchers. Early research
investigated the interactions of different types of carbon black
when used together in the MPL, and the effects imparted on
MPL morphology, gas transmission and liquid water saturation
[8,9]. Numerous studies have examined the synergy between
carbon nanotubes and high purity carbon black in the micro-
porous layer; inclusions of multi-wall carbon nanotubes have
influenced the microstructure and pore size distribution of the
layer, and improved the mass transport phenomena particu-
larly in saturated conditions [2,10—12]. Similar studies have
been undertaken using graphene as an additive in the micro-
porous layer [13,14]; these demonstrated that the addition of
graphene can lead to significant improvements in MEA per-
formance, resulting in higher power densities and limiting
current densities. The performance enhancements with gra-
phene were strongly influenced by the cell operating condi-
tions, notably the temperature and relative humidity.

A recent trend has seen graphene being explored as an
alternative to carbon black in the MPL. Graphene is a two-
dimensional monolayer of graphitic carbon atoms, with
good mechanical stiffness and elasticity, as well as extremely
high electrical conductivity and thermal conductivity [15]. For

fuel cell components where high electron mobility and ther-
mal conductivity are crucial. Consequently graphene has been
researched as an additive to the gas diffusion layer [16], the
membrane [17—19] and the bi-polar plates [20—22]. However,
the most widely studied application of graphene is as a cata-
lyst layer support [23—28], where the high electrical conduc-
tivity, the unique electron transfer characteristics and high
surface area has precipitated a significant volume of research.

Graphene has previously been explored as an MPL material
by a few researchers both as a freestanding MPL [14] and
conventionally applied to carbon substrate [13,29-31].
Leeuwner et al. [14] fabricated a free-standing MPL for the
cathode GDL from commercially available compressed 3D
freestanding graphene foam. However, the lack of treatment
with hydrophobic agent and inhomogeneous surface limited
the power density at higher current densities (>1500 mA cm 2
due to flooding. The majority of research into graphene
microporous layers has used graphene nanoplatelets which
are commercially available or have been produced in-house by
electrochemistry as in Refs. [13,14,29]. Ozden et al. [30] fabri-
cated and characterised MPLs produced from a commercial
Grade DU25 graphene. The in-house graphene-based MPL
exhibited a higher peak power density than the Vulcan carbon
black-based MPLs at relative humidity ranging between of
40—100%. However, their research was limited by the use of a
single material for the fabrication of the MPL, pure graphene;
composite MPLs produced from graphene and carbon black
were not considered. When explored in a later publication this
was limited to a 1:1 ratio of the two materials. Mariani et al. [31]
used various commercial graphene platelets as an MPL mate-
rial, these were characterised in order to optimise the type of
graphene used. They report that the 25 um sized graphene
platelets MPL produced the highest power density. Further-
more, MPLs were produced from combination of graphene and
carbon black (1:1 ratio) the two materials were shown to have
complimentary effect improving cell performance. Similar
studies exfoliated graphene [13], reduced graphene oxide and
natural graphite [29] indicate that composite MPLs produced
from graphene and carbon black results in a higher current
density particularly at higher relative humidity operation.
Najafab et al. [13] manufactured graphene from electro-
chemical exfoliation, the resulting product was then used to
produced MPLs which were characterised alongside conven-
tional carbon black, and composite MPLs (1:1 ratio). Again the
composite MPL produced from the two materials had an
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enhanced performance, benefiting from reduced activation,
ohmic and mass transport losses.

In the literature, there have been several publications
comparing single cell performance between graphene and the
conventional carbon black microporous layers, although there
is an absence of data for the longevity of these MPLs [32,33]. An
insightful analysis was undertaken by Latorrata et al. [33] who
investigated the durability of graphene MPLs against those
produced from carbon black, for both the anode and cathode
GDL. An in depth analysis into the degradation of the MPLs
was carried out by performing post-mortem ex-situ analysis
on the samples, and repeated polarisation curves. Interest-
ingly the MEAs with graphene-based MPLs reportedly showed
reduced deterioration (i.e. fewer ohmic and concentration
losses) due to the absence of surface cracks.

Although these works further our understanding of how
graphene can be used in the MPL, they have not explored the
optimisation of the ratio of graphene platelets to carbon black.
Mixing graphene with carbon black, or a mixture of graphene
with different morphologies has the potential for a synergetic
effect on MPL morphology and microstructure, and thus opti-
mising cell performance. Here we present the fabrication and
characterisation of novel MPLs produced from graphene-based
materials. The microporous layers were produced from a high
purity graphene (Nanene), Vulcan XR72C carbon black, and a
combination of the two materials. The MPLs were then char-
acterised for their morphology, physical properties and fuel
cell performance.

Methodology
Materials

The fabricated dual-layer GDLs were used at the cathode. The
carbon substrate used to produce the dual-layer GDLs was
Toray TGP H-60 carbon paper with 10% wt. PTFE (Fisher Sci-
entific, UK). The carbon powder used in the MPL ink was
Vulcan XC 72 R (Sigma Aldrich®, BET surface area: 238 m? g*
[34] whereas the few-layer graphene (FLG) powder used in this
study was Nanene (2-DTech Ltd., UK). Nanene is produced
using a mechanochemical process with BET surface area of
45m? g *. The hydrophobicity of the layer was achieved by the
addition of 60 wt % PTFE dispersion (Sigma-Aldrich®, UK).

MPLs were produced from a viscous ink consisting of car-
bon black and PTFE. Distilled water was used as the solvent for
the MPL ink. Triton X-100 (Sigma Aldrich®, UK) and methyl
cellulose (Sigma Aldrich®, UK) were added to improve the
dispersibility and the rheology of the MPL ink [35]. The MPL
was applied to commercial Toray TGP-H-60 GDL (10 wt % PTFE)
using a micrometre applicator (Industrial Physics, UK) with a
heated plate at 80 °C.

The MPL coated GDLs were heat treated in a tube furnace to
thermally decompose the Triton x100 and methyl cellulose,
and to uniformly distribute the PTFE particles throughout the
MPL. The temperature profile was 120 °C for 1 h, 280 °C for
30 min and 350 °C (sintering) for 30 min [36]. Table 1 lists all the
MPL compositions investigated in the study following initial
drying and thermal treatment. The MPL composition by
weight remained unchanged consisting of 80% carbon and

Table 1 — The compositions of the microporous layers.

MPL Vulcan (wt.%) Nanene (wt.%) PTFE (wt. %)

GO 80 0 20
G30 56 24 20
G50 40 40 20
G70 24 56 20
G100 0 80 20

20% PTFE. The carbon loading was kept constant at 2.0 mg/
cm? in all MPLs as in Ref. [36].

The thickness of each of the GDL samples was measured
using a micrometre before and after the MPL coating was
applied. Each sample was measured at 5 equally spaced po-
sitions within it to provide a representative average value of
the thickness.

SEM imaging

The morphological characteristics of the GDLs with different
MPLs were observed using Scanning Electron Microscopy
(SEM). All SEM imaging was performed on a JEOL instrument
(Model JSM-6010LA). The obtained SEM images show the sur-
face structure and morphology.

Porosity/pore size distribution

Mercury intrusion porosimetry (MIP) was used to obtain the
pore characteristics of the blank and coated GDLs (pore size
distribution and porosity). In this instance the measurements
were conducted using a MicroActive AutoPore V 9600 V
(Micrometrics, USA). The pore size distribution was obtained
from the measured relationship between the intrusion pres-
sure and the intruded volume of mercury at that pressure. As
the intruded volume of mercury is correlated to pore volumes
of specific diameters at each intrusion step.

Contact angle

The water contact angle of the GDL surface was measured
using a video drop shape system FTA200 goniometer (First Ten
Angstroms, USA). Owing to the slight inhomogeneity of the
GDL surface, the contact angle measurements were taken at
several positions on the surface of the sample to ensure a
realistic representation of the average value. As such the
contact angle was measured at 7 positions on the GDL sample,
and the average value and the 95% confidence interval were
then calculated.

Through-plane permeability

An in-house setup was used to measure the through-plane
permeability, as documented in Refs. [37,38]. The setup con-
sists of lower and upper fixtures, where a circular GDL sample
of 25.4 mm in diameter is placed and tightened between two
fixtures. Nitrogen gas is forced to flow through the sample,
and the pressure drop is measured across the GDL for atleast5
flowrates. A flow controller (HFC-202, Teledyne Hastings, UK)
with a range of 0.0—0.1 SLPM is used to control the flowrate of
the nitrogen gas. A differential pressure sensor (PX653,
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Omega, UK) with a range of +12.5 Pa, was used to measure the
pressure difference across the GDL sample.

Flow rates were very low and therefore the flow was
assumed be laminar. This renders the inertial losses negligible
and Darcy's Law can, therefore, be employed to calculate the
gas permeability of the GDL samples [37]:

et 0
_Q
' /4 @

where AP is the pressure drop across the sample, L is the
measured thickness of the samples, u is the dynamic viscosity
of nitrogen (1.8 x 107> Pa s), k is the gas permeability of the
sample, v is the velocity of the flowing gas, Q is the volumetric
flow rate and D is the diameter of the sample exposed to the
flow, respectively.

In-plane electrical conductivity

The experimental procedure was derived from the in-plane
conductivity setup as described by Ismail et al. [39] based on
[40]. The GDL sample was positioned on an insulating poly-
carbonate plate. As previously mentioned, the thickness of the
GDL samples averaged from 5 measurements taken at equally
spaced positions. The electrical resistance was measured by an
RS Pro 804 Ohmmeter (RS Components, UK), which has a res-
olution of 0.01 mQ. As the distance between the two voltage
probes must be kept constant, they are housed in a plastic
body, where spacing of which is equal to the width of the GDL
sample (20 mm).

According to Smits' method, the correction factor is
dependent on the dimensions of the GDL samples and the
spacing between the probes. Essentially, it is derived from two
ratios being, the length of the GDL to its width (a/d), and the
width of the GDL to the spacing between the probes (d/s). The
ratios were calculated as 1 (a/d) and 1 (d/s) for samples used.
Thus, from Smits’ tables the correction factor has a value of 1
(24). The electrical resistivity, p, can be then calculated using
the following formula [40]:

p=CtR 3)

where C is the correction factor, t is the thickness of the GDL
and R is the measured electrical resistance. The electrical
conductivity (o) is the reciprocal of the electrical resistivity (p):

g== (4)

The in-plane conductivity of 5 samples was measured,
where each GDL sample was measured 5 times. The individual
values of the resistance were then averaged.

PEFC performance testing

The MEA was assembled using a C2 Freudenberg carbon
substrate as the anode GDL, where the fabricated dual-layer
Toray GDLs were used as the cathode GDL. The MEA utilised
a catalyst coated membrane as received (Fuel Cells Earth, UK)

produced from Nafion 212, with platinum loading at both the
cathode and anode of 0.4 mg/cm? The single cell measure-
ments were conducted on a commercial fuel cell test station
(BioLogic, France) with an electrode active area of 5 cm?. For
each of the MEAs assembled PEFC performance measure-
ments were taken at 80 °C at a range of air and hydrogen
relative humidity conditions (from 25% RH to 100% RH).
Measurements were also taken with oxygen and hydrogen at
50% RH. The back pressure for the anode and cathode were
250 kPa and 230 kPa respectively, and the stoichiometry for
anode and cathode was adjusted to A = 1.3 and A = 1.5 in
accordance with the EU test protocols for single cell mea-
surements for PEFC [41]. EIS measurements were taken at
0.6 V for each of the test conditions.

Results and discussion
Morphology

The morphology and the surface structure of the carbon
substrate and the MPLs was visualised by Scanning Electron
Microscopy (SEM). Fig. 1 is a series of SEM micrographs
showing the surface structure of the MPL coated and the un-
coated Toray substrates. Notable differences can be seen be-
tween the surface structure and morphology of the carbon
black MPL and those derived from graphene. This morpho-
logical difference depends on the physical characteristics of
the MPL material. The particle size of the two materials differs
greatly; where the Nanene graphene nanoplatelets (GNP) are
several orders of magnitude larger than the Vulcan carbon
black particles, up tol0pm and 50 nm respectively, as stated by
the manufactures.

Due to van der Waals forces, carbon black nanoparticles
agglomerate in the MPL to form a microporous “sponge-like”
structure [42,43]. The agglomeration of the carbon black
particles results in the distinctive micro-cracks which char-
acterise the surface of GO (Fig. 1b), the carbon black MPL;
these are the result of shrinkage caused by solvent evapo-
ration in the thermal treatment phase [44]. The presence of
these cracks is typical of carbon black based MPLs and is
frequently noted in the literature [44—46]. However, they are
absent from all the graphene containing MPLs regardless of
carbon black content (Fig. 1c—f). The visible cracking on the
surface of the GO and its absence in the other samples in-
dicates that this phenomenon is present in MPLs comprised
of a smaller particle size, and the inclusion of particles with
larger dimensions prevents its occurrence. The presence of
cracks on the MPL surface has been shown to influence the
transport of water in the MEA by acting as liquid phase
pathways diverting the water from the GDL [46,47]; however
surface cracking of the MPL has also been related to reduced
mechanical durability of the layer [48]. As such the impact of
these cracks on the optimisation of cell performance remains
unclear.

The micrographs of G30, G50 and 70 (Fig. 1c, d and e)
indicate that the mixed compositions result in a similar
morphology and microstructure, where the graphene nano-
plates are encompassed in a conductive filler formed of the
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Fig. 1 — SEM micrographs of the dual-layer MPL coated and the uncoated GDLs (from top left to bottom right: Toray H-060,
GO, G30, G50, G70 and G100). The number after the letter “G” represent the weight fraction of graphene in the MPL.

carbon black agglomerates. This is most easily distinguished
in G30 (Fig. 1c), where stacked graphene platelets can be seen,
alongside the sponge-like carbon black agglomerates with
small surface cracks. While the graphene containing micro-
porous layers visually appear smoother than the carbon black,
when imaged with the SEM microscope it is apparent that
they have a microscopic surface roughness owing to the
dominant graphene which is decorated with the carbon black
agglomerates. G30 (Fig. 1c) can be seen as being more densely
packed than G50 and G70 (Fig. 1d and e) owing to the greater
percentage of small particles in its composition. This in-
fluences the pore size distribution through the MPL, as can be
seen in the following section (Fig. 3). G100 (Fig. 1f) is distin-
guishable from the other MPLs with a graphene inclusion due
to its lack of conductive carbon black filler which results in a
larger pore size.

Pore size distribution

The porosity and pore size distribution of the MPLs were ob-
tained using MIP. For ease of identification and discussion of
the microstructure, the pores of the single and dual-layer
GDLs are classified into 3 groups according to their size,
where: pores smaller than 0.07 pm are identified as micro-
pores, mesopores range between the of 0.07—5 pm in size, and
finally the pores larger than 5 um are identified as macropores
[45]. The determination of these groups is based on the
mechanism for gas diffusion inside the pores, which differs
depending on their size. Knudsen diffusion is the prevailing
mechanism in the micropores whose dimensions are com-
parable to the gas mean free path, whereas bulk diffusion
dominates in macropores. In mesopores, both bulk diffusion
and Knudsen diffusion are present [49].
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Fig. 2 — Pore size distribution of the uncoated and coated
GDLs obtained by mercury intrusion porosimetry.

Mesopores are important for maintaining gas transmission
in saturated conditions [50]. As the transport of liquid water
typically takes place in pores larger than 20 um [51], and due to
the high capillary pressure the hydrophobic macropores
become occupied by liquid water. The mesopores require an
increased pressure to become filled by liquid water, and are
both able to remove liquid water from the catalyst layer and
provide pathways for gas transmission. Thus the presence of
mesopores greatly enhances the ability of the reactant gas to
maintain free transmission in the GDL. As such presence of
mesopores in the GDL enhances the mass transport capabil-
ities at higher current densities and in higher relative hu-
midity conditions [50].

Fig. 2 shows the pore size distribution for the uncoated and
dual-layer GDLs. Unsurprisingly, the uncoated GDL is mainly
comprised of macropores which can be seen as the large peak
after 10 pm, whereas the addition of the microporous layer to
the GDL leads to the addition of micropores and mesopores to
the pore profile. The composition of the microporous layers
influences the pore profiles of the coated GDLs, where the
peak pore size (within the region where the micropores and/or
mesopores dominate) increases with the increasing inclusion
of graphene in the MPL. The pore size distribution and
porosity of the coated GDLs are mainly governed by the
macroporous substrate and as such Fig. 3 was produced for
ease of comparison of the microporous layers. This figure
shows the distribution of the micropores and the mesopores
and thus provides greater clarity when determining the vari-
ation in pore sizes in the microporous layer. GO (the pure
Vulcan carbon black MPL) has the typical pore profile of the
conventional microporous layer, where the majority of the
pores are in the microporous region with the sharp peak at
around 50 nm. Conversely, G100 (the pure graphene MPL) has
a larger average pore size, with most pores occurring in the
mesoporous region and the peak occurring at 500 nm. The two
materials were visualised using SEM and the average particle
size was found to be 20—80 nm for Vulcan carbon black and
0.5—5 pm for graphene, both of which are within the range of
the manufacturer's specifications. Given the average particle

—— Toray 60
0.50 - . GO
0.45 | —G30
K =1 1
= Micropores : Mesopores G50
B 0.40 . G70
E | G100
c 0.35- |
K] 1
g 030 '
£ |
= 0254 !
=
& 020+
£ 0454
fa)
2 0.104
= /
0.05 /
0.00

Pore Size (nm)

Fig. 3 — Pore size distributions of the microporous layer of
the GDLs. The size of micropores is conventionally less
than 70 nm and the size of the mesopores is between 70
and 5000 nm.

size of the two materials, it is unsurprising that the average
pore size of G100 is an order of magnitude larger than that of
GO.

The inclusion of GNP to the MPL composition increases the
average pore sizes in the MPL; and leads to the formation of
mesopores in the layer. Interestingly, for the mixed compo-
sition MPLs, Vulcan is the dominant material in determining
the average pore size. Although G70 is largely comprised of
graphene, its peak pore size is 83 nm, which is closer to that of
GO (50 nm) than that of G100 (500 nm). Likewise, G30 and G50
are characterised by micropores, with the most frequent pore
size being the same for G30 (50 nm) as for GO. However, the
distribution is more evenly weighted for G30, due to the in-
clusion of GNP. As G30 has a higher percentage of carbon black
filler than G50 and G70, it has a larger number of micropores in
the MPL. G50 MPL has what appears to be a desirable pore size
distribution with a peak pore size of 61 nm. Namely, G50 has
an even distribution of micropores and small mesopores and
this may lead to enhanced performance at high relative hu-
midity operation and current densities; enabling the simul-
taneous capillary wicking of liquid water to mitigate flooding
at the cathode and improve reactant diffusion to the catalyst
layer [52,53]. It is noteworthy that the GO MPL has a peak
within the micropores region and has also a good portion of
mesopores that span over a wider range compared to other
MPLs. This is most likely due to the relatively high tendency of
the carbon black particles to form agglomerates during heat
treatment process; this subsequently creates interspaces (i.e.
pores) whose size span widely within the micropores and
mesopores ranges.

Table 2 shows the cumulative pore volume of the investi-
gated MPL-coated GDLs. It can be observed that GO has the
largest cumulative pore volume (1.82 ml g ~*) compared to the
other samples. This is determined not only by the presence of
micropores (which form as a result of agglomeration of carbon
black particles) but also due to the cracks which were clearly
visible in Fig. 1b. Table 2 also shows that the cumulative pore
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Table 2 — The porosity and cumulative pore volume of the
MPL coated GDLs.

Gas Diffusion

Porosity Cumulative Pore Volume (ml

Layer g
GO 74% 1.82
G30 72% 1.71
G50 72% 1.71
G70 72% 1.62
G100 71% 1.56

volume in general decreases with increasing graphene con-
tent; increasing graphene content in the MPL from 30% (G30)
or 50% (G50) to 100% (G100) decreases the cumulative pore
volume from 1.71to 1.56 ml g ~*.

The porosity is an important physical property as the
porosity and diffusivity of the GDL determines its effective
diffusivity. This is significant as diffusion is the main mode of
gas transport in the GDL [54]. GO has the highest porosity of the
MPL coated GDLs and as such is likely to have a greater
effective gas diffusivity than the other MPLs. Although, this
does not account for the either the presence of the cracks, nor
the influence of liquid water which could obstruct diffusive
pathways and precipitate mass transport loss.

It should be noted that the decrease in porosity is dispro-
portionate to the decrease in the cumulative pore volume.
This could be attributed to the fact that the cumulative pore
volume has been reported (by the software associated with
the MIP instrument) in unit of volume per unit of mass rather
than unit of volume per unit of volume. Due to “stacking”
nature of the GNP, less void fraction is expected to be in a unit
of mass with increasing GNP content.

Contact angle

The wettability, or hydrophobicity/hydrophilicity, of the
MPLs is dependent on the physical properties of the material
and the surface structure. This determines the strength of
the interactions between the surface and the water mole-
cules. Static contact angle measurements were used to
investigate the wettability characteristics of the microporous
layer surfaces. All of the GDL surfaces investigated were
found to be hydrophobic, exhibiting a contact angle greater
than 90°; see Fig. 4. The value of the contact angle of the
uncoated carbon substrate (131°) shows that the surface of
the uncoated substrate is moderately hydrophobic. This is in
good agreement with those reported in the literature
(129 + 9°) [55]. The inclusion of 10 wt % of PTFE increases the
hydrophobicity of the substrates compared to pure carbon
fibre substrates.

Referring to Fig. 4, one is able to see that the addition of the
microporous layers increases the contact angle of the un-
coated Toray carbon substrate. This is largely due to the in-
clusion of PTFE (20 wt %) in their composition, as addition of
the MPL reduces the surface roughness. The roughness of a
surface impacts on the contact angle; where the rougher the
surface, the larger the contact angle [55].

Similar contact angles were measured with 30% (151.6°),
50% (151.5°) and 100% (151.4°) GNP content. This corresponds
to approximately a 15% increase in the contact angle of the
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Fig. 4 — The measured static contact angle of water
droplets on the coated and uncoated GDL. The error bars
represent the 95% confidence.

uncoated Toray substrate. Moreover, G30 indicates that a 13%
increase in the contact angle of the surface of GDL facing the
catalyst layer can be achieved with even a small addition of
graphene (30%) to the MPL. The inclusion of graphene into the
MPL composition results in an increase in the contact angle
comparative to the single material Vulcan MPL, an increase of
around 3% for G30 and around 5% for G50, G70 and G100
respectively.

The contact angle is determined by the physical charac-
teristics and the morphology of the surface. As previously
mentioned, the graphene nanoplatelets exhibit a stacking
behaviour in the MPL; the slight increase in the contact angle
of the MPLs composed with graphene is attributed to this
stacked graphene morphology. This indicates that there are
fewer pathways for the removal of water from the surface.
Moreover, the surface morphology of GO is characterised by
cracks which serve as channels for water penetration. How-
ever, as there is minor variation in the measured contact an-
gles of the graphene containing MPLs, it can be understood
that the dominating factor in their wettability is the PTFE
content, which is kept constant.

Through-plane permeability

Fig. 5 shows the through-plane permeability measurements of
the uncoated and MPL coated GDLs. As can be expected, the
uncoated carbon substrate has the highest through-plane
permeability of those measured, which decreases by around
70% with the addition of the microporous layer. A significant
drop in the through-plane permeability with the addition of
the MPL has been widely observed in the literature [36,56].

A high permeability is desirable as it assists in transporting
the reactant gases to the catalyst layer, and allows water
produced at the catalyst to be directed to the flow channels to
prevent electrode flooding. Low permeability increases reac-
tant transport resistance and creates a higher-pressure
gradient which may not be beneficial for driving excess
liquid water away from the catalyst layer [36,39].
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Fig. 5 — Through-plane permeability of the uncoated and
dual layer GDLs. The error bars represent the 95%
confidence.

The permeability of the gas diffusion layer is dependent on
its physical structure and morphology, notably the porosity
and the pore size distribution. As was previously noted, these
microstructural properties varied between the different MPL
compositions, where the highest pore volume was reported
with GO, and decreased with the addition of graphene to the
layer. When comparing the microporous layers, it is important
to emphasise that the PTFE composition and carbon loading of
the MPL were kept consistent at 20 wt % and 2.0 mg cm ™’
respectively, as is typically used in the literature. The addition
of graphene to the MPL leads to a gradual decrease in the
through-plane permeability which becomes more prominent
with the increase in graphene content. Notably, G30 has min-
imal decrease in permeability amounting to a 1.5% reduction
compared with the conventional MPL (GO), whereas G70 and
G100 exhibit a much greater 48% and 55% decrease in the
permeability, respectively. This reduction in through-plane
permeability of the graphene based MPLs indicates that the
inclusion of graphene in the MPL leads to a greater resistance to
air flow which can be attributed to the morphology of the
graphene flakes which differs greatly from that of the Vulcan
carbon black particles. Namely, the graphene used have a 2-
dimenisonal geometry as opposed to the spherical
morphology of the carbon black particles. This 2-dimensional
geometry lends to dense, horizontal stacking of the graphene
flakes in the MPL, which forms a sheet-like structure and re-
sults in reduced pore volume (Table 2). This obstructs air flow
in the through-plane direction, thus translating in reduced
through-plane permeability with increasing graphene content.
This is in agreement with [30] who reported a lower through-
plane permeability for single material graphene MPL than
those derived from carbon black. Notably, the single material
MPLs have the smallest variation in permeability; this is
attributed to the homogeneity of the microstructure.

In-plane electrical resistivity

Fig. 6 shows that the in-plane electrical resistivity measure-
ments indicate that G100, the graphene based MPL, has a
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Fig. 6 — The measured in-plane resistivity of the MPL
coated GDLs. The error bars represent the 95% confidence.

much lower in-plane resistivity than GO, the carbon black
MPL, at 5.6 mQ cm ™' and 8.0 mQ cm ™ respectively. These
values are in good agreement with those reported in Ref. [29]
in which a similar grade of graphene nanoplatelets was used.
The in-plane electrical resistivity of the uncoated Toray-60
GDL is not included in the graph as the measurement fluctu-
ated however it was in the range of 12 to 9 mQ cm™™.

The excellent electron conductivity of graphene is widely
acknowledged and reported in the literature, where single
layer graphene has an exceptionally high electrical conduc-
tivity (6 x 10> S m™*) [57]. The electrical conductivity of the
graphene nanoplatelets is greatly influenced by the number of
graphene layers, the lateral size, and the purity of the material
[58—61]. To this end, few layer graphene has been used in a
number of investigations involving nano-electronics, ultra-
capacitors, gas sensors and catalyst supports [15,62].

The Nanene graphene nanoplatelets used in this investi-
gation has a high purity of 98% and notably few layers (<5); the
electrical conductivity of which exceeds that of the Vulcan XC
72 R carbon black used (~277 S m™?) [34,63]. As the resistance
of the MPL is dependent on the physical properties of the
carbon material and its electrical conductivity when it is
adhered to the PTFE, it is therefore unsurprising that the in-
clusion of graphene nanoplatelets in the MPL composition
increases the conductivity of the surface for all MPLs tested.
The measured resistivity of G30 indicates that even a small
inclusion of graphene in the MPL (30%) has marked improve-
ments on the electronic conduction of the layer, equating to a
20% reduction in resistivity from the conventional carbon
black MPL. Higher inclusions of graphene lead to greater im-
provements in the electronic conduction of the MPL, where
G50 and G70 have a 23% and 32% reduction in resistivity
respectively compared to GO.

Fuel cell performance
Single cell performance tests were conducted under different

humidity conditions, from low humidity operation (RH = 25%)
to high humidity operation (RH = 100%). High humidity
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operation can result in liquid water formation and accumu-
lation, leading to what is conventionally known as ‘water
flooding’ which impedes oxygen supply to the cathode cata-
lyst layer, leading to mass transport losses and reduced
catalyst efficiency [3,64]. On the other hand, low humidity
conditions lead to membrane electrolyte dehydration,
reducing ionic resistance of the membrane electrolyte and
leading to increased ohmic losses [4,5,65]. Varying the oper-
ating conditions enables the assessment of the dominant
mechanisms and phenomena for water transport in the MPL,
and thus enabling the optimisation of the MPL for cell
efficiency.

Polarisation curves were taken at a 25%, 50%, 75% and 100%
relative humidity conditions in air, and also at 50% relative
humidity in oxygen (Fig. 7a, b, ¢, d and e), at a constant tem-
perature of 80 °C; this allowed for the assessment of the
viability of the graphene-based MPLs under actual operating
conditions.

The MPL coated GDLs perform better than the uncoated
Toray-60 GDL in all conditions, which is consistent with pre-
vious research findings; the addition of the MPL reduces
membrane dehydration in low humidity conditions [66,67] and
at high humidity conditions reduces liquid water saturation at
the catalyst layer-GDL interface [7,68]. Fig. 7a, shows the IV
curves of the GDLs at 25% relative humidity operation. In these
conditions, the G30 MPL generally outperforms all the other
MPLs. Under low humidity operating conditions, the ohmic
losses caused by the membrane dry-out s the prevailing factor
behind the low performance of the fuel cell. The high perfor-
mance exhibited by G30indicates thatitis better than the other
MPLs at retaining liquid water and preventing membrane dry-
out, particularly G100 which achieves noticeably lower po-
tentials. However, at 50% RH (Fig. 7b), G30 and the GO start to
experience significant potential drops at a relatively interme-
diate current density of 1.2 A cm 2. This could be attributed to
the inability of the above MPLs to reject excess liquid water
produced at the cathode catalyst layer. This trend continues at
75% and 100% RH operations, where liquid water is more
prevalent; thusitis clear that these performance losses are due
to the inability of GO and G30 to sufficiently divert liquid water
away from the cathode catalyst layer.

Larger inclusions of graphene in the MPL composition
produce a higher limiting current density and greater power
density in more humidified conditions (50%, 75% and 100%
RH). Fig. 7b, c and d indicate that G50, G70 and G100 do not
suffer the same potential drops that GO and G30 experience in
these conditions. It can be concluded that, under intermediate
or high humidity conditions, the addition of 50% or above of
graphene to the MPL has a positive impact on the fuel cell
performance as evidenced from the lower mass transport
losses and the increased limiting current density of the fuel
cell. G100 in particular has the lowest limiting current density
(1.97 A cm™?) in the 25% RH humidity operation but exhibits
the 2nd highest limiting current density in the 100% RH hu-
midity condition, 2.17 A cm™2 (G50 is the highest at
2.25 W cm™?). For G100 the highest performance was recorded
at 75% RH where the peak power point of 0.90 W cm ™2 was
reached at 1.6 A cm 2 This greatly exceeded that of GO and
G30 in these conditions (0.64 W cm 2 and 0.49 W cm?) and
was higher than G70 and G50 at 0.85 W cm 2 and 0.87 W cm 2,

respectively. G50 performs well overall and records the high-
est power density at 50% RH, 0.91 W cm 2 at 1.9 A cm?
(Fig. 8b). G50 produces the highest power density of all MPLs in
100% RH (0.88 W cm 2 at 1.7 A cm ™). The pore size distribu-
tion data gives an indication of why this is the case. Namely,
the peak pore size within the micropores and mesopores
ranges was found to shift towards the mesopores range as the
graphene content in the MPL increases, resulting, at the same
time, in presence of less amount of micropores which typi-
cally trap liquid water in the catalyst layer. This condition (i.e.
presence of higher amount of mesopores and less amount of
micropores) enhances removal of liquid water away from the
catalyst layer which explains why G50, G70 and G100 do not
experience the same potential drops at high current densities
which G30 and GO experience.

Similar findings have been reported when other carbon
based materials have been mixed with carbon black in the
microporous layer, such as graphene [29—-31], multiwall car-
bon nanotubes [10,12,53,69] which have led to the presence of
mesopores in the microporous layer and have reduced mass
transport losses at high current densities in high relative hu-
midity operations.

Fig. 8e shows the polarisation curve at 50% relative hu-
midity where pure oxygen was used as the oxidant; this
significantly reduces the effect of mass transport losses and
reveals the impact of resistance on cell performance. In these
conditions G30 performs very well and has the lowest resis-
tance of all of the GDLs resulting from a well hydrated mem-
brane and good GDL conductivity. This is confirmed by the EIS
results which can be seen in the following section (Fig. e).
G50, G70 and G100 behave similarly in terms of resistance and
cell performance is similar in this condition.

Overall, G50 is the optimal MPL composition under the
commonly used intermediate and high humidity conditions
as it produces high fuel cell performance with relatively low
amount of graphene that is much more expensive than carbon
black.

Electrochemical Impedance Spectrometry

Electrochemical Impedance Spectrometry (EIS) was per-
formed at 0.6 V. Fig. 9 shows the results for the EIS measure-
ments for the MEAs at 25%, 50%, 75% and 100% RH in air, as
well as 50% RH in O,. The results of the EIS correspond well
with those obtained from the IV curves (Fig. 9). Fig. 9 a-
d indicate that for the fuel cell operating in air the ohmic
losses are comparable for all of the MPL coated GDLs this is
evident from the intercepts of the respective curves with the
x-axis which are similar for all the MPL coated GDLs. On the
other hand, the uncoated GDL intercepts with the x-axis at a
higher value, signifying a higher ohmic resistance compared
to the MPL-coated GDLs particularly with 25% relative hu-
midity condition. The ohmic resistance is the sum of all the
contact resistances between the components and the bulk
ohmic resistance of each component [70]. Typically, the
membrane resistance accounts for the most of the ohmic
resistance and is largely dependent on the level of humidifi-
cation of the polymer membrane. The uncoated GDL clearly
reduces the capability of the membrane to retain water and
limits the contact between the GDL and catalyst layer. The
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100% relative humidity.

ability of the MPL to enhance these two properties (i.e. elec-
trical contact with the catalyst layer and water management)
is well reported in the literature [71-76].

Typically, the first semi-circle in the EIS represents the
charge transfer resistance (which signifies how dry/wet the
triple phase boundary in the catalyst layer) while the second
semi-circle represents the mass transport resistance. With air
as an oxidant, these two semi-circles often overlap at
conventionally-used voltages (e.g. 0.6 V) and it becomes rather
uneasy to quantify the respective resistances. However,
qualitatively, one could see that From Fig. 9 a-d, the MEAs with

G50, G70 and G100 demonstrate significantly less mass
transport resistance compared to those with GO and G30 at
relatively high humidity relative humidities (i.e. 50, 75 and
100%). This is in accordance with the corresponding polar-
isation curves shown in Fig. 8 b-d where the MEAs with G50,
G70 and G100 features higher limiting current densities
compared to those of GO and G100. This signifies that the
graphene content in the MPL should be more than 30% to have
reasonable amount of mesopores (Fig. 3) and subsequently
better water management under high humidity conditions. To
isolate mass transport resistance and differentiate between
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Fig. 9 — Electrical impedance spectrometry measurements taken at 0.6 V for the MPL coated and uncoated GDLs at (a—e) 25%,
50%, 75% and 100% relative humidity in air, and 50% relative humidity in pure oxygen.

the various MEAs in terms of charge transfer resistance, the
fuel cell was run with pure oxygen as an oxidant (Fig. 9e).
Excluding the curve of the uncoated GDL, the MEAs with GO
and G30 MPLs show less charge transfer resistance compared
to other MEAs (i.e. those with G50, G70 and G100 MPLs) under a
commonly-used humidity condition (50% RH). This indicates
that a small amount of graphene in the MPL (e.g. 30%) is suf-
ficient to obtain a good amount of micropores (Fig. 3) and
therefore maintain a good humidification level of the catalyst
layers under low or intermediate humidity conditions. This is

in line with the respective curves shown in Fig. 7 where the IV
curve G30 (and to a lesser degree GO) was shown to have better
performance under low humidity conditions and/or under
low/intermediate current density operation.

Conclusions

Microporous layers produced from graphene and carbon black
in varying concentrations were applied to carbon paper GDLs.
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The concentration of graphene in the MPL was varied to
enhance MEA performance and to optimise their design for
water management in high humidity conditions. Below are
the main findings of the study:

e The polymer electrolyte membrane fuel cell was found to

perform better with relatively low graphene content in the
cathode MPL (<30%) under low humidity conditions (e.g.
0 or 25% RH) and this is due the availability of high amount
of micropores that assist in retaining water needed to hu-
midify the membrane electrolyte and the membrane phase
in the catalyst layer.

Larger amounts of graphene (>50%) are needed to be added
to the cathode MPL for the fuel cells operating with inter-
mediate or high humidity conditions (50, 75 or 100% RH).
Such amounts are necessary to obtain fewer numbers of
micropores and at the same time sufficient amounts of
mesopores that are required to drive excess water away
from the MEA and subsequently mitigate water flooding.
Expectedly, the electrical conductivity of the MPL increases
with increasing graphene content and this is evidently due
to substantially higher electrical conductivity of graphene
compared to carbon black. On the other hand, the gas
permeability of the MPL-coated GDL was found to de-
creases with increasing graphene content; this is attributed
to the sheet-like structure of the graphene used which
hiders the flow of the gases.
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