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Abstract

Graphene Oxide (GO) is potentially a useful electrolyte material for polymer electrolyte membrane fuel
cells due to its high strength, excellent hydrogen gas barrier properties, hydrophilicity, and proton
conducting acidic functional groups. Here, GO paper is prepared from aqueous dispersion by vacuum-
filtration, and the hydrogen permeability (2x102barrer) is measured to be 3 orders of magnitude lower than
Nafion (30 barrer) at 30°C. The in-plane and through-plane conductivities are measured to be 49.9 and 0.3
mS cm!, respectively. This significant anisotropy is attributed to the lamellar structure of GO, and the
physical anisotropy between the thickness and lateral size of the GO nanoplatelets. Interestingly, the in-
plane conductivity of GO is comparable to the through-plane conductivity of Nafion. GO membrane fuel
cells (GOMEFCs) are fabricated. To compensate for the low in-plane conductivity of GO, whilst taking
advantage of the excellent hydrogen gas barrier properties, extremely thin electrode-supported GOMFCs
are prepared by spray painting GO directly onto the electrocatalyst layer. The effect of membrane thickness
on cell performance is investigated. Decreasing membrane thickness by spray painting improves the power
density from 3.7 mW cm for a 50 pm-thick membrane-supported GOMFC, to 79 mW cm for a 3 um-

thick, spray-painted membrane, electrode-supported GOMFC.
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1 Introduction

Finite fossil fuel energy reserves and increasing energy demand have led to greater interest in efficient
energy conversion devices. Fuel cells provide electricity efficiently and cleanly, and are already
commercially available as stationary systems (e.g. Ene-Farm, the Japanese micro-combined heat and power
system), portable systems for auxiliary power or consumer electronics (e.g. Upp, the USB charging unit
from Intelligent Energy), and in fuel cell vehicles (e.g. the Toyota Mirai) [1]. Polymer electrolyte membrane
fuel cells (PEMFCs) are one of the most commercially viable types of fuel cell, due to relatively low
operation temperature, dynamic load response, and simplicity [2,3]. A key component is the ionomer
membrane, typically Nafion, consisting of a fluorinated carbon backbone with perfluoro- side chains
terminating in sulfonic acid groups. This material exhibits high proton conductivity (> 0.1 S cm™!), has good

mechanical properties, and currently dominates the PEMFC market.

However, Nafion is expensive, and also limits PEMFC operation to ~80°C, due to the reliance on hydration
for proton conductivity. Dehydration decreases the conductivity, and leads to membrane swelling or
shrinkage, causing deterioration of the electrolyte-electrocatalyst interface [4]. The mechanical stability of
Nafion is reduced at high temperature due to low glass transition temperature (~ 110°C) [5-8]. Fuel
crossover dramatically increases with decreasing membrane thickness and increasing operation
temperature, leading to decreased fuel cell performance [9,10]. Finally, membrane degradation is caused
by H»O; radicals, inhibiting the use of non-precious catalysts [11,12]. To reduce the cost and improve the
performance of PEMFCs, new membrane materials with high strength, good hydrogen gas barrier

properties, and high hydrophilicity are desirable.

Graphene oxide (GO), which is obtained by chemical functionalization and exfoliation of graphite, is
receiving attention due to its facile dispersion in water [13], electronically insulating properties [14],

thermal conductivity [15], and gas barrier properties [16]. The oxygen-containing functional groups on the



surface of GO include carboxylic, hydroxyl, epoxy and carbonyl groups (Figure 1a) [17,18], resulting in
hydrophilicity, good dispersibility in water, and low pH. It is produced at increasingly large scale and the
price is dropping rapidly. GO dispersions can be easily processed into single layer, few-layer, or multilayer
films by screen printing, inkjet printing, spin-coating, spraying, or dip-coating. Strong and flexible free-
standing multilayer GO paper can be manufactured by bar coating, or vacuum filtration [19]. Unimpeded
motion of water monolayers through the two-dimensional capillaries formed between GO sheets has been
reported [20], whilst the free and chemically bound water interlayers have been reported be completely

removed in vacuum [21].

The acidic carboxylic acid groups in GO contribute to its proton conductivity [22-25], suggesting that GO
can be utilized as an ionomer membrane in PEMFCs. Kumar et al. reported a temperature-dependent
through-plane conductivity for GO of between 41 and 82 mS cm™! (100% relative humidity (RH), 25 to
90°C) [26]. In-plane conductivity between 10* and 102 mS cm™ (100% RH, 20 to 80°C) was reported for
GO by Zarrin et al. [27]. They also showed that the conductivity of GO can be increased by chemical
modification, and reported sulfonated GO with an in-plane conductivity of 100 to 200 mS cm™' (100% RH,
20 to 80°C). Tateishi et al. reported maximum through- and in-plane conductivities between 107 and 10!
mS cm™! at 25°C and 95% RH [28]. Hatakeyama et al. investigated the in-plane conductivity of mono-layer
GO flakes and multilayer GO papers. They reported that the in-plane conductivity of GO increases with
increasing membrane thickness, with a maximum value of ~1 mS cm™ at 25°C and 90% RH [29]. Recently,
our group determined that GO is actually a mixed ionic-electronic conductor (MIEC), the proportion of
ionic to electronic conduction depending on the level of humidification [30]. Using impedance
spectroscopy and blocking layer measurements, we showed that electronic conductivity is dominant in
“dry” conditions below 40% RH. Based on the activation energies (i.e., 0.05 to 0.88 eV, depending on
temperature and RH) proton transport was determined to occur via a Grotthuss-type mechanism at lower
temperatures, and via a vehicle or surface proton hopping mechanism at higher temperature (>60°C). A
large body of work has been published on the use of GO in polymer composites with common ionomers.
For example, Kumar et al. reported improved performance compared to Nafion for a 4 wt% GO/Nafion
composite at 100°C [31]. Jiang et al. reported that the incorporation of sodium dodecylbenzene sulfonate-

adsorbed GO in sulfonated poly ether ether ketone (SPEEK) increased the ion-exchange capacity, water



uptake and proton conductivity, whilst reducing methanol permeability [32]. Xu et al. reported a maximum
cell power density of 600 mW cm at 175 °C for a polybenzimidazol (PBI) / sulfonated GO composite
membrane [33]. Bao et al. reported polyvinyl alcohol (PVA) / GO nanocomposites [34]. Shukla et al.
reported sulfonated graphene nanoribbons prepared by unzipping and sulfonation of multi-walled carbon
nanotubes, and incorporated them into a SPEEK matrix. For this composite membrane a maximum power
density of 660 mW cm at 60°C and 100% RH was reported [35]. The above studies essentially conclude
that GO improves performance due to improved hydrophilicity and fuel barrier properties. However, in

those cases it is difficult to separate the different ionic contributions of GO and the polymer ionomer.

The use of PEMFC membranes consisting primarily of multilayer GO has also been investigated, but to a
much lesser extent. Tateishi et al. first reported the performance of a fuel cell using a pure GO paper
membrane, with maximum power density of ~13 mW c¢m at room temperature [28]. Scott et al reported a
freestanding sulfonated GO paper membrane achieving a GOMFC power density of 113 mW cm™ at 40 °C
[22]. Gao et al reported an ozonated GO membrane fuel cell with through-plane conductivity of around 2
mS cm™! and current densities of up to 0.55 A cm2, with a power density of ~160 mW c¢m [36]. Sulfonic
acid-functionalized GO with a ionic conductivity of 58 mS cm™ at 55°C has been reported as an

electrochemical gas sensor for ethanol detection (with sensitivity of 25 ppm)s [37].

In our own previous work, GO membranes have been intensively characterized for application in fuel cells.
The mechanical properties are relevant to membrane handling, membrane electrode assembly (MEA)
preparation and cell longevity. We measured the tensile strength of GO to be 54.5 MPa, compared with
30.7 MPa for Nafion, indicating that GO is very strong [38,39]. The proton conductivity in GO is attributed
to water-mediated ion transport mechanisms (e.g. the Grotthuss mechanism) [40,41], and therefore we
measured the water uptake and swelling of GO to be 31.1 wt% and 18.7 %, respectively, for GO, compared
with 25.6 wt% and 16.0 %, respectively, for Nafion [39]. The expansion and contraction of GO membranes
with changes in relative humidity was investigated by in-situ environmental scanning electron microscopy
(ESEM), and electron energy loss spectroscopy (EELS), and signals for water ice were detected even after
drying under high vacuum conditions, indicating the extremely strong affinity between GO and water [42].

We revealed that GO should be considered a mixed ionic-electronic conductor by aid of impedance



spectroscopy and ion blocking layer measurements [30]. The proton conductivity was 0.5 mS cm™! at 90°C
and 100% RH, and decreased with humidity, as expected for water-mediated conduction mechanisms.
However, below 40% RH, a strong increase in conductivity was observed, due to the increasing
contribution from electrons. The permittivity also increased significantly with decreasing humidity. Finally,
we reported a fuel cell utilizing GO paper in place of Nafion, achieving a power density of 35 mW cm™ at
ambient temperature, as well as identifying key membrane degradation mechanisms related to thermal and

electrochemical reduction of the membrane [39].

One method to improve cell performance is by decreasing the membrane thickness, in order to reduce the
membrane resistance, translating to an increase in the power density. However, ionomer materials become
fragile and more difficult to handle the thinner they get, and we have found that GO membranes less than
10 um in thickness break easily during MEA fabrication. Therefore for thinner electrolytes, the electrode-
supported preparation method is strongly recommended, in which ionomer is deposited from dispersion (or
solution) directly onto the electrode. Klingele et al. first reported the novel fabrication method in which a
thin layer Nafion (8-25 pm) was ink-jet printed onto the anode and cathode by “direct membrane
deposition” (DMD) before assembling the two parts into an MEA. Extraordinarily high power density was
achieved (4 W/cm? using pure H2/O5) as a result of reduced membrane resistance and improved contact
resistance between the membrane and catalyst layer [43]. We reported the fabrication and evaluation of a
similar electrode-supported PEMFC design. In this case, a thin layer of Nafion (~10 um) was spray-painted
directly onto the cathode gas diffusion electrode (GDE). The anode electrocatalyst was then spray-painted
on top of this to complete the membrane electrode assembly (MEA). A power density of 580 mW cm was
achieved (80°C, Hy/air), ~33% higher than the 50 um Nafion reference membrane. However, the open
circuit voltage (OCV) was very low, which was attributed to cracks in the microporous layer (MPL) of the
carbon paper GDE, leading to pinholes in the spray-pained membrane and increased hydrogen crossover
[44]. Recently we reported a fully sprayed Aquivion-based PEMFC with high power density at H/air
operation (10 um thick membrane, 1.6 W cm™ at 300 kPaubs) [45]. We showed that the incorporation of a
GO/cerium oxide interlayer supressed electrical shorting and reduced hydrogen gas crossover to ~1 mA

cm?, surpassing the DOE hydrogen crossover targets for 2020.



Here we report new results in which the proton conductivity of GO is investigated in further detail, and the
anisotropy between the in-plane and through-place conductivity is investigated. The hydrogen permeability
is measured. The effect of membrane thickness on the cell performance is investigated by spray-painting

GO membranes from water ethanol dispersion.

2 Experimental

2.1 GO Membrane preparation

GO dispersions were obtained from Graphene Supermarket (highly concentrated GO dispersion in water,
Hummers synthesis method). The nominal concentration (5 g/L), carbon content (79 at%), oxygen content
(20 at%), flake size (0.5 to 5 um), and thickness (1 atomic layer - at least 60%, corresponding to a thickness
of ~0.7 nm) were provided by the manufacturer [46,47]. Free-standing multilayer graphene oxide paper
was prepared by vacuum-filtration of the dispersion onto Millipore filters (PTFE, 35 mm diameter, pore
size 0.025 pm). The GO retentate was dried at room temperature for 48 hours and then peeled-off the filter.

The resulting membrane is photographed in Figure 1d.

2.2 Morphological and chemical characterization

The morphology was investigated by scanning electron microscopy (SEM, Hitachi S-5200, 30kV) and laser
microscopy (Olympus LEXT 3d OLS 4000). The chemical composition was determined by X-ray
photoelectron spectroscopy (XPS, KRATOS Analytical ESCA-3400, Mg Ko radiation, 12 kW, 10mA). X-

ray diffraction (XRD) was measured using a Smartlab X-ray Diffractometer with Cu Ka radiation.

2.3 Water uptake measurement

Water uptake and swelling were measured on samples with a size of 10 x 10 mm. Five samples of each
different material were measured for reproducibility. Samples were first dried in vacuum at 60°C for two
hours. The mass was then immediately determined using an analytical balance (Mettler Toledo, + 0.1 mg)
and the thickness was determined using a micrometer (Mitutoyo, + 1 um). Samples were then placed into

a water bath at room temperature for one hour. After saturation, excess surface water was removed carefully



with tissue paper, and the mass and thickness were measured again. Water uptake (WU) was calculated

using Equation 1, where m,., and mg, are the wet and dry masses, respectively:
WU (%) = Mwet™Mdry . 1009 [1]
Mdry

Swelling (Sw) was calculated by using Equation 2, where Ty and Tary are the wet and dry thicknesses of

the samples, respectively:
Sw (%) = LY 100% [2]
Tary

2.4 Gas permeance measurement

For gas permeance measurements, the membrane area was masked with Kapton and alumina tape, leaving
a circle of d = 1 cm, and an area of S = 0.785 cm? To prevent deformation during measurements and
provide mechanical support, the membranes were placed on a porous polycarbonate filter (1.2 pm pore
size). The permeation rate of dry hydrogen through GO and Nafion 212 membranes was measured between
room temperature and 80 °C using a GTR-11A/31A gas barrier testing system (GTR Tec Corp., Japan).
This system uses a differential-pressure method where gas permeation is induced by vacuum on the
permeate side and extra pressure applied at the feed side. This method is described in more detail in our
previous studies [48]. The total pressure difference was 200 kPa. The sample collection time after
vacuuming the permeate side of the membrane was 30 min. The collected gas was transferred to a gas
chromatograph, and the total volume of resulting gas was measured. The gas chromatograph was combined

with a thermal conductivity detector (TCD, Yanaco G3700T, Japan).

2.5 Proton conductivity measurements

Ionic conductivity was investigated for a range of temperatures and relative humidity (RH) using a
membrane testing system (MTS-740, Scribner) coupled with an impedance analyser (Solatron SI1260) [49].
Through-plane conductivity was investigated by using a dedicated electrode setup, as described in more

detail in our previous work [30]. GO and Nafion membranes were measured with an AC amplitude of 10



mV in a frequency range from 30 MHz to 10 Hz, from 30 to 90°C. Before measurements, the samples were
pre-treated at 100% RH for 4 h. Conductivity (¢) was calculated using Equation 3, using the membrane

thickness (T, cm), membrane resistance (R, Q) and the cross-sectional area (A, 0.5 cm?) [39].
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In-plane conductivity was also measured using the MTS-740 system, using an alternative in-plane
measurement electrode setup [49]. Samples with dimensions of 5 x 30 mm and a thickness of 18 um (GO)
and 50 um (Nafion) respectively were measured in the frequency range of 30 MHz to 10 Hz with an AC
amplitude of 10 mV. The impedance was measured from 30 to 90°C at an RH of 100%. Before impedance
measurements, each sample was pre-treated for 4 h. The in-plane conductivity (o7p) was calculated using
Equation 4, in which L is the distance between the two platinum electrodes (5 mm), R is the measured

resistance, and Acs the cross-sectional area of the sample (0.09 mm? for GO and 0.25 mm? for Nafion):

L

CS
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2.6 Fuel cell fabrication and testing

Membrane-supported and electrode-supported membrane electrode assemblies (MEAs) were both
fabricated. An automated Nordson K.K. spraying device with an A7A spray gun, a nozzle diameter of 0.5
mm, and a hot stage was used to deposit electrocatalyst layers and/or electrolyte layers, as required. The
fabrication process is described in detail in our previous work [44]. Electrocatalyst ink was prepared by
mixing Pt/C electrocatalyst (Tanaka Kikinzoku Kogyo K.K., 46.2 wt% Pt) with 5 wt% Nafion® solution
(Wako, Japan), ethanol (Chameleon, Japan), and deionized water. The mass ratio of Nafion to Pt/C was
0.28:0.72. All loadings were calculated after drying, using an analytic balance (Mettler Toledo, + 0.1 mg).
Conventional electrolyte-supported MEAs were fabricated by spraying electrocatalyst (electrode area 0.5
cm?, Pt loading 0.3 mgp cm2) directly onto both sides of a Nafion®212 membrane using a polyethylene

terephthalate (PET) mask, at 65°C. Microporous layer (MPL)-coated gas diffusion layers (GDLs, Sigracet®



25 BC) were precisely positioned over the electrocatalyst layers and then fitted into a cell holder (NEDO
cell, 1 cm? flow field area, 2 N compression) for electrochemical testing. Electrode-supported MEAs were
fabricated using a 4 x 4 cm MPL-coated GDL (Sigracet® 25 BC) as mechanical support for the fuel cell.
Electrocatalyst ink (0.3 mgp, cm™) was first sprayed directly onto the MPL with an area of 0.5 cm?, using a
PET mask to form the cathode. Subsequently, a mixture of GO dispersion (10 ml) and ethanol (50 ml,
Chameleon, Japan) was directly sprayed onto the GDL and electrocatalyst layer over an area of 36 x 36
mm (12.96 cm?) in 4 passes, following a serpentine pathway. This ensured complete and uniform coverage
of the GDL and electrocatalyst layer. A video of the spraying process can be found in Supplementary
Information. The average thickness of the sprayed electrolyte was calculated from the mass loading and
density of GO (1.44 g cm?, calculated). The device was again masked, and then the anode electrocatalyst
layer was sprayed (0.5 cm?, 0.3 mgp, cm?) directly above the cathode. Finally, a GDL was placed over the
anode, and the MEA was fitted into the cell holder. The MEAs were made significantly larger than the
flow-field in order to improve sealing in this particular cell. For comparison a Nafion-based MEA was
prepared by depositing electrocatalyst with the same loading onto a Nafion membrane (Nafion®212, 50 um
thickness) using the same electrode size, catalyst loading, and without hot-pressing as described in our
previous work [39]. All fuel cells were maintained at 30°C during measurement. Hydrogen and air were
flowed at 100 ml min! and 95% RH. The cell performance was investigated using a potentiostat

(VersaSTAT 4, Amtek).

3 Results and discussion

3.1 Morphology and chemical composition

Figure 1b shows a photograph of a large GO membrane, highlighting that the size is essentially arbitrary,
and that GO membranes are free-standing, flexible, and strong enough to be handled. Figure 1c shows an
SEM image of a GO membrane cross-section. A slightly corrugated surface is observed and the multilayer
nature of the membranes is clearly visible. Figure 1d shows the surface topology as obtained from laser
microscopy (the x-direction is magnified to emphasize the surface microstructure). The surface roughness

is 0.50 (= 0.03) um for the upper side of the membrane (which was dried in contact with air) and 0.18 (*



0.01) um for the underside (which dried in contact with the PTFE filter). This difference is attributed to the
surface tension at the surface during drying, and the templating effect of the extremely smooth PTFE

membrane. For comparison, the surface roughness of Nafion is 0.052 (+ 0.01) pm.

S-5200 25.0kV x1.00k SE

Figure 1. a) Theoretical chemical structure of GO [50]. b) Freestanding GO membrane. c) SEM image of
the cross-section of a GO membrane. d) Laser microscopy image showing the rough surface structure of

GO membranes.

The oxygen content of the GO membranes was determined by XPS to be 20.9 at% (Figure 2), corresponding
to a carbon content of 79.1 at%. No other major peaks were detected. The oxygen is attributed (via
deconvolution of the Cls and Ols signals) to epoxy, hydroxyl, carbonyl, and carboxyl functional groups
attached to sp® hybridized C-C bonds in the carbon backbone of GO, as well as adsorbed water (Figure 2b-
¢). The interlayer spacing was determined by XRD under ambient conditions to be 0.76 nm (Figure 2d),
which is more than twice that of graphite (0.34 nm), due to the presence of the surface oxygen groups and

intercalated water.
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Figure 2. a) XPS wide scan spectrum of graphene oxide (GO). b) C 1s and c) O Is spectra with component

analysis. d) XRD pattern of GO under ambient conditions.

3.2 Tensile Strength, Water uptake and swelling

The tensile strength of GO was measured in our previous work to be 54.5 + 3.3 MPa, approximately twice
that of Nafion (30.7 £ 0.4 MPa) [39]. Water uptake and swelling measurements were performed because
the change in physical dimensions with increasing humidity, and the corresponding strain, can impact fuel
cell performance and durability under operation. For example, excessive swelling may lead to deterioration
of the membrane-electrocatalyst interface, or membrane failure [4]. After immersion in water, the GO
membrane visibly swelled, becoming extremely fragile and resembling a hydrogel-type structure. The water
uptake of GO (325.6 + 22.1 wt%) is approximately 20 times higher than that of Nafion (15.4 + 0.6 wt%).
Through-plane swelling is dominant, with a strong increase in thickness. However the swelling in-plane
was negligible. Through-plane swelling was 197.8 +39.4% for GO, also around 20 times higher than that

of Nafion (10.4 + 1.1%). The higher water uptake in GO indicates a larger driving force for water absorption
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and suggests that the GO membrane could maintain proton conductivity even under low humidity
conditions. However, in our previous work we observed mixed ionic-electronic conductivity in GO
membranes, with a strong increase in electronic conductivity with decreasing humidity [30]. For this reason
graphene oxide membrane fuel cells are investigated here at high humidity. However, Kumar et al. reported
strongly increased fuel cell performance for GO/Nafion composite membranes compared to recast Nafion
at 120°C and 25% RH (i.e. 212 vs 56 mW/cm?), rationalised by increased water retention by GO and the
associated proton conductivity [31]. On the other hand, the greater degree of swelling in GO may increase

the risk of deterioration of the membrane-catalyst interface under fuel cell humidification [4].

3.3 Hydrogen permeance

Previously, hydrogen crossover has been measured to be negligible through GO membranes [48]. In our
approach, we use a standard polymer membrane gas permeation set-up, compliant with ISO 15105-1/JIS
K7126, with a pressure differential of 200 kPa and detection by gas chromatography. Figure 3 shows the
hydrogen gas permeability through GO and Nafion membranes, and the dependence on temperature. The
hydrogen permeability of GO is approximately three orders of magnitude lower than that of Nafion. At
30°C, the hydrogen gas permeability of GO is ~1.5x10""" m* (STP) m m?s™' Pa’! (2x10°2 barrer) compared
with 2x10716 m? (STP) m m™2s! Pa! (30 barrer) for Nafion. The R? values are extremely high, reflecting the
low degree of error using this technique. For both samples, the permeability increases with increasing
temperature, which is typical behaviour for organic polymers [51], and confirms that the permeability
through GO is due to the fundamental properties of the membrane rather than e.g. pinholes or leaks.
Permeability is a product of the diffusion and solubility coefficients, and since this increases with
temperature it is concluded that the increase in diffusion with temperature is faster than the decrease in
hydrogen solubility in the material. These results show that the hydrogen gas permeability of GO is
extremely low, but non-negligible. However, this contradicts results reported by Nair et al, in which it was
claimed that GO is completely impermeable to hydrogen gas [16]. This discrepancy could be related to the
fact that the pressure differential in this case is 20 times higher than used in their experiments, resulting in
greater accumulation and easier detection of hydrogen gas after passing through the membrane. In addition,
the relative humidity and/or oxygen content is also expected to affect the gas permeability by altering the

interlayer distance between GO sheets, which is likely to be different between these two experiments. The

12



gas permeability of various gases through GO has been previously shown to decrease with increasing
humidification. This counter-intuitive result is attributed to the blocking effect of intercalated water
molecules between the GO interlayers [52]. However, due to the strong swelling at high RH, the hydrogen
permeability could be increased under these conditions. Therefore, further experiments are required in the
future to confirm the hydrogen permeability at high humidification. The superior gas barrier properties of
GO are expected to result in reduced crossover and higher OCV in MEAs, as compared to Nafion. This
could also lead to applications as a barrier layer prevent embrittlement in hydrogen storage systems, or

pipelines.
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Figure 3. Dependence of hydrogen permeability on temperature for graphene oxide and Nafion. Dashed

lines are linear fits of the measurement data.

3.4 In- and through-plane proton conductivity

The proton conductivity is probably the most important characteristic of any ionomer material used in
PEMFCs. In many cases, the ionic conductivity reported for ionomer materials in the literature is measured

in-plane, sometimes through-plane, and often no distinction is even made. However, in PEMFCs, it is the
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through-plane conductivity that governs performance, and this parameter is thus most important. GO in
particular is a material with extremely large anisotropy between the nanometer-scale thickness and the
micron-scale platelet area. In order to determine if this physical anisotropy is reflected in the proton
conductivity, we measured both the in-plane (o1p) and through-plane (o7p) conductivity at constant humidity
(100%), from 30 to 90°C, using impedance spectroscopy. Figure 4a shows the in-plane and through-plane
conductivity for GO and Nafion at different temperatures. The R? values calculated from linear fits are very
low, reflecting low error in the measurements. The in-plane conductivity of GO ranges from 31.4 to 49.8
mS cm! between 30 and 70°C, respectively. This is around two orders of magnitude higher than the
through-plane conductivity, which ranges from 0.23 to 0.50 mS cm’!. The averaged anisotropy in
conductivity is owp/orp = 155. In contrast, the in-plane conductivity of Nafion ranges from 80.8 to 253.9 mS
cm!, which is only slightly higher than the through-plane conductivity, which ranges from 26.8 to 82.3 mS
cm’!. The averaged anisotropy in conductivity of Nafion is just ow/ore = 2.9. This is in agreement with the
literature, in which values range from op/orp = 1.8 to 5 are reported [53-55]. The anisotropy in conductivity
for GO has not previously been measured in the literature to the best of our knowledge. Above 70°C a slight
decrease in the in-plane conductivity of GO is observed. This may be due to reduced water uptake at
elevated temperature, as suggested in our previous work [30], resulting in a discontinuous hydrogen-

bonding network, and missing water bridges for surface hopping along functional groups.

The extremely high anisotropy in conductivity for GO is attributed to the physical dimensions of the
individual GO sheets, and the highly lamellar structure. It is postulated that through-plane proton
conduction in GO occurs via an extremely tortuous route through the interlayers and is blocked by the
physical presence of the carbon backbone; protons must repeatedly hop from one water molecule to another
or from one GO layer to the next in a tortuous route via pores, defects and edges [36]. In contrast, in-plane
conduction happens extremely quickly along the dense in-plane hydrogen-bonding network of the water

interlayer, or the surface, enabling fast proton transport with no physical barriers.

The minimum activation energy for the Grotthuss-type conduction mechanism (i.e. the energy required to
break a hydrogen bond) is generally accepted to be ~0.11 eV [41]. The in-plane and through-plane

activation energies obtained from the gradient of the fits in Figure 4 for Nafion are similar (0.19 and 0.17
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eV, respectively). These values are typical for Grotthuss-type transport, and are in agreement with the
literature. On the other hand, the activation energies for in-plane and through-plane conductivity of GO are
0.10 and 0.13 eV, respectively. These are significantly lower than for Nafion (0.17 and 0.19 eV), and
surprisingly of the same order as the minimum energy requirement to break the hydrogen bonds. This is
still consistent with a (extremely efficient) Grotthuss-type mechanism, but may also signify an additional
conduction mechanism. This could be fast transport of protons through nano-confined channels, as
previously postulated in the literature [5S6-58]. Alternatively, water has been observed to pass almost
unimpeded through GO thin films [16]. This may also mean that e.g. hydronium, Zundel, and/or Eigen
cations can pass through GO with minimal energy input, significantly reducing the activation energy of the
vehicular mechanism. However, despite the low activation energy, the conductivity is still lower than in
Nafion, suggesting a significantly lower number of charge carriers. The through-plane activation energy in
GO is slightly higher than the in-plane activation energy. This could be due to the tortuous pathway that
cations must travel through in the through-plane case. It may also be the case that there is an extra energy

barrier for hopping between GO nanoplatelets which manifests as an increase in activation energy.

Significantly, the fast in-plane conductivity of GO is similar in magnitude to the through-plane
conductivity of Nafion (~50 mS cm). It is therefore clear that removing the tortuous pathway in actual
fuel cells could make GO highly competitive as a proton conductor. This is a major engineering challenge
at present, and is under further investigation. Currently we are investigating the impact of flake size on the
tortuosity and through-plane proton conductivity. These results will be published in our next manuscript,
and are therefore not discussed here. Increasing the through-plane conductivity of GO by chemical surface
modification e.g. sulfonation or ozonation [22,27,36], might be a more straight forward approach to

increase the through-plane proton conductivity.
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Figure 4. Arrhenius plot of the in-plane and through-plane conductivity of Nafion and GO at 100% RH.

Dashed lines are linear fits from which the slope yields the activation energy.

3.5 Fuel cell characterization

It is evident that the relatively low through-plane proton conductivity of GO will be a major limiting factor
in the fabrication of fuel cells based around this material. However, the extremely low hydrogen
permeability means that fabrication of very thin GO membranes for fuel cells may be possible. This would
reduce the reliance on high proton conductivity, as the membrane resistance would be significantly reduced.
Therefore, we assembled GO membranes of different thickness into MEAs to test the fuel cell performance.
Figure 5 (a-b) shows photographs of an electrolyte-supported GOMFC. This has a structure much like
conventional Nafion-membrane based PEMFCs. Figure 5(c-e) shows a series of photos of the fabrication
steps of a spray-painted, electrode-supported GOMFC. Photos taken at different points during the ionomer
spraying process (Figure 5c) show the carbon support with sprayed cathode electrocatalyst layer, and then
the electrolyte membrane getting thicker with each successive GO spraying pass. The final GO ionomer
layer is extremely uniform over the entire area of the device. After deposition of the ionomer layer, the
anode electrocatalyst is sprayed using a mask (Figure 5d) and finally a carbon paper GDL is attached

(Figure 5e).
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The surface of the sprayed MEA was investigated at higher magnification by laser microscopy. Images of
the anode support and the GO surface are shown in Figure 5 (f-g). The microporous layer (MPL) in the
anode gas diffusion layer contains cracks around 30 um wide, and hundreds of micrometres in length. After
spraying GO, the surface microstructure is much more complex than for the thicker vacuum filtered
membranes shown in Figure 1. Multiple depressions are observed, potentially corresponding to pinholes,
and/or incomplete coverage of the cracks in the MPL. Minimizing the occurrence of pinholes in these
thin-film ionomer membranes will be achieved by optimizing the membrane thickness, optimizing the
ionomer solvent parameters (i.e. viscosity, flow rate, stage temperature), or by utilizing smoother

carbon paper substrates with fewer cracks in the microporous layer.
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Figure 5. A GOMFC with conventional electrolyte-supported cell structure: (a) free-standing GO
membrane sprayed with a Pt/C electrocatalyst layer, and (b) after attaching a carbon paper GDL. Spray-
painted GOMFC with electrode-supported cell design: (c) carbon-paper GDL sprayed with Pt/C cathode

electrocatalyst, and three successive GO spraying steps in which the electrolyte layer increases in
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thickness; (d) Pt/C anode electrocatalyst sprayed onto the GO electrolyte; (e) final spray painted GOMFC
with attached carbon paper GDL. Laser microscopy images of: (f) the carbon paper GDL, and (g) the

sprayed GO surface.

Figure 6 shows SEM images of cross-sections of the conventionally fabricated electrolyte-supported
GOMECs (a) before and (b) after attaching the GDL. In the electrode-supported cell, the cathode
electrocatalyst is sprayed onto the carbon paper (Figure 6¢, bottom of image). The GO membrane spray-
painted onto the cathode electrocatalyst is of uniform thickness (~5 um in the device shown in Figure 6c,
and ~3 um in the device shown in 6d), indicating that spraying is a suitable method to fabricate uniform
GO ionomer layers. In Figure 6d it can be seen that the GO membrane has approximately half the thickness
of the anode electrocatalyst layer, which is sprayed on top of that. Figure 6e shows a large area where the
cathode electrocatalyst has delaminated during razor blade cutting for sample preparation. However, despite

this, the extremely thin GO membrane is still strong enough to support the anode electrocatalyst layer.
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Figure 6. SEM cross-sectional images of electrolyte-supported GOMFCs (a) before, and (b) after
attachment of the carbon paper GDL. Electrode-supported GOMFCs (c) sandwiched between the anode
and cathode electrocatalyst layers, (d) showing the relative thickness of the electrolyte and electrocatalyst

layers, and (e) showing a larger area of the electrolyte and anode, after delamination of the cathode.

Figure 7a shows the fuel cell performance for GOMFCs fabricated with GO membranes of different
thickness, compared with a Nafion-membrane based PEMFC fabricated under similar conditions. Four
different thicknesses of GO ionomer layers are investigated: 50, 16, 5, and 3 um. The 50 and 16 um

membranes were prepared by vacuum filtration and the MEAs are membrane-supported. The 5 and 3 pm
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membranes are fabricated by spray painting GO directly onto the cathode. To date we have not been able
to successfully fabricate a working MEA using a Nafion membrane with a thickness of less than 10 um,
and this is seen as one of the major advantages of GO. The increased ability to form thin membranes may
be due to the increased mechanical strength of GO, and/or the unique lamellar microstructure. For the 50
pm and 16 pm thick GO membranes, the open circuit voltage (OCV) is very high (~1.01 V). This suggests
that the membrane is an almost pure proton conductor (since mixed ionic electronic conduction would
lower the OCV), and that hydrogen crossover is negligible, (which would also lower the OCV). This
confirms our previous work in which GO was shown to be a proton conductor at high humidity and room
temperature (but a mixed ionic conductor at lower humidity / higher temperature) [30]. The negligible
hydrogen crossover is attributed to the extremely low hydrogen permeability observed in Figure 3.
However, for the 5 and 3 pm membranes the OCV is much lower, at 0.51 and 0.57 V, respectively. The ex-
situ gas barrier properties of GO were shown to be high in gas barrier measurements and therefore only a
slight decrease in OCV should be expected. However, as shown in the laser microscopy images (Figure
5g), the GO membrane potentially contains pinholes, which would result in increased gas crossover and

thus reduced OCV due to the mixed potential. The OCV for the Nafion cell is 0.96 V.

The gradient of the I-V curves corresponds to the cell resistance (from Ohm’s law), and this gradient
increases significantly with decreasing thickness. This relationship is as expected, since the membrane
resistance should decrease with decreasing thickness. The cell resistances for 50, 16, 5, and 3 pm are
calculated from the I-V curves to be 43, 4.2, 0.62, and 0.89 Q cm?, respectively. This shows that the cell
resistance can be improved not only by increasing the ionic conductivity, but also by simply reducing the
membrane thickness, and that spray painting / printing could be ideal methods to achieve this. The 5 pym
membrane has the lowest resistance, despite not being the thinnest membrane. This device also had the
lowest OCV. Therefore it is postulated that this membrane has more pinholes, and that thinner areas of
membrane around the pinholes contributes to lower membrane resistance. The cell resistance for the Nafion

PEMFC is 0.64 Q cm?, similar to the 5 um GOMFC.

The power density is obtained simply by multiplying the current and voltage. The maximum power density

dramatically increases with decreasing thickness (Figure 7b,c). The membrane-supported GOMFC with a
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50 um has extremely low maximum power density of just 5.5 mW c¢m, due to the high membrane and cell
resistances. Decreasing the thickness to 16 um increases the maximum power density to 33.8 mW cm™ as
the cell resistance decreases. The sprayed 5 and 3 pum spray-painted membranes have maximum power
densities of 57 and 80 mW cm, respectively. This dramatic increase in power density is due to the much
lower cell resistance afforded by the decrease in thickness, and occurs despite the much lower OCV. This
suggests that there is even further room for improvement in power density is the problem of OCV can be
solved, and this is currently under investigation. The Nafion-based PEMFC has a maximum power density

of ~150 mW cm™.

By fabricating very thin films we not only decrease the cell resistance, but also reduce the cost. For example
in this case, the cost of a 3 um sprayed GO membrane is calculated to be ~870 USD/m?. Despite GO
traditionally being seen as a prohibitively expensive nanomaterial, this is a similar price to conventional
Nafion membranes. By further reducing the thickness, the cost will drop accordingly. Meanwhile, the price

of GO is rapidly dropping with time, whilst the price of Nafion is relatively constant.

The durability is also an extremely important consideration for new PEMFC materials and is often
overlooked. Here, durability measurements were performed on 50 and 3 um GOMEFCs with 100 mA
constant load current, and the change in cell voltage was monitored (Figure 6d). Unfortunately, for both
tested membranes, the cell voltage drops rapidly. In our previous work [39], we showed that this is largely
a result of loss of oxygen functional groups in the reducing hydrogen atmosphere. Pei and Cheng et al.
proposed three major mechanisms for the hydrogen-induced reduction of GO: 1) formation of water
molecules and hydroxyl groups via the evolution of carbonyl pairs; 2) ether and epoxy groups form in the
presence of hydrogen hydroxyl groups; and 3) removal of residual hydroxyl groups from the GO surface
and edges with the formation of water [59]. The loss of oxygen groups results in the restoration of the
highly conductive sp? carbon network, increasing the electronic conductivity of GO and resulting in an
electronic short cut current flow through the membrane. As a result, cell voltage and thus performance of
the GOMFC drops. One solution to this issue could be the introduction of a very thin protective Nafion
layer at the anode side of the GO membrane. For the 50 pm membrane, the voltage drops from 0.61 to 0.16

V in 80 minutes, and for the 3 um membrane the voltage drops from 0.43 V to 0.16 V in just 60 minutes.
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The durability of the electrode-supported GOMFC is slightly worse than the electrolyte-supported
GOMEFC, possibly due to the fact that the formation of electronically conducting pathways along the

reduced GO will form more quickly through a thin membrane.
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Figure 7. (a) Polarization I-V curves and (b) power density of electrolyte- and electrode-supported
GOMFCs in comparison to a Nafion-based PEMFC. (c) Dependence of power density on electrolyte
thickness showing the strong performance of electrode-supported GOMFCs. (d) Durability of a 3um

electrode-supported GOMFC and a 50um membrane-supported GOMFC at constant load current.

4 Summary and Conclusions

We performed an investigation into the applicability of graphene oxide as a fuel cell ionomer membrane.

Flexible graphene oxide membranes were fabricated by vacuum filtration. The hydrogen permeability was

23



measured to be 3 orders of magnitude lower than in Nafion. The proton conductivity of graphene oxide was
investigated in detail, and an extremely high anisotropy was found between the in-plane (49.9 mS cm™)
and through-plane (0.5 mS cm) conductivities. The in-plane conductivity of GO was found to be
comparable to the through-plane conductivity of Nafion. In order to take advantage of the extremely low
hydrogen permeability and overcome the relatively low through-plane proton conductivity, we fabricated
extremely thin graphene oxide membrane fuel cells (GOMFCs) by spray painting graphene oxide directly
as an electrode-supported ionomer membrane. GOMFCs with membrane thickness varying from 50 to 3
um were fabricated and characterized. The open circuit voltage (OCV) was very high for the thicker
membrane due to pure proton conduction and low hydrogen crossover. However, the OCV was very low
for the thinner sprayed membranes due to pinholes. The cell resistance decreased significantly with
decreasing membrane thickness. The maximum power density also increased significantly with decreasing
membrane thickness to ~80 mW cm?, despite the low OCV. This work suggests that decreasing the
thickness of the ionomer membrane is a suitable method to increase fuel cell performance, especially in

materials with low hydrogen permeability, provided that the presence of pinholes can be avoided.
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