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Introduction

The parameter space for scalable integration of
atomically thin graphene with Nafion for proton

exchange membrane (PEM) applications
Pavan Chaturvedi, ¢ 2 Nicole K. Moehring,1?*“ Thomas Knight, €< Rahul Shah,**
Ivan Vlassiouk @2 ¢ and Piran R. Kidambi () *ab<ef

Selective proton permeation through atomically thin graphene while maintaining impermeability to even
small gas atoms i.e. He or hydrated ions, presents potential for advancing proton exchange membranes
(PEMs) across a range of energy conversion and storage applications. The incorporation of graphene
into state-of-the-art proton conducting polymers e.g. Nafion can enable improvements in PEM
selectivity as well as mitigate reactant crossover. The development of facile integration approaches are
hence imperative. Here, we systematically study the parameters influencing the integration of monolayer
graphene synthesized via scalable chemical vapor deposition (CVD) on polycrystalline Cu foils with a
model proton conducting polymer (Nafion) via a facile hot-press process. The hot-press time (t),
temperature (T) and pressure (P) are found to not only influence the quality of graphene transfer but can
also introduce additional defects in the CVD graphene. Graphene transfers to Nafion performed below
the optimum temperature (Tone ~ 115 °C) remain patchy with ruptures, while transfers above Tt
showed defect features, and transfers near Too show minimal ruptures and defect features. We
demonstrate Nafion|graphene|Nafion sandwich membranes using the optimal transfer conditions that
allow for ~50% reduction in hydrogen crossover (~0.17 mA cm™2) in comparison to Nafion control
membranes (~0.33 mA cm™2) while maintaining comparable proton area specific resistance < 0.25 Q cm?
(areal conductance ~ 4-5 S cm™?), that are adequate to enable practical PEM applications such as fuel cells,
redox flow batteries, and beyond.

conductance >1 S cm™ 2, but suffers from persistent issues of
reactant crossover (diffusion/transport of undesired species),
which decreases the energy efficiency of devices, particularly

Selective proton transport through the atomically thin lattice of
pristine graphene in combination with its impermeability to gases
and hydrated ions has ignited research interest in advancing
proton exchange membranes for a range of energy generation
and conversion processes including fuel cells, redox flow batteries,
electrolyzers etc.'™ The industry standard state-of-the-art
proton-selective, polymeric membrane - Nafion exhibits proton
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over long-term operations."

In this context, pristine atomically thin monolayer graphene
(obtained via mechanical exfoliation from graphite) has been shown
to be impermeable to even small atoms such as He, but allows for
proton permeation.”> However, areal proton conductance of pristine
graphene ~3 mS cm > over micron-scale areas® is too low for
practical applications. Graphene grown via chemical vapor deposi-
tion (CVD) on the other hand also exhibits proton conductance of
~5 mS cm™? over micron-scale areas,'® but centimeter-scale CVD
graphene shows much higher proton conductance >1 S cm > due
to presence of intrinsic defects.'®'®™*® The ability to precisely control
intrinsic defects in CVD graphene'®>' via bottom-up synthesis
presents potential for advancing PEMs by mitigating persistent
issues of reactant crossover via steric hinderance to transport of
atoms and hydrated ions while allowing enhanced proton permea-
tion through defects.'®**

A facile and scalable approach is to incorporate an atom-
ically thin layer of monolayer CVD graphene with precisely
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controlled intrinsic defects with Nafion to mitigate crossover
issues prevalent in polymeric proton exchange membranes
while simultaneously maintaining high proton transport (area
specific resistance <1 Q cm” or conductance >1 S cm™?) for
practical PEM applications." Here, the development of a scalable
integration approach with minimal processing steps, allowing
direct transfer of graphene from the growth substrate to Nafion
without the use of any sacrificial supports or accompanying
residues is imperative.>*** Conformal contact between CVD
graphene synthesized on polycrystalline Cu foils and the Nafion
(by leveraging the glass transition temperature Tj),>>*>*°
minimal damage to the graphene and scalability of the processes
are also highly desirable for direct graphene transfer to proton
conducting polymer substrates for PEM applications.?*?***® Some
studies have shown that hot-pressing allows for graphene trans-
fer to Nafion for applications in fuel cells,” as well as isotope
separation,”'®*” where in the conditions of transfer significantly
influence performance.**?°

Here, we systematically probe parameters affecting facile
and scalable transfer of CVD graphene to Nafion via hot-
press.'®??

We find the parameters such as time (¢), temperature (7)
and pressure (P) significantly influence the quality of direct
transfer of CVD graphene to Nafion. We demonstrate Nafion|
graphene|Nafion sandwich membranes with ~50% reduction
in hydrogen crossover in comparison to the Nafion sandwich
(Nafion||Nafion) control membrane while maintaining
adequate proton area specific resistance (ASR) < 0.25 Q cm®
(areal conductance ~4-5 S cm™?) for practical PEM applications.

Experimental
Graphene synthesis

Graphene synthesis on polycrystalline Cu foils (thickness ~65 pm)
was performed via chemical vapor deposition at atmospheric
pressure using methane and hydrogen gases at >1000 °C as
described in detail elsewhere.?*"?

Scanning electron microscopy

The surface morphology of CVD graphene on Cu as well as after
transferring to Nafion was imaged using a Zeiss Merlin scan-
ning electron microscope (SEM) at an acceleration voltage of
~2 kv.

Raman spectroscopy

Raman spectra were measured using a Thermo Scientific DXR
confocal Raman microscope equipped with a 534 nm laser and
a grating of 900 lines per mm (resolution 5.5-8.3 cm '),
~1 mW laser power and a spot size of ~1.1 um.

CVD graphene was transferred from Cu substrate to 300 nm
SiO,/Si wafer substrates using a poly (methyl methacrylate)
carrier layer. The Cu was etched in ammonium persulfate
(APS) solution followed by rinses in DI water. PMMA was
removed using acetone followed by iso-propanol as described
in detail elsewhere.'®"%1921,3336
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Acid etch test and analysis

The etch test was performed by placing ~10 pl of 0.1 M FeCl;
on CVD graphene|Cu for 5 s followed by two water washes as
described in detail elsewhere.'®'®*” The CVD graphene|Cu is
then dried in ambient conditions and imaged under SEM to
identify etch pits. Etch pits appear as bright spots in the
SEM images and serve as an indication of defects in the

graphene through which the acid permeates and etches pits in
Cu.16:18:37

Differential scanning calorimetry (DSC)

DSC measurements were performed using STA-1000 (Instru-
ment specialists incorporated) at a ramp rate of ~10 °C min ™"
under an Argon environment. ~11.639 mg of as received
H-form Nafion (N211 procured from Ion Power, thickness
~25.4 pm) and N211 hot-pressed at 115 °C for 45 s at 200 psi
(~10.244 mg) were used to probe the glass transition temperature
range and potential influence of water content/hot pressing.

Transfer of graphene to Nafion via hot-press

The transfer of graphene on Nafion was performed via hot-
press.>'®1116718 Briefly a graphene|Cu piece was placed on
Nafion 211 (N211, ~25.4 pm thickness, Ion Power), and
sandwiched between two PTFE coated fiber glass sheets and
hot-pressed (see schematic in Fig. 1D). Temperature is controlled
via thermocouples in the heated platens of the hot press. We
used hot-press times of 120 s and 45 s, pressures of 200 psi and
1000 psi and temperatures of 95-140 °C. The optimum hot-press
condition for graphene transfer to N211 corresponds to Top
~115 °C, t =45 s, and P ~200 psi.

After the hot-press, the PTFE fiber sheet in the bottom side
is carefully removed without disturbing the pressed graphene|Cu
to obtain a PTFE|N211|graphene|Cu stack which is floated on
0.2 M APS solution to etch the Cu. After complete etching of Cu,
the stack is floated on two separate DI water baths for 15 minutes
each and dried under ambient conditions. The obtained
N211|graphene was used for characterization of surface morphol-
ogy of graphene transferred to N211 via SEM. Analysis (via
thresholding using Image] software®®) of spot like defects
(formed likely via oxidation of Cu underneath defects in gra-
phene) was performed on the Cu|graphene|Nafion stack. After
Cu etching, the N211|graphene was pressed at ~115 °C,
~200 psi for 45 s against a second piece of N211 to prepare a
sandwich Nafion|graphene|Nafion membrane. The sandwich
membranes were soaked in 0.1 M HCI for 24 hours before
testing. We note the actual temperature of the N211 during hot-
pressing could be lower than the set temperature of the platens
due to the presence of the Teflon sheets.

Measurement of proton transport

The N211|graphene|N211 sandwich membrane was used to
measure proton transport as described in detail elsewhere.®
Pt/C (Pt loading 0.2 mg cm™?, fuel cell store) electrodes were
used as anode and cathode and were hot-pressed at 140 °C for
1 min at 400 psi to the Nafion|graphene|Nafion sandwich

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM image of (A) as synthesized graphene on Cu foil, and (B) etch pits on graphene|Cu after 5 s acid etch test with 0.1 M FeCls. (C) Raman
spectrum of graphene transferred onto 300 nm SiO,/Si substrate and (D) schematic of graphene transfer process to Nafion (N211).

membrane. The areal resistance was measured while supplying
humidified H, gas to both sides of the membrane via linear
sweep voltammetry (LSV). The slope of the resulting I-V curve is
equivalent to the membrane areal proton conductance and the
inverse equal to the area specific resistance (ASR, after normal-
izing current to electrode area, ~0.32 cm?®). To measure the H,
crossover, the gas environment was changed to H, and N, on
opposite sides of the membrane. The diffused H, was mea-
sured as an oxidation current which is a measure of crossover
across the membranes. The crossover current was reported at
0.4 V measured in 100% humidity at room temperature.

Results and discussions

We initially assess the quality of the as synthesized mono-
layer graphene on Cu (see SEM image in Fig. 1A with
wrinkles confirming graphene) via acid etch test (Fig. 1B) and
Raman spectroscopy (Fig. 1C) after transfer to 300 nm SiO,/Si
wafer. In acid etch test, FeCl; permeates through defects in
graphene and reacts with the underlying Cu substrate forming
etch pits in the Cu foil which can be imaged with SEM to
provide an indication of graphene quality.'® The total etched
area of ~7% is comparable to other prior reports for high
quality graphene and the etch pits predominately seem to occur
along wrinkles in the graphene.'®'®'#3 Next, Raman spectro-
scopy is used to probe the high crystalline quality of the
synthesized graphene. The Raman spectra (Fig. 1C) shows the
characteristic 2D (~2700 cm ™) and G (~1580 cm ™ ') peaks, an
absence of the D-peak (~1350 cm’l), Lp/lg >1, and 2D peak

© 2023 The Author(s). Published by the Royal Society of Chemistry

full width at half maxima (FWHM) < 30 cm ™, confirming high
quality of the synthesized monolayer CVD graphene.*>*!
Having confirmed the high crystalline quality of the gra-
phene, we proceed to systematically study parameters (see
Table 1) influencing the transfer of graphene to a model proton
conducting polymer Nafion (N211). We select hot-press as a
facile and scalable process to achieve direct transfer of
graphene to Nafion without the use of carrier layers and
associated residues,>'>*3° and probe the influence of hot-
press (i) time (¢), (i) temperature (7), and (iii) pressure (P).
Initially, we probe the effect of hot-press time on graphene
transfer to N211 and transfer graphene at hot-press conditions
of 140 °C and 200 psi for two different hot-press times of 120 s
and 45 s, as shown in Fig. 2A and B, respectively. Our rationale
for choosing the highest temperature of hot-press ~140 °C and
the lowest pressure ~200 psi in our study for the time
dependence is to allow for clear observations by exacerbating
effects that might not occur at lower temperatures as discussed
further below. Optical microscopy images of the Cu|graphe-
ne|N211 surface shows dark spots (shown via arrows) for both
conditions. However, with shorter hot-press time (45 s) the
computed area of dark spots is significantly lower than 120 s
(Fig. 2 and Table 1). The dark spots appear isolated for 45 s
(Fig. 2A) in comparison to 120 s where the dark spots appear to
coalesce into line like features (Fig. 2B and Table 1). Image]
analysis of the % area of the dark spots are ~0.5% for 45 s and
~4% for 120 s, as shown in Fig. 2C, confirming longer press
time results in higher dark spot like features. The density of the
spots in Fig. 2B appear to be similar to the density of etch pits
(Fig. 1B) and they also occur predominantly along wrinkles, as

Mater. Adv, 2023, 4, 3473-3481 | 3475
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Table 1 Summary of parameters studied for CVD graphene transfer to Nafion (N211)

View Article Online

Materials Advances

Defects features

Temperature  Pressure  Time
(°Q) (psi) (s) Ruptures Spot like defects Observations
140 600 120 Optical images showed spot like defect features. Spot like defect features observed appear similar to
140 600 45 Clustering of these spots appear similar to line like  etch pit formed upon acid etch of graphene on Cu,
features or cracks in graphene and represent an suggesting oxidation of Cu underneath defects in
intermediate between ruptures and spots. graphene causes further damage to graphene.
140 200 120 Optical images showed spot like defect features. Spot like defect features seen in optical images. Not
130 200 120 Clustering of these spots appear similar to line like ~ shown here. Temperature series for optimal ¢t =45 s
120 200 120 features or cracks in graphene and represent an is shown in Fig. 3 and analysis shown below within
intermediate between ruptures and spots. No sta- Table 1.
tistical difference seen in spot like defect features in
optical images.
90 200 120 Large patches of miss- Almost no spot like SEM images showed large (several pum?) of missing
50 200 120 ing graphene layer defect features graphene area in the form of large patches in the
(ruptures) observed. observed. film (ruptures). Not shown here.
140 200 45 4.49 £ 2.75% 0.14 + 0.35% Analysis of SEM images is used to estimate area %
115 200 45 0.38 & 0.28% 0.27 & 0.09% of defects. Lower temperatures (< Top) results in
110 200 45 0.22 + 0.09% 2.27 £ 1.39% ruptures whereas high temperatures (> Tqp) result
90 200 45 0.43 £ 0.19% 2.57 £ 0.11% in spot like defect features.

also observed for the acid etch test, suggesting these features
originate from Cu oxidation underneath defects in CVD gra-
phene on Cu foil. Hence, we propose oxidation of Cu under-
neath the graphene at elevated temperatures as a potential
source for these dark spots. Such oxidation of Cu results in
damage/holes in the CVD graphene and can also lead to poor
transfer to Nafion due to non-uniformity of the surface.

Hence, we select 45 s as the duration of hot-press, P = 200
psi, and proceed to probe the influence of temperature on the
quality of graphene transfer to Nafion. We specifically choose
temperatures near the range of T, values for Nafion in
literature.**** In addition to optical microscopy images of
Cu|graphene|N211 (Fig. 2A and B) we also used SEM to probe
the surface morphology of the graphene transferred onto N211.
Fig. 3A shows an SEM image of graphene transferred onto
Nafion at T ~140 °C with damages to graphene, specifically
spot like defect features as well as clusters of spots resembling
line like features.

Although the overall transfer yield appears high with mini-
mal patches of missing graphene, there appear to be features
consistent with damage to the graphene film or defects (shown

by arrows) covering ~ 5% of the total area. The defect features
resemble the shape and density of the dark spots observed in
optical images shown in Fig. 2, confirming that the observed
dark spots correspond to damage to the graphene transferred
to N211 (Fig. 3A) and stem from oxidation of Cu underneath
defects in graphene on Cu consistent with Fig. 2.

To mitigate the dark spots a series of transfers were per-
formed at lower temperatures while keeping hot-press time
~45 s and P ~200 psi. Interestingly, upon lowering the
temperature to T ~115 °C (referred to as Tope) L. T ~ Topy,
the dark spot like defects account for <1% of the defective area
(Fig. 3B). However, at lower temperatures T < Tope We also
observe macroscopic ruptures in the graphene (Fig. 3C and
Table 1). These ruptures are identified in SEM images as holes
in graphene with bi-layer graphene regions around the edges.
The ruptures originate from the apparent lack of adhesion of
graphene to Nafion, which ‘flips over’ to form a bi-layer
graphene area around the edges. With decreasing temperature,
the percent area due to these ruptures increases up to ~3% at
90 °C (Fig. 3D and Table 1). Since these features are not
observed at temperatures above the T,,, we suspect they

[e)]
T
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45s

& I

Defect Area (%)
N IS
1 I

Fig. 2 Opticalimages of graphene transferred to Nafion (N211) via hot-press (~140 °C, ~ 200 psi) for (A) 120 s, and (B) 45 s. Blue arrows indicate spot like
defects that correspond to damages in graphene via oxidation of Cu. Hot-press for longer duration leads to line like larger features (A and Table 1)
corresponding to Cu oxidation and damage to graphene. (C) Comparison of % defect area for different hot-press times.
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Fig. 3 SEMimages of graphene transferred to Nafion 211 at (A) 140 °C (> Topy), (B) 115 °C (~ T and (C) 110 °C (< Topy). At higher temperatures, spot like
features similar to damage to graphene on Cu foil via oxidation of Cu underneath defects in graphene are observed (orange arrows in A). At lower
temperatures, ruptured regions where graphene did not adhere to Nafion well are seen from the flipped over regions near edges (purple arrows). (D)
Analysis of defective area attributed to oxidation (orange bars) and ruptures (purple bars) shows a trade-off in defect types with a minima ~ 115 °C. Inset
shows the DSC plots for as received and hot-pressed N211-H* form membrane. A dotted line shows the To,: ~115 °C which is near the end of the glass
transition region of N211 polymer. Schematics of the graphene|Nafion interface (E) T > Tog, (F) T ~ Tope and (G) T < Top, Where Top is the optimum
temperature of hot-press. When T > T, the Nafion conformally contacts the graphene surface. However, the high temperature tends to oxidize the Cu
foil underneath defects in graphene (orange circles). At T < Ty, the Nafion does not make conformal contact (white patches) resulting in regions of
patchy graphene transfer. Upon etching the Cu foil, these poorly-adhered regions tend to delaminate from the Nafion and are seen as a patch next to the
ruptured area, as shown in (C).
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originate from non-conformal contact between the Nafion and
the graphene/Cu surface (Fig. 3E-G). We note conformal con-
tact between Nafion and graphene|Cu depends on the glass
transition regime of Nafion. Hence, differential scanning
calorimetry (DSC) studies were performed to understand the
glass transition behaviour of Nafion (inset Fig. 3D).**™** The
onset of the glass transition regime is ~60-70 °C, as indicated
by the increased slope (inset Fig. 3D). The heat flow stabilizes at
~125 °C, indicating the polymer has undergone a complete
glass transition. This behaviour is similar to prior reports*>**
and attributed to the relaxation of the PTFE backbone of
Nafion. The DSC curve yields a conventional glass transition
temperature T, ~100 °C (taken as the midpoint between the
onset and stabilized temperatures). Similar behaviour is
observed for the sample which was hot pressed for 45 s at
115 °C. The minor differences in onset temperature point and
heat flow for the as received N211 and hot-pressed Nafion are
attributed to slight differences in sample weight, minor water
loss and increased crystallinity of Nafion possible from hot-
press. Based on the glass transition features of N211 and the
observed optimum transfer of graphene on Nafion, Tope ~
115 °C corresponds to near complete glass transition of Nafion,
resulting in improved conformal contact between Nafion and
graphene|Cu (Fig. 3F).**™**
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Above T,p, conformal contact between Nafion and graphene
on Cu is possible, but the higher temperature leads to oxidation
of Cu underneath the graphene that results in damages with
dark spots and line like features (Fig. 3E), that are similar to
etch pits in Fig. 2 (also see Table 1). In order to reach an
intermediate trade-off between these two defect types, we
transferred graphene at T, ~115 °C and indeed observed a
minimum occurrence of both defect types. The schematics of
graphene|Nafion interfaces are shown in Fig. 3E-G for different
hot-press temperatures to emphasize the conformal contact
between Nafion and graphene as well as oxidation features on
copper.

Finally, for a comprehensive evaluation of hot-press para-
meters, we rationalize the low-pressure during graphene transfer
on Nafion via hot-press at optimum condition of 115 °C (Fig. 3)
and 45 s (Fig. 2). Fig. 4A and B show SEMs of graphene
transferred at 200 psi and 1000 psi, respectively. An increase in
ruptures in the graphene is observed at higher pressure which is
likely due to combined effect of Cu metal deformation under load
and compressibility of Nafion at high pressure (Fig. 4C and D).

Using the optimized transfer conditions, we fabricated a
Nafion|graphene|Nafion (N211|G|N211) sandwich membrane and
evaluate the efficacy of the PEM by measuring proton transport
and hydrogen crossover, respectively using a custom-built set-up

Low pressure

[ [
— R

Cu (metal deformation under load)

Cu (metal deformation under load)

Fig. 4 Graphene transfer on Nafion at 115 °C, hot-pressed at pressures (A) 200 psi, (B) 1000 psi for 45 s. (C) and (D) At higher pressure the ruptures in the
transferred graphene increase due to increase in metal deformation of the Cu foil (note Cu is a soft and malleable metal which is subject to deformation/
elongation under pressure). Such metal deformation results in ruptures to the graphene on Cu (see schematics).
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Fig. 5 Gas phase proton transport measurements for PEM membrane-electrode assembly (MEAs) prepared via hot-press at 115 °C, 200 psi and 45 s. (A)
Custom-built experimental set-up, (B) schematic of the MEA, (C) I-V plots with symmetric gas feed i.e. H, gas on both sides of the MEA, (D) /-V plots
exhibiting the hydrogen crossover current segment measured with H, on one side and N, gas feed on the other. (E) Area specific resistance (ASR) and
areal conductance extracted from (C). (F) Crossover current density extracted from (D) at 0.4 V for N211||N211 control and N211|G|N211 membranes.

(Fig. 5A). A schematic of the electrical connections and the
membrane electrode assembly is shown in Fig. 5B. Fig. 5C, pre-
sents the I-V curves (obtained by feeding humidified H, gas to
both sides) for Nafion control membranes as well as N211|G|N211
sandwich membranes. The addition of graphene results in a
marginal decrease in the measured current, indicating a marginal
increase in the resistance (decrease in conductance) for protons
(Fig. 5C and E). However, this marginal decrease in proton
conductance with the addition of graphene is also accompanied
by a substantial decrease in the hydrogen crossover current density
(Fig. 5D). We note the transport mechanisms of protons and H,
gas (crossover) are different in Nafion. H, transport primarily
occurs in water channels in Nafion. Hence, an overlap of water
channel pores in Nafion with macroscopic transfer defects in
graphene will be necessary for H, crossover to occur.

The proton resistance for Nafion control and graphene
sandwich membranes are extracted from the I-V plots (shown
in Fig. 5C) using Ohms law and normalized to the membrane
area ~0.32 cm” for area specific proton resistance (ASR).
Fig. 5E, presents the area specific proton resistance for
Nafion control membranes ~0.19 Q cm? (areal conductance
~5.1S cm™ %) and graphene sandwich membranes ~ 0.24 Q cm®
(areal conductance ~4.2 S cm ?), respectively. Additionally,
Fig. 5F shows the hydrogen crossover current (extracted from
Fig. 5D) for Nafion control membranes (~0.33 mA cm™?) and
graphene sandwich membranes (~0.17 mA cm™?) at 0.4 V at
room temperature in a humidified environment. Notably, the

© 2023 The Author(s). Published by the Royal Society of Chemistry

graphene sandwich membranes fabricated using the optimal
transfer process reduces the hydrogen crossover by ~50%,
while still maintaining ASR < 1 Q cm” (areal proton conduc-
tance > 1 S cm™?) adequate for enabling practical applications,
thereby demonstrating the advantage of incorporating CVD
graphene with Nafion for PEM applications.

Conclusions

To summarize, we systematically probed the influence of hot-
press time, temperature and pressure for the direct transfer of
CVD graphene onto Nafion. Our results indicate that hot-pressing
for ~120 s results in increased dark spot features that corre-
spond to oxidation of Cu underneath defects in graphene com-
pared to shorter time duration ~45 s. The temperature of hot-
press and its interplay with the glass transition temperature
region of Nafion has a significant influence on graphene transfer.
The optimum hot-press temperature, Tope ~ 115 °C corresponds
to near complete glass transformation of Nafion (glass transition
temperature range 65-125 °C, Ty ~100 °C). Transfers at T < Tp
suffer from ruptures in graphene originating from lack of con-
formal contact between Nafion and graphene while T > T,
results in increased Cu oxidation related defects in graphene due
to higher temperature. T ~ Top results in a minima for both
ruptures and oxidation related defects in graphene. Finally,
higher hot-press pressures resulted in significantly higher
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ruptures on graphene due to deformation of Cu, suggesting
that low pressure is more suitable for graphene transfer on
Nafion. Using the optimal transfer conditions, we fabricated
Nafion|G|Nafion sandwich membranes that show ~50%
reduction in hydrogen crossover (~0.17 mA cm™?) in compar-
ison to Nafion control membranes (~0.33 mA cm ) while
maintaining adequate ASR < 0.25 Q cm” (areal conductance
~4-5 S cm™?) to enable practical PEM applications.
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