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Introduction

Atomically thin CVD graphene-integrated proton
exchange membrane electrode assembilies:
fabrication parameter space and hydrogen
crossover mitigation

Xiaozong Fan,® Aman Tamboli,? Pavan Chaturvedi,® Rafig Anmed,®
Anusorn Kongkanand® and Piran R. Kidambi (&) *<9-¢

Proton selective, atomically thin two-dimensional (2D) materials interfaced with state-of-the-art proton
exchange membranes (PEMs) enable overcoming the inherent trade-off between proton conductance
and gas crossover. Monolayer graphene-integrated PEMs show significantly reduced gas crossover with
negligible impact on proton conductance. However, the influence of fabrication methods on membrane—
electrode assemblies (MEAs) using PEMs interfaced with monolayer graphene (synthesized via chemical
vapor deposition (CVD)) via an ultra-thin (~700 nm) ionomer carrier layer remains elusive. Here, we sys-
tematically investigate three MEA fabrication processes: gas diffusion electrode (GDE), directly sprayed
catalyst-coated membrane (DS-CCM), and decal transfer catalyst-coated membrane (DT-CCM) using
monolayer CVD graphene-integrated with perfluorosulfonic acid (PFSA) PEMs (~12-25 pm thick).
Although the GDE process minimizes processing or impact on PEM properties, the rough surface of the
GDE could damage CVD graphene coated with the ~700 nm ionomer carrier layer, limiting the suppres-
sion of H, crossover. The DS-CCM approach exposes the PEM to solvents, resulting in degradation and
diminished performance. DT-CCM emerges as the most effective route, with minimal graphene damage,
yielding a pronounced reduction (~25-44%) in H, crossover without impacting proton conductance.
Notably, the decal approach remains effective even for thinner (~12 um thick) PEMs with inherently higher
proton conductance, where reduced crossover can enable enhanced membrane durability and fuel cell
efficiency. These findings establish fabrication-sensitive design rules for integrating 2D materials into
MEAs and highlight the advantages of the decal-transfer approach for next-generation PEMs.

ohmic losses and enhancing power density—inevitably leads
to increased hydrogen and oxygen crossover, which accelerates

Proton exchange membranes (PEMs)'™ govern the efficiency,
durability, and operating envelope of electrochemical energy-
conversion devices, including proton exchange membrane fuel
cells and electrolyzers.>>* State-of-the-art perfluorosulfonic
acid membranes such as Nafion achieve high proton conduc-
tivity through hydrated ionic domains; however, their gas
barrier properties scale inversely with thickness."> As a result,
membrane thinning—an established strategy for reducing
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chemical degradation, induces parasitic reactions, and limits
device lifetime."®> Overcoming this intrinsic conductivity-per-
meability trade-off remains a central challenge in PEM
design‘1,3,4,15720

Atomically thin two-dimensional (2D) materials have
recently emerged as interfacial layers capable of decoupling
proton transport from molecular gas permeation, 671921723
In particular, monolayer graphene synthesized via scalable
chemical vapor deposition (CVD) enables selective proton per-
meation via angstrom-scale intrinsic lattice defects while sim-
ultaneously hindering H, crossover.”>*'”'® CVD graphene-
integrated with a PFSA membrane offers the opportunity to
introduce an ultrathin, proton-selective gas crossover suppres-
sion layer without adding measurable ionic
13:417,1824 while these properties have been demon-
strated at the material and membrane levels, translation to
functional devices requires fabrication of membrane-electrode

resistance.
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assemblies (MEAs) while preserving both graphene structural
integrity and PFSA membrane properties.">®871%19,21,25-36

However, the influence of MEA fabrication methods on
monolayer CVD graphene interfaced with a PFSA membrane
via an ultra-thin (~700 nm) carrier layer remains to be
understood.'” 17183738 Although, the ultra-thin carrier layer
approach alleviates increased thickness from sandwiching
CVD graphene between two idividual PFSA membranes, the
membrane electrode assembly (MEA) fabrication involves a
complex interplay of mechanical compression, surface rough-
ness (1-10 pm), solvent exposure, and interfacial adhesion—all
of which can introduce defects in CVD
graphene*®18:26:30,32:33,3674 1 alter membrane structure/pro-
perties.'® Given that gas permeation through graphene is extre-
mely sensitive to nanoscale defects, even minor mechanical or
chemical damage during MEA fabrication can negate its
barrier functionality, underscoring the need for fabrication-
sensitive integration strategies.*?18:38:45:36.75

Here, we systematically evaluate three technologically rele-
vant MEA fabrication approaches—the use of a gas diffusion
electrode (GDE), a directly sprayed catalyst-coated membrane
(DS-CCM), and a decal transfer catalyst-coated membrane
(DT-CCM)—for incorporating CVD-grown monolayer graphene
into MEAs with membrane thicknesses ranging from ~12 to
25 pm. The GDE approach largely preserves membrane pro-
perties; however, the intrinsic surface roughness of GDEs and
the resulting mechanical stresses from hot pressing can
induce tearing or cracking of the ~700 nm thin PFSA ionomer
coated CVD graphene layer, thereby limiting the suppression
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of hydrogen crossover. Conversely, DS-CCM fabrication
involves solvent-based catalyst deposition directly onto the
membrane, which can degrade PEM properties.

We identify decal transfer (DT-CCM) as the most effective
approach that minimizes both mechanical damage to
~700 nm thin ionomer coated CVD graphene and solvent
exposure of the membrane. The decal transfer process enables
a significant reduction (~25-44%) in H, crossover without
compromising proton conductance. Importantly, the benefits
of DT-CCM graphene persist for thinner (~12 um) membranes
with inherently higher proton conductivity, where suppressed
gas crossover directly mitigates chemical degradation pathways
and enhances membrane durability.

Results and discussion

Centimeter-scale CVD graphene was grown on Cu foil and inte-
grated with PEMs (12-25 pm) using an ~700 nm thin spin-
coated Nafion carrier layer (Fig. 1A), followed by the removal of
the Cu foil using ammonium persulfate solution (see the
Methods section). The Raman spectrum with a characteristic
2D peak at ~2700 cm ™" and a G peak ~1600 cm™*, and the
absence of a D peak indicates high-quality graphene while I,/
I > 1 confirms the monolayer film (see Fig. 1A)."°*%° CvD
graphene-integrated PEMs were used to fabricate MEAs using
three different approaches: 1) the use of a gas diffusion elec-
trode (GDE), 2) a directly sprayed catalyst-coated membrane
(DS-CCM), and 3) a decal transfer catalyst-coated membrane
(DT-CCM) (Fig. 1B; see the Methods section for details).

To investigate the impact of fabrication methods on the
MEAs, we tested them using standard fuel cell tests using a
single-cell test station (see the Methods section). First, we
evaluate the fuel cell performance of MEAs with bare
N211 membranes (~25 pm-thick Nafion® membrane) pre-
pared using the GDE, DS-CCM, and DT-CCM approaches
(Fig. 2, Table 1).

Interestingly, all three MEA fabrication approaches show
similar polarization curves with minor differences of ~10%
(Fig. 24) i.e., the MEA with the GDE had a power density of
~852 mW cm™? (at 0.6 V), while the DS-CCM showed
~769 mW cm™? (at 0.6 V) and the DT-CCM was in between at
~784 mW cm™> (at 0.6 V). The observed similarity in the cell
power densities is also reflected in similar high-frequency re-
sistance (HFR) values in the ~61-65 mQ cm” range (Fig. 2F).
Parameters such as electrochemically active surface area
(ECSA) also affect the cell power density. The GDE and
DT-CCM samples exhibited comparable (35 vs. 37 m> g )
ECSAs (Fig. 2E) whereas DS-CCM exhibited a lower value
(23 m> g™!). We attribute the estimated lower ECSA value of
DS-CCM to challenges in accurate determination of Pt loading
(~0.2 mg) using the difference in weight for a small active area
of 1 cm?, especially when the catalyst ink is sprayed manually
onto moisture-sensitive PEMs.

The cell open-circuit voltages (OCVs, Fig. 2D) also show
similar values with that for the GDE being marginally higher,

This journal is © The Royal Society of Chemistry 2026
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Fig. 1

(A) Schematic of the spin-scoop method to integrate CVD graphene with Nafion using a ~700 nm thin ionomer carrier layer. Inset shows the

Raman spectrum for CVD graphene consistent with that of a high-quality monolayer. (B) Schematic of the approaches used to prepare the mem-
brane-electrode assemblies (MEAs): 1) the use of gas diffusion electrode (GDE), 2) directly sprayed catalyst-coated membrane (DS-CCM), and 3)

decal transfer catalyst-coated membrane (DT-CCM).

while those of DT-CCM and DS-CCM were essentially identical.
Notably, all the cell OCVs were >950 mV, suggesting good
integrity of the fabricated MEAs. However, significant differ-
ences were observed in the crossover current density (Fig. 2B
and C): the GDE exhibited the lowest value (~2.56 mA cm™?),
followed by DT-CCM (~3.46 mA cm™2), and DS-CCM showed
the highest (~4.01 mA cm™>).

This trend can be attributed to the fabrication-dependent
effects on the membrane. Specifically, in the case of DS-CCM,
direct spraying of the catalyst ink onto the membrane could
have resulted in mechanical stress (from swelling and drying)
from residual solvent (water-alcohol mixtures) as well as
process-dependent drying characteristics (compared to
DT-CCM sprayed with PTFE while keeping holder temperature
the same). Such differences could have potentially led to struc-
tural defects and thereby causing high H, crossover. However,
these issues are largely absent in the DT-CCM and GDE
samples, which avoid direct solvent-membrane interaction,
albeit the DT-CCM approach involves more hot-pressing steps
in MEA fabrication compared to the GDE. We note the small

This journal is © The Royal Society of Chemistry 2026

active area (1 cm?) cell used in this study has a relatively high
edge-to-active-area ratio and can potentially lead to higher H,
crossover when the membrane edge integrity is compromised
mechanically (hot press) or from solvent interaction. The
above analysis suggests that MEA fabrication with a bare mem-
brane via the GDE emerges as the most effective method, fol-
lowed by DT-CCM.

Since the GDE exhibited the highest cell power density
(Fig. 2A) with the least hydrogen crossover (Fig. 2B and C), we
proceeded to fabricate MEAs with the GDE using slow-growth
CVD graphene (SG; see the Methods section) integrated PEMs
(N211 + SG or N12 + SG shown in Fig. 3). Standard fuel cell
tests suggest similar polarization curves for membranes with
and without graphene (Fig. 3A) in the high- and mid-potential
regions but differed at low potentials. The slightly lower per-
formance of the N211 + SG sample at low potentials is within
test variation due to gas bypass in our oversized flow fields. A
minimal increase in membrane resistance is observed from
HFR, which appears promising at first (Fig. 3F). The bare N211
GDE exhibits an ECSA of ~35 m” g™, which is a slightly lower
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Fig. 2 Fuel-cell performance of MEAs comprising N211 control membranes (without a spin-scoop layer) fabricated using a gas diffusion electrode
(GDE), directly sprayed catalyst-coated membrane (DS-CCM), and decal transfer catalyst-coated membrane (DT-CCM) using 80 °C, 100% RH and
150 kPa,ps. (A) Polarization curves, (B) crossover current density as a function of voltage, and (C) H, crossover extracted from (B) at 0.4 V. (D) Open-
circuit voltage (OCV), (E) electrochemically active surface area (ECSA), and (F) high-frequency resistance (HFR) obtained at 1000 mA cm™2 The
dotted line in (B) shows the theoretical value for H, crossover for N211 PEMs, which agrees well with that of N211 MEA fabricated using the GDE

approach. Also see Table 1.

Table 1 Summary of data from Fig. 1 for MEAs comprising N211 control
membranes

OoCVv ECSA HFR at 1000 mA  H, crossover
% (Mg em?(mQem?) (mAcm?)
N211 GDE 0.981 35 65 2.56
N211 DS-CCM 0.956 23 63 4.01
N211 DT-CCM 0.957 37 68 3.46

value compared to that of N211 + SG of ~41 m” g™, although
the difference remains within a reasonable range for ECSA
measurements. However, we did not observe any reduction in
hydrogen crossover with the incorporation of graphene (N211
GDE + SG, Fig. 3B and C, Table 2) compared to the bare PEM
(N211 GDE, Fig 3B and C, Table 2).

Specifically, the H, crossover current density of the N211
GDE +SG sample of ~2.44 mA cm™> was < 5%, as that of the
bare N211 GDE ~2.56 mA cm™?, indicating that the CVD gra-
phene layer did not significantly affect H, crossover. We
hypothesize that this lack of crossover reduction arises from
the penetration of the rough GDE surface through the
~700 nm-thin layer of spin-coated Nafion carrier layer, dama-
ging the CVD graphene and diminishing its barrier properties.
Similarly, the MEAs prepared with the N12 membrane (12 pm
thick PFSA membrane with an internal reinforcement layer,

Nanoscale

see methods section) and GDEs showed no noticeable change
in polarization performance (Fig. 3A) or crossover reduction
(Fig. 3B and C, and Table 2). These consistent results for both
N211 and N12 membranes suggest that the absence of
improvement is primarily due to the GDE fabrication process
compromising the integrity of the CVD graphene layer, rather
than differences in the intrinsic properties of the Nafion
membranes.

We note that even state-of-the-art GDEs have relatively high
surface roughness with a mean surface roughness (R,) of ~
2 pm. Hence, it is reasonable that the high surface roughness
of the GDE can damage the graphene layer through the
700 nm ionomer carrier film depending on the fabrication
parameters.

Furthermore, during hot-pressing, the stack of MEA sub-
components are heated to around the glass transition tempera-
ture of the Nafion in order to soften it. As shown in Fig. 4C, we
investigated this issue by systematically varying the tempera-
ture and pressure of the GDE process for MEAs using PEMs
with and without CVD graphene. When the GDEs were hot-
pressed at lower temperatures and pressures (120 °C and
125 psi), the effect of the CVD graphene becomes more
evident, yielding approximately a 19% reduction in crossover.
In contrast, at higher temperatures and pressures (e.g. 150 °C
and 250 psi or 140 °C and 1000 psi), the CVD graphene layer
provided no reduction in H, crossover in comparison with the

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Fuel cell performance of MEAs fabricated with GDEs using Nafion N211 (~25 pm thick) or N12 (~12 pm thick) bare membranes as well as with
CVD graphene-integrated PEMs (N211 + SG or N12 + SG) using 80 °C, 100% RH and 150 kPa,s. (A) Polarization curves, (B) crossover current density
as a function of voltage, and (C) H, crossover extracted from (B) at 0.4 V. (D) Open-circuit voltage (OCV), (E) electrochemically active surface area
(ECSA), and (F) high-frequency resistance (HFR) at 1000 mA cm™2. The dotted line in (B) shows the theoretical value for H, crossover for N211 and

N12 PEMs. Also see Table 2.

Table 2 Summary of data from Fig. 3 for MEAs fabricated using the
GDE method

OoCcvV ECSA HFR at 1000 mA  H, crossover
v) (m?>¢™ cem?(mQcem?)  (mAcm?)
N211 GDE 0.981 35 65 2.56
N211+SG GDE 0.975 41 51 2.44
N12 GDE 0.947 27 40 4.14
N12 + SG GDE 0.941 29 40 3.93

control membranes. The reduction in crossover observed for
the GDE samples under lower temperature and pressure hot-
pressing conditions is consistent with the hypothesis that
GDE-based MEAs benefit from the intimate contact formed
among the PEM, catalyst layer, and GDL during hot pressing.
Because the catalyst layers with rougher surfaces in the GDE
samples were supported on a relatively stiff carbon fiber GDL,
the applied pressure was efficiently transmitted to the mem-
brane. In contrast, the decal electrodes in the DT-CCM
samples were supported by a much smoother PTFE sheet.
PTFE also softens at similar temperatures during hot-pressing,
which allows it to alleviate the electrode roughness.
Consequently, under identical hot-pressing conditions, the
GDE MEAs were more likely to experience damage to CVD gra-
phene compared to DT-CCM (Fig. 4C).

Cross-section SEM images (Fig. 4A) indeed confirm the
rough GDE surface intruding into the PEM up to several
microns. Furthermore, the GDE samples (Fig. 4A) exhibited a
compacted, well-adhered catalyst-membrane interface, while

This journal is © The Royal Society of Chemistry 2026

the DT-CCM samples (Fig. 4B) show some voids, cracks, and
local delamination. Such interfacial and structural defects
provide additional pathways for gas transport, allowing hydro-
gen to bypass the catalyst layer and reach the membrane more
easily. This explains why the GDE samples show lower cross-
over than the DT-CCM samples but exhibit
negligible additional suppression of crossover
incorporating CVD graphene under the same hot-pressing
conditions.

Next, we examined DT-CCM-based MEAs with and without
CVD graphene in single cell fuel cell tests under standard con-
ditions (80 °C, 100% RH under a backpressure of 150 kPa,ps)
(Fig. 5). We emphasize that the DT-CCM process required
specific temperature, pressure, and time (250 psi, 150 °C, and
3 min, respectively) for optimal transfer of the catalyst ink
sprayed on a PTFE sheet onto the PEM. Hence, we used identi-
cal parameters for the GDE-based MEA in Fig. 3 to facilitate a
direct comparison and note that optimizing the GDE process
parameters enables some improvements as shown in Fig. 4C.
Furthermore, we also used commercially available CVD gra-
phene (GG) in the DT-CCM approach to benchmark perform-
ance and to alleviate concerns regarding scalability as well as
test the translatability of our processes (Fig. 5).

MEAs prepared using DT-CCM with and without CVD gra-
phene showed similar polarization curves (Fig. 5A) with cell
power density (~10% variation) for all the membranes i.e. bare
N211 ~784 mW cm 2, N211 with a spin-scoop Nafion carrier
layer ~872 mW cm 2, N211 + GG ~834 mW cm™>, and N211 +
SG ~831 mW cm™>. The HFRs (Fig. 5F) of the MEAs were in

only
when
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Fig. 5 Comparison of fuel cell performance under 80 °C, 100% RH and 150 kPa,,s conditions among MEAs with bare N211 membranes, N211 with
spin-scoop carrier layer, N211 + GG (commercial CVD graphene), and N211 + SG (lab-grown CVD graphene) prepared using decal transfer
(DT-CCM): (A) polarization curves, (B) current density as a function of voltage, and (C) H, crossover extracted from (B) at 0.4 V. (D) Open-circuit

voltage (OCV), (E) electrochemically active surface area (ECSA), and (F)
abbreviated as DT in this figure. Also see Table 3.

the range of ~58 to 74 mQ cm’ and the estimated ECSA
(Fig. 5E) for N211 and N211 with the spin-scoop showing
similar values (~37 m> g™'), while N211 + SG exhibited a
slightly higher ECSA (~42 m* g~') and N211 + GG showed a
somewhat lower value (~31 m> g~'). To understand the cell
integrity, we tested the cell OCV and found all DT-CC based
MEAs exhibited good cell integrity with the bare N211 showing
an OCV value of ~0.957 V, N211 with the spin-scoop Nafion
carrier layer of ~0.948 V, and N211 + SG showing a slightly

Nanoscale

high-frequency resistance (HFR) at 1000 mA cm™2. Note that DT-CCM is

higher value of ~0.966 V (Fig. 5D and Table 3). Notably, the H,
crossover values (Fig. 5B and C) of ~2.73 for DT-CCM + GG
and ~2.44 mA cm > for DT-CCM + SG show a clear reduction
compared to those of the representative controls (~3.62 mA
em > for N211 + spin-scoop with an ~700 nm carrier layer of
Nafion and ~3.46 mA cm™~> for bare N211). Unlike GDE-based
MEAs, the DT-CCM MEAs exhibited a clear reduction in hydro-
gen crossover with N211 + GG showing ~25% and N211 + SG
showing ~33% (Fig. 5C).

This journal is © The Royal Society of Chemistry 2026
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Table 3 Summary of performance data from Fig. 5 for MEAs with N211
and DT-CCM

OCV ECSA HFR at 1000 mA H, crossover
V) (Mg em?(mMQcm?) (mAcm?)
N211 DT-CCM 0.957 37 68 3.46
N211 with spin-scoop 0.948 37 56 3.62
DT-CCM
N211 + GG DT-CCM  0.950 31 59 2.73
N211 + SG DT-CCM 0.966 42 74 2.44

The reduction in hydrogen crossover with the integration of
CVD graphene and almost no changes in cell power density for
N211 provides an opportunity to move towards thinner mem-
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branes such as N12 (nominal thickness ~12 pm) to further
enhance the cell power density with the eventual aim of lower-
ing the cost for hydrogen fuel cell.

Hence, we proceeded to use DT-CCM process with
N12 membranes to fabricate and test MEAs with and without
CVD graphene (Fig. 6 and Table 4). Consistent with obser-
vations for N211 MEAs in Fig. 2-5, the polarization curves in
Fig. 6A appear similar, with N12 + GG MEA showing slightly
lower performance than the others. The ECSA for N12 + SG
MEA exhibited a higher value of ~42 m* g~' than the other
three MEAs ~35 m” g~ but is still within the error estimates
(Fig. 6E). Notably, we observed lower HFR for N12 (Fig. 6F)
compared to N211 (Fig. 5F) as one would expect for a thinner
membrane. The HFR values were ~50 mQ cm?® for N12,
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Fig. 6 Comparison of fuel cell performance under 80 °C, 100% RH and 150 kPa,,s conditions among MEAs with bare N12 membranes, N12 with
spin-scoop carrier layer, N12 + GG (commercially avaialable CVD graphene), and N12 + SG (lab-grown CVD graphene), prepared using decal trans-
fer: (A) polarization curves, (B) current density as a function of voltage, and (C) H, crossover extracted from (B) at 0.4 V. (D) Open-circuit voltage
(OCV), (E) electrochemically active surface area (ECSA), and (F) high-frequency resistance (HFR) at 1000 mA cm™2. (G) OCV durability tests of N12
with SG DT and N12 with spin-scoop DT samples under 90 °C, 30% RH, and 100 kPa,,s conditions, and gas flow rates of 125/500 sccm (Hy/air). (H)
Hydrogen crossover after the durability test. Note that DT-CCM is abbreviated as DT in this figure. Also see Table 4.
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Table 4 Summary of performance data from Fig. 6 for MEAs with N12
and DT-CCM

OoCcv ECSA HFR at 1000 mA  H, crossover
V) (mM?¢g™) cem™?(mQcm?)  (mAcm™?)
N12 DT 0.946 37 50 8.10
N12 with 0.938 33 47 7.11
spin-scoop DT
N12 with GG DT 0.939 35 43 5.34
N12 with SG DT  0.958 44 56 4.49

~47 mQ cm” for N12 with a spin-scoop carrier layer, ~43 mQ
cm? for N12 + GG and ~56 mQ cm” for N12 + SG. A minor but
relatively high ECSA of ~44 m® g”' for N12 + SG MEA may
compensate for its higher HFR, resulting in polarization be-
havior similar to those of the other samples.

Fig. 6B and C present the hydrogen crossover curves for
N12 membranes with two controls N12 and N12 with the spin-
scoop Nafion carrier layer exhibiting crossover of 8.10 mA
em™? and 7.11 mA cm?, respectively. The lower hydrogen
crossover for N12 + spin-scoop Nafion in comparison with N12
is within expectation as the addition of the ~700 nm spin-
scoop layer increased the thickness of the N12 membrane by
at least ~6%. Interestingly, the H, crossover values after inte-
gration of monolayer CVD graphene (Fig. 5C and Table 4) for
N12 + GG ~5.34 mA cm™> and for N12 + SG ~4.49 mA
cm 2 were much lower than for bare N12 (~8.10 mA cm ™) and
N12 + spin-scoop Nafion control (~7.11 mA cm™>). Specifically,
the N12 + GG exhibited ~34% lower crossover than bare N12
and ~25% lower than N12 + spin-scoop Nafion, while N12 +
SG exhibited reductions of about ~44% and ~37%, respect-
ively. These results further support the findings from the
N211 membranes using the DT-CCM method that the inte-
gration of CVD graphene monolayer with PEMs (albeit with
some correlation with the support resistance acting in series
with CVD graphene for protons) can enable H, crossover
reduction with minimal impact on fuel cell performance.'*>?
Although one may expect larger H, crossover reduction with an
identical CVD graphene layer on a thin membrane (N12) com-
pared to a thicker membrane (N211), we only observed incre-
mental improvement in this study. The reason is unclear and
will be investigated in the future.

Finally, we performed the MEA durability tests by recording
a drop in the cell OCV for the N12 + spin-scoop and N12 + SG
to assess the effect of reduced hydrogen crossover with CVD
graphene incorporation. The accelerated durability tests were
conducted at a low relative humidity of ~30% and an elevated
cell temperature of 90 °C under ambient backpressure to accel-
erate membrane chemical degradation via oxidative stress
induced by crossed over hydrogen and oxygen. Reduced gas
crossover by graphene layer is anticipated to decrease the
degradation rate. Under these conditions, as long as the elec-
trical resistance of the MEA is pristine, only two factors deter-
mine the voltage at the OCV: the oxygen reduction activity and
the H, crossover current.” As the membrane ages, some degra-
dation products can poison the Pt catalyst and reduce the
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oxygen reduction activity leading to OCV decay. Fig. 6G exhi-
bits the degradation of the cell OCV with time for both the
N12 + spin-scoop Nafion and N12 + SG MEAs recorded under
identical operating conditions. The N12 + SG sample exhibited
a slower degradation rate (~1.2 mV h™") compared with the
control N12 + spin-scoop Nafion DT sample (~2.8 mV h™%).
The cell OCV recording was interrupted due to gas run-off
events. We also recorded hydrogen crossover at the end of the
cell OCV degradation test (Fig. 6H) and observed significantly
lower hydrogen crossover for N12 + SG in comparison with
that of the N12 + spin-scoop Nafion control. After 150 h, a
clear indicator of MEA failure was an abnormally high hydro-
gen crossover. For the N12 + SG sample, the hydrogen cross-
over current density increased from ~4.49 mA cm™? to ~30 mA
ecm 2. In contrast, the N12 + spin-scoop Nafion control showed
a dramatic increase from ~7.11 mA cm > to over ~200 mA
cm™?, with a linear increase in the crossover current — an indi-
cation of pinhole formation. These results clearly demonstrate
that the incorporated CVD graphene layer enhanced the dura-
bility of the N12 membrane.

Conclusions

In this study, we examined three different approaches to MEA
fabrication—the use of GDE, DS-CCM, and DT-CCM—and
evaluated their influence for both bare and graphene-modified
PFSA membranes (N211 and N12). All three approaches resulted
in similar fuel cell performance for control membranes, justify-
ing their wide community usage. However, in our case we find
that manual control and fabrication of low-active-area CCM is
challenging. Even though the GDE and DT-CCM approaches
resulted in the similar performance, when applied to graphene
membranes the GDE samples did not show any crossover
reduction relative to the bare membranes. These observations
suggest that during GDE fabrication the electrode layer
mechanically damages or disrupts the CVD graphene layer
during hot-pressing, thereby compromising graphene’s barrier
properties. Further optimization of GDE pressing conditions
(low temperature and pressure) resulted in crossover reduction
and the effect of CVD graphene became more apparent in the
GDE samples, further supporting this interpretation.

In contrast, when graphene-modified membranes were
assembled using the DT-CCM method, both the PEM + GG
and PEM + SG effectively reduced H, crossover without nega-
tively affecting fuel cell performance. For the N211 membrane,
the N211 + SG sample exhibited the largest reduction (~33%)
relative to the spin-scoop control, while for the thinner
N12 membrane, the reduction was ~37%. These improvements
are attributed to the atomically thin graphene layer function-
ing as a selective barrier that suppresses H, permeation
while allowing proton transport and maintaining proton
conductivity. Furthermore, durability testing revealed that
the CVD graphene improved the long-term stability of the
N12 membrane with an OCV degradation rate of ~1.2 mV h™"
in comparison with ~2.8 mV h™" for the control.
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Overall, the decal transfer (DT-CCM) method proved to be
the most suitable approach for integrating graphene layers
with PFSA membranes, as it preserved CVD graphene integrity
and delivered consistent MEA performance. These findings
provide practical guidance for optimizing 2D-material-modi-
fied membranes in PEM fuel cells, and enable new advances
for PEMs with improved gas-barrier properties, proton trans-
port, and durability toward achieving next-generation energy
and electrochemical devices.

Experimental methods
Graphene synthesis

Graphene utilized in this study was synthesized via chemical
vapor deposition (CVD) under two different conditions i.e. gra-
phene synthesized via atmospheric pressure (AP) CVD was
obtained from General Graphene Corporation LLC (labelled as
GG),>**® and graphene synthesized via low pressure (LP)
CVD (labelled as SG) was obtained using protocols reported
earlier.””"” Briefly, prior to graphene growth via CVD, the
copper substrate was carefully cleaned. Polycrystalline Cu foils
(HA, 18 pm thick, JX Holdings) were first soaked in acetone
and isopropanol (IPA) for 5 min each to remove organic resi-
dues, followed by etching in 20 vol% nitric acid (HNO3) to
remove surface oxides."'” Finally, foil were thoroughly rinsed
with deionized water and air-dried."*"”

Cleaned Cu foils were loaded into a custom-built hot-walled
quartz-tube CVD reactor for graphene growth. Prior to growth,
the system was pumped down to base pressure (~14 mTorr)
and leak tested (<1 mTorr min~")."*"” Next, the furnace temp-
erature was increased to 1060 °C (~35 °C min~") under a flow
of 100 scem H, (system pressure ~4 Torr)."*'” The Cu foil was
annealed at 1060 °C in 100 sccm H, for 60 min (~4 Torr), after
which the H, flow rate was increased to 300 sccm for an
additional 15 min (~14 Torr)."*'” Graphene growth was
achieved by introducing a carbon precursor, CH, at 1060 °C
for a total of 75 minutes (0.5 sccm CH, for first 45 minutes,
followed by 1 scem of CH, for additional 30 minutes)."*"”
After growth, the furnace was opened and quenched cool to
room temperature under H, and CH,."*"”

CVD graphene transfer to Nafion for proton exchange
membrane preparation

Graphene was transferred (from the Cu foil growth substate)
onto a Nafion membrane using the spin-scoop method, follow-
ing established protocols."*"'” Specifically, 5 wt% Nafion was
spin-coated on graphene on the Cu foil, Gr|Cu, at 1000 rpm
for 1 minute followed by baking at 60 °C for 10 minutes. The
spin coating step was repeated 3 times with intermediate baking
of 10 minutes with a final baking of 30 minutes at 60 °C to com-
pletely remove the solvents."*'” Next, Cu was etched away from
0.2 M ammonium persulfate (APS) solution and the resulting
Nafion (spin-coated)|Gr stack was transferred to float on water,
followed by 30 minutes floating on 0.1 M HCI to minimize the
residual cation contamination in Nafion carrier layer by repla-
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cing them with protons and a 10 minute DI water float before
scooping on Nafion (N211 ~25 pm and PTFE reinforced"® N12
~12 pm) affixed to a PTFE sheet."*"” The Nafion|Gr|Nafion
(spin-coated) stack was dried under ambient atmosphere for
30 minutes and baked at 60 °C overnight."*'” A Nafion (spin-
scoop)|Nafion control membrane was prepared using Cu foil
(with no graphene) using the same approach.”*'” For N211, the
IEC value was ~0.91 meq g~ and for the N12 sample (effective
EW is 850), effective IEC was ~1.2 meq g™ .

Fabrication of membrane-electrode assemblies (MEAs)

Three different methods were used to fabricate membrane-
electrode assemblies (MEAs): (1) gas diffusion electrode (GDE),
(2) directly sprayed catalyst-coated membrane (DS-CCM), and
(3) decal transfer (DT)-CCM using the same catalyst ink. The
catalyst ink was prepared by dispersing Pt/C catalyst (50% Pt
on high surface area Ketjenblack EC-300], Fuel Cell Store) in a
water/isopropanol mixture (1:1 by weight) containing 20 wt%
Nafion solution (D2021, Ion Power, dried into powders and
then redispersed in the same solvent) and sonicated and
stirred to achieve a homogeneous ink.”®””

The three methods differ by the substrate onto which the
catalyst was coated (see Fig. 1). For the GDE method, the catalyst
ink was sprayed onto gas diffusion layers (GDLs), and the result-
ing GDEs were hot-pressed with membranes (Nafion|Gr and
Nafion) at 250 psi and 150 °C for 3 min to form MEAs. For the
DS-CCM method, the catalyst ink was directly sprayed onto the
membrane, dried, and then hot-pressed at 250 psi and 150 °C
for 3 min after securing the catalyst area with PTFE sheets. For
the decal transfer (DT)-CCM method, the catalyst ink was
sprayed onto a PTFE film, which was then hot-pressed with the
membrane at 250 psi and 150 °C for 3 min; after cooling, the
PTFE film was carefully peeled off, yielding a DT-CCM. For both
DS-CCMs and DT-CCMs, GDLs were subsequently hot-pressed
onto the CCM at 125 psi and 120 °C for 1 min to complete the
MEA fabrication. In all cases, the geometric active area was
~1 em?® with a loading of 0.2 mg cm™> of Pt.

Prior to cross-sectional SEM imaging, the membrane elec-
trode assemblies (MEAs) fabricated via DT and GDE routes were
cooled in liquid nitrogen and fractured to expose their cross-sec-
tions. The resulting samples were mounted and directly imaged
with a Zeiss Merlin scanning electron microscope, eliminating
the need for conductive metal deposition. The thickness of
N211 after processing was as follows: GDE hot-press:
~23.75 pm, DT-CCM: ~26.67 pm, and CCM: ~25.92 pm.

Fuel-cell testing

Standard fuel cell tests were performed using a Scribner Inc.
850e test station, and cell test fixtures (Fuel Cell Technologies
5 cm® with single serpentine gas channels). PTFE sheets were
used to mask the cell fixture area to be ~1 cm” and desired
compression (125 psi). Polarization curves were collected by
sweeping voltage from 0.2 V to open-circuit-voltage (OCV) at an
interval of 0.05 V, and current was allowed to stabilize for
1 minute before recording the data. The cell was operated
under standard conditions (temperature: ~80 °C, relative
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humidity: 100%, and backpressure: ~150 kPa,p), with ~125
sccm hydrogen gas (at the anode) and ~500 sccm air (at the
cathode), respectively. Notably, graphene layer is closer to the
anode side."

Linear sweep voltammetry (LSV) was used to measure
hydrogen crossover.”® Humidified hydrogen gas (~125 sccm)
was fed through the cathode flow channel and humidified
nitrogen gas (~125 sccm) was fed to the anode. A Gamry
potentiostat (Gamry Reference 3000) was used to sweep the
voltage from 0.04 V to 0.7 V vs. SHE (Standard Hydrogen
Electrode) at a scan rate of 2 mV s~ at 80 °C and 150 kPas.
Currents measured from an LSV scan are due to the oxidation
of hydrogen gas at the anode that leaked across the mem-
brane. From a plot of current density vs. voltage, the hydrogen
crossover limiting current density was reported at a DOE stan-
dard of ~0.4 V. The electrochemically active surface area of
cathodes (ECSA) was measured at ~30 °C and ambient
pressure from hydrogen adsorption/desorption cyclic voltam-
mograms using an external potentiostat (Gamry Reference
3000). After purging the anode with H, and cathode with N,, a
hydrogen oxidation/reduction cyclic voltammogram was gener-
ated between 0.04 V and 1 V (vs. SHE) at 100 kPa,y, 30 °C, and
100% relative humidity, with a sweep rate of 20 mV s~*. The
hydrogen adsorption charge density (Q, with units of C ecm™2)
was calculated from the integrated area above the hydrogen
adsorption portion of the voltammogram (between 0.1 V and
0.4 V). The ECSA (with units of cm® gp. ') was calculated”®
using the equation:

FCsA = -2

I'-L
where I' is the charge density for a monolayer of H, on Pt
(~210 pC em™), L is the Pt loading (mg cm™?), and Q is the

hydrogen adsorption charge density (C cm™2).
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