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Construction of PTFE/Nafion Composite Membrane with
Ultrathin Graphene Oxide Layer for Durable Fuel Cells

Eunho Choi, Hojin Kang, Yeonghwan Jang, Ji Hoon Kim, Ho Seon Ahn, Sang Moon Kim,*
and Segeun Jang*

The long-term operation of polymer electrolyte membrane fuel cells (PEMFCs)
relies heavily on the durability of the perfluorinated sulfonic acid (PFSA, e.g.,
Nafion) membrane against chemical and mechanical degradation. To mitigate
mechanical degradation, the introduction of a reinforcing matrix, such as a
porous PTFE sheet, is employed. However, completely impregnating the PFSA
ionomer into the PTFE sheet through the conventional blade-coating method
using a highly viscous ionomer solution proves challenging. This limitation
results in decreased mechanical and proton transport properties. To reduce
proton transport resistance, thinner membrane thickness is desirable,
although it increases the amount of gas crossover, which generates radicals
and accelerates the chemical degradation of the membrane. In this study, a
spraying process utilizing a low viscous-solvent-rich ionomer solution is
experimentally optimized to construct a well-impregnated PTFE/Nafion
membrane and analyzed using a simple theoretical droplet-spreading model.
Furthermore, an ultrathin graphene oxide (GO) layer is introduced during the
membrane fabrication process with the same spraying technique for reducing
gas crossover while minimizing performance loss. The membrane electrode
assembly (MEA) with the prepared PTFE/Nafion membrane-incorporated
ultrathin GO layer shows significantly greater durability and initial
performance compared to the conventional MEA.

1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) have
emerged as a promising and sustainable technology for station-
ary and automotive applications.[1] To meet the growing demand
for requirements of extended lifetime in large-scale stationary ap-
plications (≈40 000 h) and public transportation such as taxis

E. Choi, H. Kang, Y. Jang, S. Jang
School of Mechanical Engineering
Kookmin University
Seoul 02707, Republic of Korea
E-mail: sjang@kookmin.ac.kr
J. H. Kim, H. S. Ahn, S. M. Kim
Department of Mechanical Engineering
Incheon National University
Incheon 22012, Republic of Korea
E-mail: ksm7852@inu.ac.kr

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admt.202301191

DOI: 10.1002/admt.202301191

or buses (>20 000 h),[2] enhancing both
the chemical and mechanical durabil-
ity of the membrane is necessary.[3]

The most commonly used material in
PEMFCs is the perfluorinated sulfonic
acid (PFSA) membrane, representatively
Nafion (Dupont Co.), due to its high
proton conductivity as well as suitable
chemical and mechanical stabilities.[4,5]

However, the high cost of PFSA must be
considered when commercializing PEM-
FCs for the aforementioned applications,
as it takes up to 12% of the total fuel cell
stack cost when considering 100 000 sys-
tems per year.[6] Reducing the membrane
thickness can lead to cost reduction and
minimize resistance by shortening the
proton transport route; however, it can
sacrifice the membrane’s mechanical
durability and accelerate the reactant gas
crossover through the membrane, which
in turn promotes radical generation-
induced chemical degradation.

Several studies have been conducted
to develop polytetrafluoroethylene
(PTFE)/Nafion (P/N) reinforced compos-
ite membranes (RCMs) using porous

PTFE sheets to improve their mechanical properties.[7,8] This is
because PTFE has high thermal resistance as well as excellent
mechanical and chemical endurance, and the backbone of the
Nafion is composed of PTFE.[9,10] This approach has enabled
the fabrication of thin membranes with minimal usage of PFSA
ionomer, and with this advantage, commercial products such as
GORE-SELECT have been represented as a successful case.[11,12]

However, incomplete impregnation of the ionomer into the PTFE
sheet through the conventional blade-coating method using a
highly viscous PFSA solution results in interfacial incompat-
ibility between hydrophilic ionomers and hydrophobic PTFE
fibers.[13–15] Therefore, it reduces proton transport and mechani-
cal durability and increases high-reactant gas crossover. Notably,
thinner membranes exacerbate the gas crossover issue and ac-
celerate radical (e.g., HO•, HOO•) generation through the Fen-
tons’ reaction of chemical species of dissolved metal ions (e.g.,
Fe2+) and H2O2.[16,17] These radicals are supplied from the corro-
sion of the bipolar plate (or humidifier) and the direct chemical
reaction of H2 and O2 on the catalyst, respectively.[18] These reac-
tive oxygen radicals attack the membrane and electrode, result-
ing in catastrophic failure characterized by membrane thinning,
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Figure 1. Schematics of the fabrication process of P/N RCM with an ultrathin GO layer and MEA by the spraying method. a) Spraying deposition system.
b,c) Consecutive spraying of an ionomer solution to a porous PTFE sheet on both the anode and cathode sides. d) Spraying a GO solution on the anode
side of P/N RCM. e) Fabrication of MEA by deposition of a catalyst ink to the prepared membrane. f) Digital camera images of P/N RCM with an ultrathin
GO layer (left) and the constructed MEA (right).

pinhole generation, ionomer degradation, and the oxidized car-
bon support of the catalyst.[4,19,20]

To address the issues associated with radical attack-induced
chemical degradation, the incorporation of radical scavengers
such as CeO2 within the membrane and electrode has been
widely adopted as an effective strategy.[21–23] Although the modi-
fied membrane with CeO2 showed dramatically improved chem-
ical stability during long-term operation, inevitable proton con-
ductivity loss has been observed because non-proton conducting
CeO2 nanoparticles tend to be agglomerated inside the mem-
brane and Ce3+/ Ce4+ ion substitutes the proton at the sulfonic
acid group.[24–26] The mobility of cerium ions during cell opera-
tion can reduce scavenging efficacy and cell performance.[27,28]

As an another approach to improving the chemical durability
of the membrane, the use of 2D materials such as graphene
oxide (GO)[29–32] and hexagonal boron nitride (h-BN)[33] has
been reported as a viable physical solution for introducing a
gas barrier within the membrane. When introducing a gas
barrier using 2D materials, forming a thin-stacked layered
structure is required to ensure proton conductivity while ef-
fectively preventing the crossover of gas molecules. However,
conventional blading-coating and solution-casting techniques
are not applicable. Lee et al.[33] proposed a direct spin-coating
method with 2D hBN on the commercial Nafion membrane
surface and observed significantly reduced gas crossover and
improved chemical durability during an open circuit voltage
(OCV) holding accelerated stress test. Although spin coating en-
ables the deposition of ultrathin layers on the membrane sur-
face, it is challenging to achieve a scale-up process and uni-
form coating due to the solution droplet-induced local membrane
swelling.

In this study, a spraying method for P/N RCM construction
is presented. To determine the optimized conditions for the ef-
fective impregnation of ionomers into a porous PTFE sheet, dif-
ferent flow rates of a low viscous-solvent-rich ionomer solution
are investigated experimentally and theoretically. To secure the
gas barrier property of thin P/N RCM (≈10 μm), an additional
ultrathin GO-stacked layer (≈150 nm) was sprayed at the mem-
brane’s anode side during the membrane fabrication process by
applying the same spraying method. Comparisons of different
GO loading amounts, as well as spatial arrangement of GO pow-
ders as layered or dispersed forms in the membrane, were made.
Compared to the MEA with commercial NRE 211 membrane
(≈25 μm), the MEA with a modified P/N RCM containing an ul-
trathin GO layer showed improved initial performance, thanks
to its thin-thickness and well-impregnation characteristic, as well
as enhanced chemical and mechanical durability due to the me-
chanically reinforcing effect of PTFE and alleviated radical gen-
eration by using GO as a gas-crossover barrier.

2. Results and Discusion

2.1. Fabrication of P/N RCM-UG

Figure 1a shows schematics of the spraying system used to con-
struct P/N RCM with an ultrathin GO layer (P/N RCM-UG)
and MEA. First, to secure uniform deposition characteristics, a
serpentine-like spray-travel path was applied. At the end of the
path, the serpentine pattern was rotated by 90°, and the center
position of the nozzle was shifted by halfwidth of spray-spot size
(≈1 mm). For the spraying system, a commonly used airbrush
was employed, and the pressure and distance of the nozzle to the
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substrate were fixed at 1.5 bar and 1.5 cm, and the flow rate with
spraying ionomer solutions was set to key factor determining the
degree of ionomer impregnation into a porous PTFE sheet. In
Figure 1b,c, the ionomer solution was sprayed to both sides of
the PTFE sheet to fully impregnate the ionomer solution into the
sheet. A low-viscous ionomer solution comprised a weight ratio
of IPA: 1-propanol: DI water: ionomer = 80:10:9:1. As shown in
Figure S1 (Supporting Information), while the DI water has a
high contact angle of 142.3° on the hydrophobic porous PTFE
sheet, the IPA has a small contact angle of 24.8°. This means
that wetting the PTFE with IPA, which has low surface tension,
can help the ionomer solution impregnate inside the nanoporous
PTFE through capillary action. However, due to the high evapo-
ration pressure of the IPA-rich solution, achieving full impreg-
nation of the ionomer on the opposite side of the PTFE sheet be-
comes challenging. Additionally, even if the ionomer reaches the
end, adequately covering the exposed opposite side of the PTFE
sheet surface poses a significant challenge (Figure S2, Support-
ing Information), which severely impedes proton transfer to the
interface of the membrane/electrode where the catalytic reaction
occurs dominantly. Therefore, the ionomer solution was sprayed
onto each side of the PTFE sheet separately, the membrane thick-
ness was easily controlled by the ionomer solution amount, and
the deposition time and spray-travel path were carefully checked
to secure repeatability and uniformity during the fabrication pro-
cess. After fabricating the thin P/N RCM, the additional GO layer
incorporation procedure was conducted (Figure 1d). The highly
dispersed GO solution was selectively applied to the anode side
of P/N RCM by forming an ultrathin-stacked structure. The layer
comprising 2D GO nanosheets can act as a barrier to reactant gas
(H2 and O2) crossover through the membrane. When the pro-
ton passes through the gap between the GO nanosheets, proton
transfer via the vehicle mechanism can be improved due to the
high water retention capacity of hydrophilic GO nanosheets.[34]

After constructing P/N RCM-UG, to construct MEA, a Pt/C cata-
lyst was deposited to both sides of the membrane using the same
spraying deposition method (Figure 1e). The digital camera im-
ages of the fabricated P/N RCM-UG (left) and constructed MEA
(right) are shown in Figure 1f.

2.2. Optimization of Spraying Conditions for P/N RCM

When the ionomer solution was sprayed from the spray nozzle
and moved to the PTFE sheet, some parts of the volatile sol-
vents (mainly IPA in this study) evaporated. The residue IPA
solvent with low surface tension readily wetted the hydropho-
bic PTFE sheet, facilitating effective ionomer impregnation in-
side the porous PTFE sheet via capillary injection. To confirm
the impact of IPA content on the impregnation of the PTFE
sheet with ionomer, we compared two different concentrations
of Nafion ionomer solution: 1 and 5 wt.%. The 5 wt.% Nafion
ionomer solution exhibited inadequate impregnation proper-
ties, resulting in high opaqueness and the presence of solidi-
fied Nafion agglomerated particles on the membrane, even un-
der the same fabrication process. In comparison, the 1 wt.%
Nafion ionomer solution did not exhibit these issues. In the
spray process, determining the proper discharged volume of
ionomer solution from the nozzle (i.e., flow rate) is important

to secure the proper residue solvent amount when reaching the
PTFE sheet. In this study, three different flow rate conditions
(Qopt/3, Qopt, and 3Qopt, where Qopt = 0.22 mL min−1) were in-
vestigated (Figure 2a–f). When the solution is sprayed from the
spray nozzle, it exists in the form of a cluster, and the droplet
size gradually becomes smaller as it is atomized while flying
toward the substrate.[35] If the flow rate of the solution is low
(Qopt/3), most of the solvent evaporates during droplet flight.
Therefore, the solidified ionomer particles can be deposited on
the PTFE sheet as a marked yellow dotted circle in the scan-
ning electron microscope (SEM) image (Figure 2a), while most
porous PTFE sheets are unfilled with an ionomer. This effect al-
lows the membrane to have opaque characteristics due to dif-
fuse reflection in the void (i.e., filled with air) spaces inside the
PTFE sheet (Figure 2d). Unlike low flow rates, under high flow
rate conditions (3Qopt), a large number of droplets are contin-
uously ejected from the nozzle. Therefore, much residue sol-
vent exists on the PTFE surface, and the following ionomer solu-
tion can collide with unsolidified ionomer clusters, resulting in
flooding. As flooding occurs on the PTFE sheet surface, the pre-
viously deposited unsolidified ionomer clusters tend to spread
outward and form large-ring-shaped structures by solidification.
As a result, the membrane surface morphology exhibits a corru-
gated pattern wherein the ionomer-unfilled region coexists with
the over-deposited region (Figure 2c,f). Under optimum flow
rate conditions (Q), the proper amount of residue solvent helps
the ionomer to be impregnated inside the PTFE sheet and can
be evaporated and solidified before approaching the following
ionomer solution. Therefore, the high quality of P/N RCM in
terms of ionomer impregnation, symmetricity, and surface uni-
formity can be achieved by optimizing the flow rate condition.
As shown in Figure 2b,e, P/N RCM has high transmittance and
uniform thickness.

To analyze the optimal flow rate conditions for constructing
P/N RCM through the spraying method, we introduced a simple
theoretical model and suggested a “k” value as follows:

k =
Covered Area by Droplets

Spray Spot Area
=

n
(

𝜋

4
D2

0

)
𝜋

4
D2

s

= n
(

D0

Ds

)2

(1)

where 𝐷𝑂 is droplet diameters that sprayed out from the noz-
zle and 𝐷𝑠 is spray-spot area on the substrate, respectively, and
𝑛 represents the number of droplets. Notably, k = 1 means
that the sprayed spot area would be completely covered with
the impacted droplet ionomer solution without an overlapped
region. For simplicity, we assumed that all the droplets were
spared out from the nozzle with a uniform diameter of 𝐷𝑂

. The spraying droplet size was assumed to be the same as
the droplet deposited on the substrate, and it was estimated
by averaging the deposited droplet size of the ionomer solu-
tion (Figure S4, Supporting Information). From the assumption,
𝑛 can be calculated by introducing the terms of the total vol-
ume of sprayed droplets (𝑈), flow rate (𝑄), spray-nozzle mov-
ing speed (𝑉𝑛), and spraying duration time (𝜏) on a unit spot
area.

n =
Q ⋅ 𝜏
1
6
𝜋D3

0

from the relation of U = Q ⋅ 𝜏 = n 1
6
𝜋D3

0 (2)

Adv. Mater. Technol. 2023, 2301191 © 2023 Wiley-VCH GmbH2301191 (3 of 11)

 2365709x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202301191 by Incheon N
ational U

niversity, W
iley O

nline L
ibrary on [30/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advmattechnol.de

Figure 2. (a–f) SEM images of P/N RCM by varying the flow rate conditions of a) Qopt/3, b) Qopt, c) 3Qopt, where Qopt = 0.22 mL min−1 and d–f)
corresponding cross-sectional SEM images, respectively.

where 𝑄 is the three different flow rates used in experiments and
𝜏 is equal to 𝐷𝑠/𝑉𝑛. Therefore, the “k” value can be represented
as a function of 𝑄, 𝑉𝑛, 𝐷0, and 𝐷𝑠, in which key parameters are
summarized in Table S1 (Supporting Information).

k = n
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D0

Ds
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Q ⋅ 𝜏
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6Q
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The values of “k” for different flow rates are plotted in
Figure 3, where the k values for flow rates of Q/3, Q, and 3Q are
calculated to be 0.59, 1.26, and 2.0, respectively. Notably, when the
solution was applied at a flow rate of Q, the resulting k value was
closest to the ideal value of 1, and this result agrees well with the
observation of the well-impregnated P/N RCM with high trans-
parency. For low Q values, liquid droplets failed to sufficiently
cover the complete spot area with solidified ionomer particles

from rapid solvent evaporation; however, excessive coverage of
the liquid droplet-induced flooding would appear on the PTFE
sheet surface for 3Q values. This finding suggests that optimiz-
ing spraying conditions such as flow rates by balancing the spray-
spot area and number of droplets that covered the spot area is cru-
cial for achieving highly impregnated and uniform P/N RCM. In
this study, we identified the optimal spraying condition “Q” for
constructing P/N RCMs and utilized this condition for incorpo-
rating an ultrathin GO layer and catalyst layers.

2.3. Characterization of GO

The SEM and TEM (transmission electron microscope) im-
ages (Figure 4a,b) show the anisotropic and elongated acicular
grains of GO powders with wrinkled structures on the surface.
A selected area electron diffraction (SAED) pattern of the GO

Figure 3. a) Schematics of the varying the flow rate conditions. b) Coverage indicator “k” for different flow rate conditions for P/N RCM construction.
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Figure 4. Morphological characterization of GO powders with a) SEM and b) TEM images, respectively. c) Cross-sectional SEM images of P/N RCM
with an ultrathin GO layer. d) Structural characterizations of GO powders with XRD patterns, e) XPS full spectrum, and f) C 1s XPS spectra.

powders displayed several hexagonal rings with different spot
sizes and the presence of domain boundaries in the selected re-
gions, which confirmed that the GO powders comprised a mul-
tilayered structure of highly crystalline GO sheets (Figure S5,
Supporting Information). The XRD (X-Ray diffraction) pattern
(Figure 4d) indicates a sharp peak at 11.1 degrees, correspond-
ing to the (001) lattice with spacing d001 ≈7.968 Å, and a small
peak at 42.2 degrees, corresponding (101) lattices of in-plane
graphitic sp2 crystals with spacing d101 ≈2.141 Å.[36] The spac-
ings of the samples were calculated using Bragg’s law with a
wavelength of 1.5412 Å.[36,37] The chemical structure of GO pow-
der was analyzed using XPS (X-ray photoelectron spectroscopy)
spectra (Figure 4e), revealing that the GO powder contained C,
O, and S elements with a low C/O ratio of 1.38 compared to the
general range of 1.5–2.5.[38] Figure 4f shows the C 1s XPS spec-
tra of the GO powder normalized to the peak at 284.6 eV, and
the spectra were deconvoluted into sp2 (284 eV), sp3 (284.6 eV),
epoxy/hydroxyls (C─O, 286.6 eV), carbonyl (C═O, 288 eV), and
carboxylates (O─C═O, 289.2 eV) bonds to calculate the propor-
tion of chemical bonds. The GO shows a relatively low carbon
amount of 38.71, including sp2 and sp3 peaks, which means that
the GO used in this study has a high oxidation degree. There-
fore, the dispersion characteristics of GO for constructing the
ultrathin-stacked layer, as well as the water retention capacity for
alleviating proton transport loss due to the insertion of non-ion-
conducting materials, can be improved. The calculated values
from the XPS spectra are summarized in Table S2 (Supporting
Information). To compensate for the gas barrier property of thin
P/N RCM (≈10 μm), an additional GO layer was introduced at
the anode side of the membrane at the end of the membrane fab-

rication process under the same spraying conditions. The mag-
nified inset image of the constructed membrane, as displayed in
Figure 4c, showed the existence of an ultrathin GO-stacked layer
(≈150 nm with GO loading amount of 0.011 mg cm−2) at the out-
ermost part of the membrane. In the case of the relatively lower
loading amount of GO as 0.0056 mg cm−2, it hardly acts as a gas
barrier due to insufficient stacked layers of GO with ≈50 nm.
The hydrogen crossover current density (HCCD) was reduced by
14.1%, while the GO with 150 nm showed a reduction of 46.9%.
By considering a similar performance decay of 5% and 7.4% for
50 and 150 nm GO layers, respectively, the proper thickness of
GO was determined as 150 nm (Figure S6, Supporting Informa-
tion).

2.4. Characterizations of P/N RCM with Different GO Usages

Conventional methods of incorporating inorganic/organic fillers
as reinforcing agents in the membrane involve simple mixing
and dispersion of the fillers in the ionomer solution, followed by
casting together. This results in random filler distribution within
the membrane, often leading to agglomeration due to bulk evap-
oration during the membrane fabrication process. However, the
spraying method is effective in controlling the spatial distribu-
tion of fillers due to layer-by-layer deposition characteristics. To
confirm the efficacy of the GO-stacked layer on the membrane’s
outermost surface, a comparison of the GO spatial arrangement
of GO in P/N RCM with layered and dispersed forms was further
investigated (Figure 5a). Although the same loading GO amount
of 0.011 mg cm−2 was used, the MEA with P/N RCMUG showed
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Figure 5. a) Schemes for the ultrathin GO layer and randomly distributed GO in P/N RCM. b) Polarization curves for the prepared three P/N RCMs with
different GO distributions. c) Ohmic and charge transport resistances from EIS spectra at 0.8 V. d) LSV spectra for hydrogen crossover current densities.
e) Stress–strain curves. f) Calculated values of Young’s modulus and toughness.

a 9% higher performance (0.834 W cm−2) than that of the P/N
RCM with randomly distributed GO (P/N RCM-DG) (Figure 5b),
with significantly smaller ohmic resistance (Rohm) and charge re-
sistance (Rct) of 15.8% and 22%, respectively (Figure 5c) obtained
from EIS (Electrochemical impedance spectroscopy) spectra at
0.8 V. Notably, the HCCD of the P/N RCM-UG was measured
at 1.56 mA cm−2, which is ≈62% lower than the P/N RCM-DG
(Figure 5d). The following reasons explain the observed poor per-
formance of the P/N RCM-DG. The spatially distributed GO can-
not effectively block the gas crossover, and GO can clog the PTFE
sheet pores to prevent ionomer impregnation into the sheet. In
addition, the ultrathin GO layer at the membrane’s outermost
surface can prevent the clogging-induced reduction of Rohm
while effectively reducing the reactant gas crossover, which no-
tably increases as the membrane thickness decreases. Therefore,
thin P/N RCM with high performance and high gas tightness can
be synthesized using a GO layer. To further demonstrate the effi-
cacy of the GO layer, electrochemical measurements for the MEA
with a thicker P/N RCM membrane with 15 μm thickness have
been conducted. As shown in Figure S7 (Supporting Informa-
tion), the P/N RCM-UG with a 10 μm thickness exhibited a 20%
lower hydrogen crossover current density than thicker P/N RCM
with a 15 μm thickness, with only 2.6% reduction in maximum
power density. The results indicate that the ultrathin GO layer
can effectively block hydrogen crossover while minimizing per-
formance sacrifice. The mechanical properties of P/N RCM-UG
were investigated after confirming the efficacy of the GO-stacked
layer for a gas barrier with minimal performance loss.

Figure 5e shows the stress–strain behavior of the prepared
membranes of NRE 211 (commercial Nafion membrane with
≈26 μm thickness), P/N RCM, and P/N RCM-UG. Figure 5f
shows the obtained key mechanical property indicators of
Young’s modulus and toughness. Young’s modulus is the slope
of the linear part of the stress–strain curve, and toughness is the
ability of a material to absorb energy and plastically deform with-
out fracturing, which can be calculated by integrating the stress–
strain curve.[39,40] P/N RCM-UG exhibited the highest Young’s
modulus of 585 MPa and toughness of 50.3 MJ m−3 among
the samples due to the reinforcing effect of mechanically robust
PTFE sheet and further introduction of GO-stacked layers. Pre-
vious research has demonstrated that incorporating GO into the
Nafion membrane can enhance the mechanical strength of the
membrane.[41–44] This is because GO has a high Young’s modu-
lus of 200–600 GPa.[37,45–48] In the case of a layered structure, the
effective Young’s modulus can be calculated as the sum of the
Young’s modulus of each material in the layers multiplied by the
respective thickness fraction.[49] Remarkably, even if the stiff layer
is considerably thinner than the soft layer, a substantial enhance-
ment in the effective Young’s modulus is achievable. Although,
in our experiment, GO flakes were sprayed and stacked to form
a film, which results in a lower value than the intrinsic modulus
of GO, their effective Young’s modulus can still be much higher
than the Nafion membrane. The measured Young’s modulus of
P/N RCM-UG, 585 MPa, can be calculated by considering the
Young’s modulus of approximately 10 GPa for the stacked GO
layer. This result indicates that although the thickness fraction of
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Table 1. Ion conductivity, dimensional stability, and water uptake of the
prepared membranes..

Samples Proton
conductivity at
70 °C [S cm−1]

Dimensional
stability [length]

[%]

Dimensional
stability [thickness]

[%]

Water
uptake

[%]

NRE 211 0.2126 19.2 16 26.2

P/N RCM 0.1856 5.6 27.2 20

P/N RCM-UG 0.1791 5.9 29.4 21.7

the GO layer in the membrane is only 1.5%, a 35% improvement
in Young’s modulus can be achievable. This mechanical prop-
erty is further confirmed by the high dimensional stability of the
membrane through the in-plane direction while higher changes
in the thickness direction (Table 1), which means that the mem-
brane can effectively resist mechanical failure even with a thin
film thickness of ≈10 μm, with this thin film thickness compen-
sating for the inevitable reduction of proton conductivity due to
non-conducting materials.

2.5. Single-Cell Tests

To evaluate the performance and durability of the MEA with
P/N RCM-UG, OCV wet/dry tests were conducted for the mem-
brane and reference commercial NRE 211 membrane. The OCV
wet/dry test based on the US DOE (Department of Energy) pro-
tocol was used for evaluating both the mechanical and chemical
durability of MEAs.[50] The experimental protocol was operated at

a constant temperature of 90 °C while repetitively changing the
relative humidity (RH) between RH 100 to RH 0; this condition
induced the mechanical failure of the membrane by repetitive
swelling/shrinkage and chemical degradation of the membrane
by radical attack. Under the OCV conditions of high temperature
and low humidity, a large amount of reactive O2 gas migrates
to the anode side, and H2 gas on the anode side crossover to the
cathode side. And a direct chemical combustion reaction between
H2 and O2 yields H2O2. The Fenton reaction of H2O2 and metal
cations such as Fe2+ from the system generates hydroxyl (HO•)
and hydroperoxyl (HOO•) radicals.

Figure 6a shows the OCV fluctuation of the MEAs during the
test. MEA with P/N RCM-UG exhibited a much slower decay
trend than that of NRE 211. P/N RCM-UG exhibited a lower
OCV drop rate of 1.57 mV h−1 compared to that of NRE-211
of 3.17 mV h−1, which is over 100% higher than that of P/N
RCM-UG. This indicates that NRE 211 is chemically and me-
chanically mal-functioned, and P/N RCM-UG can impart high
chemical and mechanical durability to MEA. This is due to the
use of a porous PTFE sheet and the introduction of a gas bar-
rier for alleviating radical generation. Figure 6b shows the po-
larization curves of the prepared MEAs before the OCV wet/dry
test (i.e., BOL). The maximum power density (Pmax) of the MEA
with P/N RCM-UG (0.834 W cm−2) exceeded that of the MEA
with NRE 211 (0.779 W cm−2) because the well-impregnated
ionomer into the porous PTFE sheet under optimized spraying
conditions alleviated proton transport loss due to the existence
of the PTFE sheet, with the ultrathin GO layer imparting thin-
ness to the membrane. Figure 6c shows the polarization curves

Figure 6. a) OCV spectra during an accelerated OCV wet/dry test for 125 h (6000 cycles). b,c) Polarization curves before (b) and after (c) OCV wet/dry test.
d–g) Measured hydrogen crossover current density (d), normalized ECSA (e), electrode proton transport resistance (f), and fluoride ion concentration
(g) after 0, 3000, and 6000 wet/dry cycles.
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Figure 7. a–f) Cross-sectional and surface SEM images of MEAs with NRE 211 and P/N RCM-UG before and after OCV wet/dry cycles.

of MEAs after OCV wet/dry tests for 6000 cycles (corresponding
to ≈125 h). The MEAs with NRE 211 exhibited a significantly re-
duced performance in all the current density regions, suggesting
that the catalyst (i.e., activation loss), membrane (i.e., ohmic loss),
and electrode degradation (i.e., overall loss, including electrode
proton transport loss) occurred during the test, and showed a
much lower Pmax (0.395 W cm−2) than the P/N RCM-UG (0.738 W
cm−2). Figure 6d displays the change in HCCD during the OCV
wet/dry test at the initial state, after 3000, and 6000 cycles. As ob-
served in the OCV fluctuation spectra, the MEA with NRE 211
was rapidly degraded after 3000 cycles and exhibited a signifi-
cantly increased HCCD of 294 mA cm−2, while the P/N RCM-UG
showed 14.8 mA cm−2, indicating that the NRE 211 mechanical
degradation increased reactive gas crossover through the mem-
brane, thereby accelerating radical generation and attack. Figure
S9 (Supporting Information) shows the CV spectra during the
wet/dry test at an initial state, after 3000, and 6000 cycles. For
the MEA with NRE 211, the CV curve gradually rose in the +
y direction (i.e., positive current) due to the oxidation reaction
of H2 near the cathode, which was attributed to increased gas
crossover during the test. The electrochemically active surface
area (ECSA) was also reduced by 85.7% in NRE 211 after 6000
cycles, while P/N RCM-UG dropped by 32.4% (Figure 6e). The de-
creased ECSA resulted from the decreasing triple-phase bound-
ary due to the radical attack-induced degradation of the ionomer
and catalyst. Figure 6f shows the electrode proton transport re-
sistance calculated from the H2/N2 EIS spectra at 0.2 V based
on the transmission line model. Figure S10 (Supporting Infor-
mation) shows the EIS spectra for the MEAs with NRE 211 and
P/N RCM-UG. The MEA with NRE 211 exhibited significantly
increased proton transport resistance from 0.0368 Ω cm2 (initial)
to 0.1511 Ω cm2 (6000 cycles), while the MEA with P/N RCM-
UG exhibited a slight increase value from 0.0411 Ω cm2 to only
0.0555 Ω cm2. The rapid increase in electrode proton transport
resistance may come from the interfacial contact issue between
the membrane and electrode during wet/dry cycling as well as
ionomer degradation from radical attack. To quantify the degree

of chemical degradation of the membrane and ionomer with the
same molecular structure as perfluorosulfonic acid that contains
fluorine, the drain water during the OCV wet/dry test was col-
lected after 3000 and 6000 cycles. The accumulated concentra-
tion of fluoride ions from drain water for 3000 (6000 cycles) was
calculated as 1.2 ppm (1.5 ppm) and 0.126 ppm (0.478 ppm) for
NRE 211 and P/N RCM-UG, respectively (Figure 6g).

As determined by post-mortem analysis of MEAs using SEM
measurements, severe membrane thickness reduction of the
MEA with NRE 211 (26–14.6 μm) in Figure 7a,b and electrode
crack formation were observed during the OCV wet/dry test in
Figure 7c. The reduction of membrane thickness is mainly at-
tributed to chemical degradation induced by radical attack on
the electrolyte membrane.[16,51–53] The generation of cracks in
the electrode layer can be attributed to the greater dimensional
change of NRE 211 in response to repetitive swelling/shrinking
cycles of the electrode. However, the MEA with P/N RCM-UG
exhibited almost similar membrane and electrode status com-
pared to that of the initial state in Figure 7d–f. Therefore, using
an optimized spraying method for impregnating ionomer into a
PTFE sheet and the ultrathin gas barrier with a GO-stacked layer
can impart thin film thickness to the membrane for high perfor-
mance and durability against mechanical and chemical degrada-
tion due to high dimensional stability and alleviation of radical
generation. The measured electrochemical properties of the pre-
pared MEAs during OCV wet/dry test are summarized in Table 2.

3. Conclusion

This study demonstrated a spraying method for P/N RCM con-
struction. The flow rate of the ionomer solution for optimally
impregnating the ionomer into the porous PTFE sheet was op-
timized experimentally and confirmed using a simple theoreti-
cal droplet-spreading model. To secure the gas-blocking property
for the thin membrane, the ultrathin GO-stacked layer was in-
troduced at the membrane’s outermost surface using the same
spraying method. The proper GO loading amount and spatial
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Table 2. Summary of the measured electrochemical properties of the prepared MEAs during OCV wet/dry test..

Samples OCV [V] P max
[W cm−2]

Current density at
0.6 V [A cm−2]

Rohm
[Ω cm2] at 0.8 V

RLF-HF [Ω cm2]
at 0.8 V

LSV [mA cm−2]
at 0.5 V

ECSA
[]m2 gpt

−1]
Electrode proton

resistance [Ω cm2]

Initial

NRE 211 0.96 0.78 1.16 0.0478 0.3715 1.32 49.17 0.0538

P/N RCM-UG 0.93 0.83 1.2 0.0384 0.4143 1.54 53.28 0.0489

OCV wet/dry 3k cycles

NRE 211 0.895

(−7.2%)

0.55

(−30%)

0.43

(−62.8%)

0.0428

(−10.5%)

2.1700

(+484.1%)

1.58

(+19.7%)

38.84

(−21%)

0.0595

(+10.6%)

P/N RCM-UG 0.9

(−3.2%)

0.78

(−6.5%)

0.85

(−29.2%)

0.0404

(+5.2%)

1.0286

(+148.3%)

1.61

(+4.5%)

46.32

(−13.1%)

0.0521

(+6.5%)

OCV wet/dry 6k cycles

NRE 211 0.76

(−20.9%)

0.40

(−49.3%)

0.24

(−79.1%)

0.0503

(+5.2%)

6.0674

(+1533.2%)

294

(22 172.7%)

6.61

(−86.6%)

0.1120

(+108.2%)

P/N RCM-UG 0.87

(−6.5%)

0.74

(−11.5%)

0.59

(−50.8%)

0.0407

(+6%)

1.8889

(+355.9%)

14.8

(+861%)

36.03

(−32.4%)

0.0597

(+22.1%)

arrangement were also investigated in terms of electrochemi-
cal and mechanical properties. The MEA with optimized P/N
RCM-incorporated ultrathin GO layer exhibited higher initial
performance compared to commercial NRE 211, thanks to its
thin film thickness of ≈10 μm, a feature of well-impregnated
ionomer into non-conducting PTFE sheet, and alleviated gas
crossover. Furthermore, the MEA exhibited significantly higher
mechanical and chemical durability during the accelerated OCV
wet/dry test. While the PTFE sheet imparted high dimensional
stability to the membrane to withstand the swelling/shrinking
during repetitive wet/dry conditions, introducing a gas bar-
rier helps alleviate the generation of radicals by reducing re-
active gas crossover through the membrane. We believe that
this methodological approach with spraying techniques, which
is widely used in the industrial field, will pave the way for devel-
oping high-performance and mechanically/chemically durable
membranes for diverse electrochemical energy conversion
devices.

4. Experimental Section
Preparation of Materials: Porous PTFE sheet (gen4; Donaldson Tetra-

tex), graphite powder (325 mesh, 45 μm; Sigma–Aldrich), 2-propanol
(99.5%; Samchun Chemical Inc.), Nafion ionomer solution (5 wt.%;
Sigma–Aldrich), ethanol (99.5%; Samchun Chemical Inc.), and deionized
(DI) water were used to fabricate the reinforced composite membrane. A
Nafion ionomer was diluted to 1 wt.% using 2-propanol, and GO pow-
der was dispersed in ethanol and DI water with 0.02 wt.%. Sulfuric acid
(70%; Samchun Chemical Inc.) was diluted with DI water to have a 1 m
concentration and was used for membrane reprotonation. A Pt/C cata-
lyst (46.9 wt.%; Tanaka Inc.) was used for MEA construction. A total ionic
strength adjuster buffer solution and calibrated fluoride ion-selective elec-
trode (A214, Thermo Scientific) were used to measure fluoride ion con-
centration.

Synthesis of GO: A graphite source (3 g) was mixed with a
H2SO4/H3PO4 (360: 40 mL) solution. Then, a KMnO4 oxidant was

dropped into the mixture under vigorous stirring at 800 rpm for 10 min.
The reaction continued for 22 h at 50 °C, and the neutralization process
was followed by adding DI water (400 mL) and H2O2 (3 mL, 30%) at
1200 rpm in the ice bath. Afterward, a vacuum filtration process was per-
formed, and multiple steps of rinsing with centrifugation at 4,000 rpm
were conducted. The precipitated GO was refiltered to obtain a GO cake,
and the dehydration process with a 48 h freezing dry was executed. Finally,
the GO powder was obtained by grinding the GO cake in a bowl.

Fabrication of the Reinforced Composite Membrane and MEA: The di-
luted Nafion ionomer solution was sprayed onto a PTFE sheet using a
lab-made spray-coating system. This system was constructed by combin-
ing an airbrush with a commercial 3D printing machine (Ender-3; Shen-
zhen). When we sprayed the Nafion ionomer solution, since the solution
was more infiltrated into the porous PTFE sheet when sprayed initially, a
1.4 times larger ionomer solution was sprayed to the first front side than
the after backside to ensure symmetrical placement of the porous PTFE
sheet. After spraying the Nafion ionomer and GO solution, the fabricated
membrane was dried at 80°C for 1 h to remove residual solvent and an-
nealed at 130 °C for 2 h to improve Nafion crystallization. Following the
annealing process, sulfuric acid treatment was performed at 80 °C for 1 h,
and the residue solvent was thoroughly washed away with deionized water.
Next, to fabricate MEA, a catalyst slurry comprising a Pt/C catalyst, Nafion
ionomer, DI, and 2-propanol was prepared with an ionomer-to-carbon ra-
tio of 0.6. The dispersion process for the catalyst slurry was performed us-
ing a vortex mixer and ultrasonication treatment. Then, the prepared cat-
alyst slurry was deposited onto the fabricated membrane using the same
spraying method. All the MEAs were manufactured with the same catalyst
loading amount of 0.2 mgPt cm−2 for both the anode and cathode, with
an active area of 5 cm2.

Characterization: Surface and cross-sectional images of the mem-
branes were measured using an FE-SEM (JSM-7410F; JEOL LTD) at a 5 kV
accelerating voltage. To measure ion conductivity, samples were cut into
1 × 4 cm sizes and placed in contact with four Pt wires spaced 1 cm apart,
and the assembly was tightly fastened using two-end plates and 8 bolts.
The EIS was performed with the 4-point method by supplying fully humid-
ified N2 gas at 70 °C, after which the in-plane ion conductivity (𝜎) was
calculated using Equation 4:

𝜎 = L
R × A

(4)
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where L, R, and A represent the width, resistance, and thickness of the
membrane, respectively. The water uptake capacity and dimensional sta-
bility of the membranes were calculated using the following equations:

Thickness change (%) = 100 × Δt
ti

(5)

Length change (%) = 100 × ΔL
Li

(6)

Water uptake (%) = 100 × Δm
mi

(7)

To obtain the initial thickness (ti), length (Li), and mass (mi) of the
membrane, the membrane was cut into 1 × 1 cm size and dried in a
vacuum oven at 80 °C for 12. After cooling to room temperature, each
value of ti, Li, and mi was measured. The final thickness (tf), length (Lf),
and mass (mf) were obtained by fully hydrating the membranes with DI
water at 80 °C for 12 h and removing residual water on the membrane
surface. The ∆ value was calculated as the final value minus the initial
value.

Single-Cell Test and OCV Wet/Dry Durability Test: The single cell was
constructed by assembling each fuel cell part of the gas diffusion layers
(39BB), Teflon gaskets, bipolar plates (Graphite, 1 mm channel height
and width), and the prepared MEA. After connecting the single cell to
the PEMFC station (CNL Energy Inc.), the polarization curves were ob-
tained using the current sweep method at a scan rate of 50 mA cm−2 un-
der cell temperatures of 80 °C and RH100 by supplying fully humidified
H2 (300 mL min−1) and air (1000 mL min−1) to the anode and cathode,
respectively. Under the same conditions, the corresponding EIS spectra
were obtained using an impedance analyzer (HCP-803; BioLogic Inc.) with
an amplitude of 10 mV and a frequency range of 100 kHz–100 mHz at
0.8 V. To calculate the ECSAs, CV spectra were measured using a potentio-
stat (HCP-803; BioLogic Inc.) at a scan speed of 100 mV s−1 under 0.05–
1.2 V by supplying fully humidified H2 (50 mL min−1) and N2 (200 mL
min−1) to the anode (pseudo reference and counter electrode) and cath-
ode (working electrode), respectively. After changing the H2 flow rate to
200 mL min−1, LSV was measured at a scan speed of 2 mV s−1 under 0.1
– 0.55 V. The HCCD was determined at 0.5 V. Under the same conditions,
H2/N2 EIS was conducted to analyze the electrode proton transport re-
sistance at 0.2 V, with an AC amplitude of 5 mV and a frequency of 70
mHz–100 kHz.[54] After completing the initial performance test of MEA,
an OCV wet/dry test was conducted. For this experiment, fully humidified
H2 and air gas were applied at 200 mL min−1 every 45 s, followed by non-
humidified H2 and air gas applied at 200 mL min−1 every 30 s at a cell
temperature of 90 °C, and this constitutes 1 cycle. During the repeated cy-
cling test, the IV curve, EIS spectra, CV spectra, and LSV were measured at
3000 and 6000 cycles. Drain water was collected at 3000 and 6000 cycles
to examine the concentration of emitted fluorine ions.
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the author.
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