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ABSTRACT: Developing a method for fabricating high-efficient
and low-cost fuel cells is imperative for commercializing polymer
electrolyte membrane (PEM) fuel cells (FCs). This study
introduces a mechanical and chemical modification technique
using the oxygen plasma irradiation process for hydrocarbon-based
(HC) PEM. The oxygen functional groups were introduced on the
HC-PEM surface through the plasma process in the controlled
area, and microsized structures were formed. The modified
membrane was incorporated with plasma-treated electrodes,
improving the adhesive force between the HC-PEM and the electrode. The decal transfer was enabled at low temperatures and
pressures, and the interfacial resistance in the membrane−electrode assembly (MEA) was reduced. Furthermore, the micropillar
structured electrode configuration significantly reduced the oxygen transport resistance in the MEA. Various diagnostic techniques
were conducted to find out the effects of the membrane surface modification, interface adhesion, and mass transport, such as physical
characterizations, mechanical stress tests, and diverse electrochemical measurements.
KEYWORDS: fuel cell, hydrocarbon membrane, plasma, microstructure, adhesion, mass transport

1. INTRODUCTION
Polymer electrolyte membrane (PEM) fuel cells (FCs) have
been in the spotlight as next-generation energy sources due to
their high-energy conversion efficiency and zero-emission
operation. Over the past few decades, intensive research has
been conducted to fabricate a highly efficient membrane−
electrode assembly (MEA), allowing technical maturity to
reach commercialization. However, many challenges must be
solved for successful commercialization, such as the long-term
stability and system cost of PEMFC.1−4 Because expensive
catalysts and membranes are needed currently for manufactur-
ing MEA, the capital cost of PEMFCs is not yet competitive in
the market. It is far below the Department of Energy’s system
cost target of $30 kW−1.5 Among the expensive materials for
MEA, perfluorosulfonic acid (PFSA) is the most widely used
proton conductive polymer due to its high conductivity,
chemical stability, and mechanical robustness. However, the
fluorinating process for the fabrication of the membrane causes
environmental problems and a high material cost of $500 m−2

or more (for commercially available Nafion membranes), and
the high gas permeability of the membrane causes the chemical
degradation of MEA.6,7

Great efforts have been made to develop cheaper
membranes with superior membrane properties to commercial
PFSAs. Primarily, nonfluorinated hydrocarbon-based (HC)

PEMs have been widely studied.8−12 These HC-PEMs are
promising electrolyte materials with several advantages, such as
low gas permeability, excellent thermal stability, and physical
properties.13 Typically, HC-PEMs are based on readily
available and inexpensive materials. Also, the eco-friendly
synthesis process of HC-PEMs has the advantage of reducing
production costs by eliminating fluorinating steps. Therefore,
HC-PEMs are noteworthy as cost-effective cation-exchange
membranes to replace high-cost PFSA-PEMs, such as Nafion,
Flemion, and Aciplex.1,14 For application to PEMFCs, HC-
PEM is incorporated into MEA with PFSA ionomer-containing
catalyst layers (CLs). However, poor compatibility and
adhesion due to different chemical properties of HC and
PFSA polymers causes interfacial issues between them,
eventually weakening their performance and durability.15

Therefore, several efforts have been made to improve the
compatibility between the HC-PEM and PFSA-CL chemically
or mechanically. For example, chemical modification ap-
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proaches, such as synthesizing partially fluorinated HC-
PEM,16−18 employing HC-ionomer in CL,15,19,20 and
introducing an interfacial adhesion layer based on a PFSA
ionomer,21,22 were reported. Jeong et al. developed the
interface adhesion layer approach by forming the layer with
mixed HC and PFSA ionomers with gradient compositions,
improving the interfacial bonding strength and stability
between HC-PEM and PFSA-CL.21 Regarding the mechanical
modification approach, introducing micro-/nanostructures or
roughness at the interface has achieved a mechanical fastener
effect from interlocked geometry.23−25 Recently, Oh et al.
introduced solvent vapor and partially dissolved the HC
membrane. The solvent-vapor-induced interface modifying
method impregnated the membrane into cathode CLs,
enlarging the electrochemical surface area and reducing
interfacial resistance.23 However, most approaches require
newly synthesized materials or complicated processes using
high-boiling-point solvents not easily applicable to the
membrane dual-side modification approach and need a post-
treatment process to remove residual solvent. Therefore, there
is a great need for a new strategy that can be easily applied to
the commercial MEA manufacturing process (e.g., the decal
transfer method) while improving interfacial adhesion and
system performance.
This study introduces a combined mechanical and chemical

strategy for enhancing the HC-PEM/CL interface of PEMFC
using a spatially controlled oxygen plasma irradiation method.
Microsized holes and oxygen functional groups were
successfully introduced onto the HC membrane’s surface
through an oxygen plasma-etching process using a polymer
stencil with regular openings. The modified membrane was
easily incorporated with oxygen plasma-treated electrodes
using a low-temperature and low-pressure decal transfer
method due to enhanced interface adhesion force. By
mechanical bonding and shear force measurements, the
microsized structures in the HC-PEM and the chemical
functional group on its surface were found to improve the
bonding strength between HC-PEM and PFSA polymers. Also,
the modified MEA showed significantly improved power
density with decreased Ohmic and mass-transport resistances.
By applying a transmission line model, the improved bonding
strength prevented exfoliation of the electrode from the
membrane and reduced Ohmic and proton transport
resistances at the interface. Furthermore, a detailed analysis
of the limiting current density verified that the modified MEA
showed remarkably reduced oxygen transport resistance within
the electrode because of the micropillar structure inducing a
highly porous electrode array region, functioning as an oxygen
transport highway.

2. EXPERIMENTAL SECTION
2.1. Preparing an HC-Based Membrane. Sulfonated poly

(arylene ether sulfone) with 40% disulfonate (BPSH-40) (Aquafone,
YANJIN Technology, China) was prepared for a 10 wt % polymer
solution in dimethylacetamide. The polymer solution was filtered
using a 0.45 μm Teflon syringe filter. The solution was cast on a glass
plate and dried in a vacuum oven to remove the solvent.
2.2. Constructing a Polymeric Stencil Mask with Microsized

Apertures. The fabrication process of a polymeric stencil has been
described in detail in the previous paper26 and is summarized here.
First, to prepare a polydimethylsiloxane (PDMS) mold with
microsized pillar arrays (diameter 20 μm), a curing agent and base
(Sylgard 184 kit, Dow Corning) were mixed in a weight ratio of 1:10
and poured onto the prepared silicon master with microsized holes

(diameter 20 μm) and cured at 80 °C for 1 h. A flat PDMS mold was
prepared similarly on a flat silicon master. Next, 100 μl of ultraviolet
(UV)-curable polyurethane acrylate (PUA, 311RM) resin (Chang-
sung sheet, Korea) was applied between the patterned PDMS and the
flat PDMS, and the assembly was gently pressed. The assembly was
cured using a UV cure system (Minuta technology, Korea) for ∼1
min, at 15 W cm−2. Oxygen permeation through gas-permeable
PDMS molds inhibits free-radical polymerization by scavenging
initiator radicals at the interface between flat and pillared structures.
Therefore, a thin polymeric film with a uniform 20-μm-sized aperture
array was fabricated, and the polymeric stencil was further cured for 1
h for complete curing.
2.3. Simultaneous Chemical and Mechanical Modification

Process. A conformal contact with the membrane was formed by
laminating the prepared stencil thermally on the HC membrane at a
pressure of 5 MPa at 80 °C. To selectively etch the membrane, the
assembly was kept in a vacuum plasma chamber (Femto Science,
Korea). During the process, the pressure was maintained at ∼4.5 ×
10−1 torr working pressure, with an oxygen flow rate of 20 sccm, a
frequency of 50 kHz, and a power of 100 W. In this study, the etching
rate was carefully controlled at 0.068−0.075 μm min−1. Due to the
polymeric stencil with regular openings, only the uncovered surface
was etched to form a 20-μm-sized regular structure. Finally, the stencil
was exfoliated, resulting in a mechanically and chemically modified
HC-based membrane (MC-HC). To prepare a chemically modified
membrane (C-HC) or additionally introduce oxygen functional
groups to the electrode and MC-HC, the plasma process was
performed for 2 min under a working pressure of ∼3.2 × 10−1 torr, an
oxygen flow rate of 10 sccm, a frequency of 100 kHz, and a power of
25 W.
2.4. MEA Preparation. The prepared membrane (35 ± 2 μm

thick) was treated with 1 M sulfuric acid (H2SO4) solution at 80 °C
for 2 h, washed with distilled (DI) water for 1 h, and thoroughly
dried. For preparing the CL, Pt/C (46.9 wt %, Tanaka) powder was
dispersed in Nafion ionomer solution (5 wt %), isopropyl alcohol
(IPA), DI water, and dipropylene glycol with an ionomer to carbon
ratio of 0.8. After sufficiently dispersed by sonication, the slurry was
bar-coated on a polyimide (PI) film, and the anode and cathode’s
catalyst loading were fixed to 0.2 mg cm−2. The decal films were hot-
pressed on both sides of the HC membrane at 140 °C for 5 min at a
given pressure with an active area of 5 cm2. In the case of C-HC and
MC-HC, the plasma treatment process was conducted on the
electrode and membrane surfaces before lamination. Finally, the PI
film was detached from the MEA. The decal transfer yield was
analyzed by examining the digitized image using ImageJ based on the
residual electrode area ratio because the weight difference in the film
before and after decal transfer was too small to measure quantitatively.
After the transfer, the area fraction of the remaining electrodes in the
upper and lower films were examined, and their average values were
given.
2.5. Electrochemical Single-Cell Performance Analysis. The

prepared MEAs were sandwiched between two gas diffusion layers
(GDLs) (Sigracet 39BB, SGL Carbon, Germany), two Teflon gaskets
(CNL Energy, Korea), and two graphite plates with a serpentine-type
flow field. The single cell was assembled by fastening screws with a
torque of ∼9 N m. A PEMFC test station (CNL Energy) and a
potentiostat (BioLogic) were used to evaluate the single-cell
performance. The cell temperature was 80 °C, and fully humidified
hydrogen (150 sccm) and air (800 sccm) were supplied to the anode
and cathode, respectively, to measure polarization curves and
electrochemical impedance spectroscopy (EIS) spectra. The polar-
ization curves were obtained using the current-sweep method with a
scan rate of 50 mA cm−2. The EIS was conducted at 0.6 V with an
alternating current (AC) amplitude of 10 mV and a frequency of 100
mHz to 15 kHz. To analyze the MEA’s catalyst usage, cyclic
voltammetry (CV) was conducted with a sweeping range of 0.05−1.2
V and a scan rate of 50 mV s−1 by supplying fully humidified
hydrogen (50 sccm) and nitrogen (200 sccm) to the anode and
cathode, respectively. The hydrogen crossover-current density was
measured using linear sweep voltammetry of 0.1−0.6 V under the
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condition of fully humidified hydrogen (anode, 200 sccm) and
nitrogen (cathode, 200 sccm). Under the same environment, H2/N2
EIS was conducted to analyze the MEA’s CL resistance at 0.2 V, with
an AC amplitude of 5 mV and a frequency of 70 mHz to 100 kHz.
2.6. Oxygen Transport Resistance Measurement. The

limiting current measurements for determining oxygen transport
resistance were performed according to the oxygen concentration and
gas pressure variance to analyze the oxygen transport resistance. The
MEA fabrication procedures were consistent with the single-cell test.
High flow rates of hydrogen (1000 sccm) and nitrogen-diluted oxygen
(2000 sccm) were supplied to the anode and cathode, respectively. To
avoid CL flooding, the relative humidity was controlled at 69%. The
current density was recorded as the cell potential and decreased from
0.4 to 0.1 V with a 0.03 V interval, and the limiting current was
chosen as the current density at 0.13 V. Oxygen mole concentrations
of 0.5, 1, 1.5, and 2% were used, and the absolute pressures were 101,
151, 201, 251, and 301 kPa.
2.7. Physical and Chemical Characterizations. Field emission

scanning electron microscopy (SEM) (JEOL, Japan) was used to
obtain the surface and cross-sectional images of the membranes and
MEAs. A contact angle analyzer (KRUSS, Germany) was used to
measure the static water contact angle on the membranes. All of the
tested samples were hot-pressed on the flat glass substrate to prevent
the membranes from swelling. A universal testing machine (Instron,
United States) was used to quantitatively compare the membranes’
mechanical stability and the adhesion force between HC-based and
PFSA membranes or CL. The stress−strain curves were measured for
the Reference, C-HC, and MC-HC membranes of 1 × 4 cm2. The
peel-off strength was obtained for laminates of the Reference/Nafion,
C-HC/Nafion, and MC-HC/Nafion. The prepared membranes
(Reference, C-HC, and MC-HC) were laminated with a Nafion
212 (∼50 μm, Dupont, United States) membrane at 10 MPa at 140
°C for 10 min, and the laminated area was controlled to 2 × 2 cm2.
The shear stress strength was obtained for the laminates of the
Reference/CL/Nafion, C-HC/CL/Nafion, and MC-HC/CL/Nafion.
The CL on the Nafion membrane was constructed by the hot-pressing
with the decal film as same as the preparation of the MEA while
keeping the area of 2 × 2 cm2. Finally, the prepared CL/Nafion
membrane was laminated with the prepared HC membrane under the
same conditions as the peel-off test. When preparing the adhesion test
samples, the Nafion and CL/Nafion membranes attached to the
plasma-treated C-HC and MC-HC-PEMs were subjected to short
plasma treatment before bonding. The water uptake and swelling
ratios were determined in acid forms. All membranes were dried, and
the weight (Wdry), length (ldry), and thickness (tdry) of the dry
membranes were measured. The membranes were immersed in DI

water for two days at 30 and 80 °C. After water immersion, the
membranes were wiped lightly to remove the water droplets. The
weight (Wwet), length (lwet), and thickness (twet) of the swollen
membranes were recorded. The water uptake and swelling ratios were
calculated as follows:

= ×
W W

W
Water uptake (%)

( )
100wet dry

dry (1)

= ×l
l l

l
Swelling ratio, 100wet dry

dry (2)

= ×t
t t

t
Swelling ratio, 100wet dry

dry (3)

The membrane’s proton conductivity was measured using the four-
probe EIS. The membrane was prepared in 1 × 4 cm2 and inserted
into a conductivity cell with four Pt wire electrodes at 1 cm for each
electrode. EIS measurements were conducted under a constant
current of 0.1 mA, with an amplitude of 0.01 mA over 1 MHz to 1 Hz
by supplying fully humidified nitrogen gas at 70 °C. The membranes’
in-plane conductivities were calculated using the measured EIS
resistance and the following equation:27

= L
RA (4)

where L (cm), R (Ω), and A (cm2) represent the distance between
the electrodes, resistance of the membrane, and cross-sectional area of
the membrane, respectively. The chemical states of the membranes
were examined using X-ray photoelectron spectroscopy (XPS)
(Kratos, United Kingdom).

3. RESULTS AND DISCUSSION
Figure 1a shows the fabrication process of a selectively plasma-
etched membrane and MEA using a decal transfer method.
First, a thin polymeric stencil with 20-μm-sized holes was
prepared using PDMS with micropillar arrays, flat PDMS, and
UV-curable polymer resin (fabrication details are explained in
the Experimental Section and Figure S1). Then, the two
polymeric stencils were attached to both sides of the HC-PEM,
and the oxygen plasma-etching process was conducted only on
the exposed surface of the HC-PEM, resulting in microsized
holes and nanosized roughness. The etched hole’s depth was
carefully controlled by adjusting the etching time, and Figure

Figure 1. (a) Diagram of spatially controlled oxygen plasma irradiation and decal transfer processes of hydrocarbon-based (HC) polymer
electrolyte membranes (PEM). (b) Schematic of a membrane−electrode assembly (MEA) with the modified HC-PEM.
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S2 shows the linear relation between the etching time and the
etched depth profile. This study selected the optimized etching
depth as ∼4.5 μm by considering the transferred electrode
thickness. This plasma-etching process was sequentially
performed on each side surface, and the polymeric stencils
were delaminated. After geometric modification, an ∼1 min
plasma treatment was conducted on the entire surface of the
modified membrane to introduce the oxygen functional groups
on the HC-PEM’s surface, including the intact surface. This
process provides high surface energy to the membrane and
creates binding sites. Next, to fabricate MEAs with improved
interface adhesion between the modified HC-PEM and the
CL, a decal transfer process was conducted by locating the
modified HC-PEM between the short-time plasma-treated two
CL/PI films under 140 °C at a given pressure. The PI films
were carefully detached from the membrane, and finally, the
MEA with the modified HC-PEM was prepared (Figure 1b).
The pristine and modified HC-PEMs with plasma treatment

with/without etching were prepared to analyze the oxygen
plasma effects mechanically and chemically on the HC-PEM
surface. Figure 2a−c shows cross-sectional SEM images of the
reference PEM (BPSH-40, the chemical structure is described

in Figure S3), the C-HC by short-time plasma treatment, and
the MC-HC with an etching thickness of ∼4.5 μm and a
pattern diameter of 20 μm. The reference and plasma-treated
membranes show a flat surface without geometrical mod-
ification, while the plasma-etched membrane shows microsized
holes and nanosized roughness (Figure S4). XPS spectra
confirmed the change in the chemical states on the HC-PEMs’
surfaces by introducing an oxygen functional group (e.g.,
hydroxyl, carbonyl, carboxyl). Figure 2d shows the wide-scan
XPS spectra of the reference, plasma-treated without etching,
and plasma-etched HC-PEMs. Compared to the reference, the
plasma-treated HC-PEMs showed an increase in the atomic
ratio of oxygen (26.19 and 33.99 atom %, without etching and
with etching, respectively), indicating that oxygen functional
groups were introduced on the membrane surface through
oxygen plasma treatment. The etching process can introduce
further oxygen functional groups by enlarging the surface area
due to increased micro-/nano roughness. For a deeper analysis,
the C 1s spectra were deconvoluted for the reference and the
modified HC-PEMs. As shown in Figure 2e, the modified
membranes with plasma showed a distinct increase in carboxyl
(−COOH) and hydroxyl (−OH) signals.28−30 These results

Figure 2. Cross-sectional scanning electron microscopy (SEM) images of the (a) Reference, (b) chemically modified hydrocarbon-based (HC) (C-
HC), and (c) mechanically and chemically modified HC-based (MC-HC) membranes. (d) Wide-scan X-ray photoelectron spectroscopy (XPS)
spectra and (e) C1s spectra of the reference, plasma-treated hydrocarbon-based (HC) polymer electrolyte membrane (PEM), and plasma-etched
HC-PEM. (f) Proton conductivity of the reference, C-HC, and MC-HC membranes.

Table 1. Water Uptake and Swelling Ratios of the Reference, Chemically Modified Hydrocarbon (HC) (C-HC), and
Mechanically and Chemically Modified HC-Based (MC-HC) Membranes

water uptake (wt %)

swelling ratio (%)

Δl Δt

samples 30 °C 80 °C 30 °C 80 °C 30 °C 80 °C
reference 38.1 ± 1 45.1 ± 1.6 17.1 ± 1.4 21.7 ± 2.5 19.1 ± 2.1 22.7 ± 0.8
C-HC 44.5 ± 1.9 54.5 ± 2.2 16.7 ± 2.2 22 ± 1.2 21 ± 2.2 25.3 ± 3.3
MC-HC 44.9 ± 3.5 55.2 ± 2.1 16.7 ± 2.3 20.2 ± 1.7 21.4 ± 2.2 26.3 ± 2.9
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show that oxygen functional groups containing −OH and
−COOH groups were introduced to the membrane surface,
and the membrane surface was chemically activated with high
surface energy via plasma treatment, consistent with the
dramatic decrement of contact angle values of 79.5, 17.8, and
4.9° for the reference, C-HC, and MC-HC, respectively
(Figure S5).
Before analyzing the effect of plasma treatment on the

adhesive property and single-cell performance of the MEAs,
the membrane basic properties of the pristine and modified
HC-PEMs were investigated by performing proton conductiv-
ity measurements and mechanical tensile tests. Figure 2f shows
the comparison of proton conductivity, and Table 1
summarizes the values of water uptake and swelling ratios
(i.e., dimensional stability) for the reference, C-HC, and MC-
HC, respectively.
From the comparable proton conductivities of the pristine

and modified HC-PEMs, the surface modification using the
plasma process to the HC-PEMs does not significantly affect
the membrane’s ion-transporting properties. In this study, all of
the membranes (reference, C-HC, and MC-HC) were made of
the polymer with the same structure and degree of sulfonation
(40%). On the other hand, the samples prepared using the
plasma process (C-HC and MC-HC) showed an increase in
water uptake and dimensional swelling in the through-plane
direction and a slight decrease in dimensional swelling in the
in-plane direction. This is because the introduction of the
oxygen functional groups on the membrane surface (C-HC
and MC-HC) makes the wettability change of C-HC and MC-
HC (Figure S5), and this accelerates the retention of water
molecules at the membrane surface. Furthermore, from the
measured mechanical properties of the membrane (Figure S6),
the reference and C-HC show similar ultimate tensile
strengths, Young’s modulus, and elongation at the break.
However, the MC-HC showed a little decrease in elongation at
the break due to the stress concentration effect at the edges of
the microsized structures.31−33

Next, two experiments were conducted to quantitatively
compare the adhesion enhancement of the plasma-modified
HC with a PFSA ionomer: (1) The T-peel test for laminates of
the Reference/Nafion, C-HC/Nafion, and MC-HC/Nafion;
(2) The shear stress measurement for laminates of the
Reference/CL/Nafion, C-HC/CL/Nafion, and MC-HC/CL/
Nafion. From Figure 3a, the T-peel test was performed by
pulling the HC and commercial PFSA membranes (Nafion
212) in the opposite direction perpendicular to the laminates,
like a T-shape. The strength was defined as the measured force
normalized by the width of the laminates (Figure 3b).
Except for a sudden increase at the beginning and the end of

the test, differences in the average peel-off strength were
observed among the samples. While the Reference/Nafion
showed a peeling strength of 5.5 mN mm−1, the C-HC/Nafion
and MC-HC/Nafion showed increased strengths of 16.95 mN
mm−1 (∼308% of the reference) and 32.53 mN mm−1 (∼591%
of the reference), respectively. The higher adhesion strength of
the laminates with C-HC/Nafion than the reference/Nafion
indicates a strong adhesion bonding at the interface due to
oxygen functional group-induced hydrogen bonding and/or
chemical bonding with condensation reactions.28,34,35 Fur-
thermore, it was confirmed that the laminates of the MC-HC/
Nafion can have further enhanced adhesion properties due to
the chemical effect of generating more oxygen functional
groups and the mechanical fastener effect from microhole
array-patterned geometry. Interestingly, by performing XPS
measurements with the pristine and modified HC membranes
from the samples after the T-peel tests, a strong F peak
appeared on the MC-HC surface (Figure 3c). This cohesion
failure occurred at the interface between the MC-HC and
Nafion membranes (containing the F component), indicating
that strong bonding adhesion between the MC-HC and the
Nafion was formed. To evaluate the interface bonding strength
for porous CL (Figure 3d), the shear stress was measured by
holding the two membranes (HC and CL-coated Nafion) on
different sides and pulling them in the opposite direction.

Figure 3. (a) Schematic of the T-peel test. (b) Peel-off strength between the perfluorosulfonic acid (PFSA) membrane (Nafion) and the
hydrocarbon-based (HC) polymer electrolyte membranes (PEMs). (c) F1s spectra on the delaminated surface for the reference, chemically
modified hydrocarbon (C-HC), and mechanically and chemically modified HC-based (MC-HC) membranes. (d) Schematic of the shear stress
test. (e) Maximum shear stress between the PFSA electrode and the HC-PEM. (f) Digital images of the HC-PEM after shear stress test.
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Figure 3e shows the maximum shear stress of the prepared
laminates. While the reference/CL showed maximum shear
stress of ∼0.1 MPa, the C-HC/CL (0.144 MPa) and MC-HC/
CL (0.174 MPa) showed ∼43 and ∼74% increased shear
stress, respectively. Furthermore, as shown by the digital
camera image after the shear stress measurements (Figure 3f),
residual CLs are attached to the C-HC and MC-HC surface,
unlike the reference where the interface between the HC
membrane and CL was neatly peeled off after the test. This
result correlates with the previously observed T-peel test,
indicating that the plasma-modified HC-PEM can improve
adhesion between the PFSA membranes and the porous CL
containing PFSA. This result is significant when applying the

decal transfer method and analyzing the resistances within the
MEAs. The decal transfer method with HC-PEMs requires a
much higher temperature and/or pressure than the PFSA-
based PEM due to its high glass-transition temperature (PFSA
∼ 120 °C and HC > 200 °C),36−38 high rigidity, and low
compatibility with CL containing a PFSA ionomer. Therefore,
performing the decal transfer method at low pressure and
temperature by employing enhanced interfacial bonding
properties can achieve advantages in the MEA manufacturing
process and high-performance PEMFC with low-cost HC-
PEMs.
Figure 4a shows the catalyst transfer yield according to the

lamination pressures for the reference, C-HC, and MC-HC,

Figure 4. (a) Catalyst transfer yield according to the decal pressure for the reference, chemically modified hydrocarbon (C-HC), and mechanically
and chemically modified HC-based (MC-HC) membranes. (b) Digital images of the fabricated membrane−electrode assembly (MEA) and residue
decal films.

Figure 5. (a) Polarization curves at 80 °C, supplying fully humidified H2 (150 sccm)/air (800 sccm) without back-pressure. (b) Corresponding
electrochemical impedance spectra (EIS) at 0.6 V for the membrane−electrode assemblies (MEAs) with the reference, chemically modified
hydrocarbon (C-HC), and mechanically and chemically modified HC-based (MC-HC) membranes. (c) EIS spectra obtained in the H2/N2 feed at
0.2 V. (d) Cross-sectional scanning electron microscopy (SEM) images of the MEAs with the reference, C-HC, and MC-HC.
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and Figure 4b shows the corresponding digital images of the
resulting MEAs and PI films after delamination. The reference
had the weakest bonding adhesion force between the
membrane and the electrode and exhibited a lower transfer
rate (83.6% at 10 MPa, 91.1% at 20 MPa, and completely
transferred at 30 MPa) than C-HC and MC-HC. However, the
C-HC showed a transfer rate of 93.7% at 10 MPa and was
completely transferred at 20 MPa. The MC-HC was
completely transferred at 10 MPa due to the strongest bonding
adhesion strength through the plasma-etching process, which
induced chemically activated high-energy surface and micro-
hole array geometry.
For evaluating the electrochemical performances of the

reference, C-HC, and MC-HC, the MEAs were fabricated
under each optimized decal transfer condition at a constant
temperature of 140 °C, with different applying pressures of 30,
20, and 10 MPa for the reference, C-HC, and MC-HC,
respectively.
Figure 5a shows the polarization curves at 80 °C under the

fully humidified condition by supplying H2 (150 sccm)/Air
(800 sccm). Compared to the peak power density (PPD) of
the reference MEA (450 mW cm−2), the modified MEAs with
C-HC and MC-HC exhibited much higher PPDs of 504 and
606 mW cm−2, increased by 12.0 and 34.7%, respectively.
From the EIS spectra under the same operating condition at
0.6 V (Figure 5b), the smallest RLF−HF, calculated from the
semicircle radius and signifying the combined contribution of
the charge-transfer and mass-transport resistances at the high
current density region, was observed for the MEA with MC-
HC (0.399 Ω cm2) compared with that of the MEAs with the
reference (0.902 Ω cm2) and the C-HC (0.552 Ω cm2).
Because all MEAs used the same electrode and no difference
occurs between the catalyst and the ionomer, this difference
can be ascribed to the plasma-induced improved interfacial
properties at the membrane/electrode interface and the
modified electrode structure due to microhole patterns and
different applying pressures during the decal process. EIS
spectra were measured under H2/N2 atmosphere for a more
detailed analysis, and a transmission line model was applied to
interpret the results.24,39−41 From the impedance response, an
Ohmic resistance from the cell elements (R0) and a protonic
resistance across the catalyst layer (RCL) can be defined.
Because a deviation occurs between the ideal model and the
actual spectra, this study defines the R0 value as the intercept
value of the spectrum and x-axis. From Figure 5c, the R0 and
RCL values decrease in the order of the MEAs with the
reference, C-HC, and MC-HC. Compared to the MEA with
the reference (0.0598 Ω cm2), MEAs with C-HC (0.0573 Ω
cm2) and MC-HC (0.0547 Ω cm2) showed decreased R0 of
∼4.2 and ∼8.5%, respectively.
Because reference and C-HC had the same membrane

thickness, the decrease in R0 was due to a decrease in the
interface resistance between the membrane and CL. Addition-
ally, the etching process-induced locally thinned membrane
thickness of the MC-HC further reduced the R0. A slightly

increased hydrogen crossover density was observed for the
MEAs with the MC-HC having a locally shortened path region
(Figure S7); however, this value is still much smaller than that
of a thick Nafion 212 membrane (e.g., 50 μm thickness).
Notably, from the cross-sectional SEM images for the prepared
MEAs, various morphological features of the membrane, the
CL, and their interfaces are observed (Figure 5d). The MEAs
with the reference PEM show severe delamination at the
interface between the membrane and the CL and a notable
PFSA ionomer (Nafion) skin layer on the CL outer surface.
Therefore, the delamination due to low adhesion strength at
the interface increases the R0. Moreover, the MEAs with the
reference (0.0822 Ω cm2) significantly increased the RCL
compared with the MEAs with the modified membranes
(0.051 and 0.0306 Ω cm2 for MEAs with C-HC and MC-HC,
respectively). The results show that the delamination at the
interface restricted the proton transport to CL, causing an
increase and inhomogeneity in RCL.

24,41 However, the MEAs
with C-HC and MC-HC had a tightly bonded interface due to
plasma-induced improved bonding adhesion forces and
showed much lower RCL and R0 (Table 2).
Primarily, for the MEAs with the MC-HC, the CL layer is

conformally formed along the MC-HC shape by filling the
microsized holes. This enlarged interfacial contact area
provides extended proton transport pathways and improved
compatibility between the HC-PEM and the CL, and lower
laminating pressure results in better uniform ionomer
distribution in the CLs compared with the reference MEAs.
Next, by comparing each MEA’s electrochemical active surface
area (ECSA), the CV spectra were obtained (Figure S8), and
the calculated ECSA values are summarized in Table 2. The
ECSA of MEAs with the reference PEM was 36.23 m2 gpt−1,
whereas the MEAs with C-HC and MC-HC slightly increased
by ∼2.6% (37.14 m2 gpt−1) and ∼4.4% (37.84 m2 gpt−1),
respectively. The conformal contact between the membrane
and the electrode and the enlarged surface area due to the
micro- and nanosized structures caused this increase, but the
differences were too small to affect the MEA performance.
After observing the current−voltage characteristics and the

effect of reducing the protonic resistance with the modified
MEAs, each MEA’s limiting current density was measured
using diluted oxygen gases and controlling back-pressures to
analyze the significant reduction in the mass transfer resistance
(RLF−HF), showing the greatest effect on the performance. The
total oxygen transport resistance (Rt) can be calculated using
the following equation42−44

=R F
X

j
P P

RT
4t

O

lim

W2

(5)

where F is the Faraday number, XO d2
is the oxygen mole

fraction, jlim is the limiting current density, P and PW are total
gas and water vapor pressures, respectively, R is the gas
constant, and T is the cell temperature. Figure S9 shows the
limiting current density for each mole fraction of the oxygen

Table 2. Summary of Key Parameters from the Current−Voltage Curves and Electrochemical Impedance Spectra (EIS)

polarization curve EIS (H2/N2@0.2 V) EIS (H2/air@0.6 V) cyclic voltammetry (CV)

samples peak power density (PPD) (mW cm−2) R0 (Ω cm2) RCL(Ω cm2) RLF-HF(Ω cm2) ECSA (m2 gpt−1)

reference 450 0.05979 0.0822 0.9018 36.229
C-HC 504 0.05732 0.051 0.5519 37.135
MC-HC 606 0.05471 0.0306 0.3989 37.839
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and total gas pressures for the samples with the reference, C-
HC, and MC-HC. The ratio of XO d2

and jlim (i.e., slope) was
obtained by fitting the regression straight line passing through
the origin for each pressure. Then, the linear relationship
between the total oxygen transport resistance and the total gas
pressure can be graphically represented (Figure 6a). From the
graph, the contribution of pressure-dependent (RP, at channel
and GDL) and pressure-independent (RNP, at CL and ionomer
film) oxygen transport resistances to Rt can be separately
obtained through the linear trend line of Rt.
Figure 6b shows the calculated RP and RNP for the prepared

samples. Because the same flow channels and GDLs were used,
all samples showed similar RP values, affected by the flow
channel geometry and macropore distribution of GDL.
However, for RNP, the samples with C-HC and MC-HC
show 33% (30.30 s m−1) and 65.23% (15.72 s m−1) decreased
values compared with the reference (45.214 s m−1). The
morphological characteristics of the CLs for each MEA were
analyzed using SEM measurement to find the reason for the
reduced oxygen transport resistance in the CL (Figure 6c). For
the CL on the reference PEM, a severe Nafion skin layer was
observed on the CL surface where the CL and GDL contact,
restricting the oxygen transport to the CL. It was also observed
in the cross-sectional image of the CL (Figure 5d). However,
for C-HC, the formation of the Nafion skin layer was
alleviated, indicating that a decrease in decal pressure reduces
the Nafion skin layer outside CL.45 Here, for MC-HC and the
alleviation of the Nafion skin layer, a highly porous area was
formed along the microsized hole array region. This highly
porous patterned region can provide an oxygen transport
highway into the CL, explaining the significant decrease in the
oxygen transfer resistance-induced improved mass-transport

capacity for MEAs with MC-HC. Figure 6d shows the effect of
this oxygen plasma-mediated microstructured HC-PEM for
improving mass transport.

4. CONCLUSIONS
In summary, we proposed a novel mechanical and chemical
modification technique for an HC membrane to improve the
interface adhesion and mass-transport capacity in PEMFCs.
Microsized holes and oxygen functional groups were
successfully introduced onto the HC membrane’s surface
through an oxygen plasma process with a polymer stencil with
regular openings. This modified HC membrane enabled low-
pressure and low-temperature decal transfer, allowing a highly
porous patterned electrode region that can provide an oxygen
transport highway. The MEAs with a modified HC membrane
exhibited much higher PEMFC performance than the
reference MEAs. The physical, chemical, and electrochemical
characteristics of the modified HC membrane and the MEA
were extensively investigated. This simple modification
technique for HC-based membranes could contribute to the
research fields of high-efficiency and low-cost PEMFCs using
HC-PEM and to other electrochemical devices that require
improved interface compatibilities, such as battery and water
electrolysis systems.
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Diagram of the fabrication process of a polymeric stencil
(Figure S1); SEM images of a plasma-etched BPSH-40
membrane (Figure S2); chemical structure of BPSH-40

Figure 6. (a) Total oxygen transport resistance of membrane−electrode assemblies (MEAs) with the reference, chemically modified hydrocarbon
(C-HC), and mechanically and chemically modified HC-based (MC-HC) membranes according to the pressure. (b) Pressure-independent and
pressure-dependent oxygen transport resistances (at 101 kPa) from (a). (c) Surface scanning electron microscopy (SEM) images of MEAs with the
reference, C-HC, and MC-HC. (d) Schematic illustrations of MEAs with pristine and MC-HC polymer electrolyte membranes (PEMs).
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(Figure S3); cross-sectional SEM images of MC-HC and
high-magnification SEM images (Figure S4); water
contact angle on the reference, chemically modified
hydrocarbon (C-HC), and mechanically and chemically
modified HC-based (MC-HC) membranes (Figure S5);
stress−strain curves of the reference, chemically
modified hydrocarbon (C-HC), and mechanically and
chemically modified HC-based (MC-HC) membranes
(Figure S6); linear sweep voltammetry spectra of the
reference, chemically modified hydrocarbon (C-HC),
and mechanically and chemically modified HC-based
(MC-HC) membranes (Figure S7); cyclic voltammetry
(CV) spectra of the reference, chemically modified
hydrocarbon (C-HC), and mechanically and chemically
modified HC-based (MC-HC) membranes (Figure S8);
and limiting current densities of the reference, chemi-
cally modified hydrocarbon (C-HC), and mechanically
and chemically modified HC-based (MC-HC) mem-
branes according to the oxygen mole faction and
pressure (Figure S9) (PDF)
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