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ABSTRACT: Interface engineering based on the design and
fabrication of micro/nanostructures has received much attention as
an effective way to improve the performance of polymer electrolyte
membrane (PEM) fuel cells while using the same materials and
quantity. Herein, we fabricated spatially hole-array patterned PEMs
with different hole depths using both the plasma etching process
and a polymeric stencil with 40 μm-sized apertures. This novel
technological approach exhibited high pattern fidelity over a large
area and controllability in the pattern depth while excluding the
problems of contact-based conventional patterning processes. All
the membrane electrode assemblies (MEAs) with the patterned PEMs with an etch depth of 4 μm (PE4-MEA), 8 μm (PE8-MEA),
and 12 μm (PE12-MEA) showed higher performance than the reference MEA with a pristine PEM. Among the modified MEAs, the
PE8-MEA showed the highest performance enhancement because of the locally thinning effect of the PEM, geometrically favorable
features for mass transport, and increased interfacial contact area between the PEM and the catalyst layer.
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■ INTRODUCTION

Polymer electrolyte membrane fuel cells (PEMFCs) have
attracted great attention as clean energy devices because of
their high energy conversion efficiency with zero (harmful)
emission1,2 and diverse applications such as in stationary
plants, portable devices,3,4 and unmanned aerial vehicles in
near future.5,6 To successfully commercialize the PEMFC
systems into the market, many researchers have tried to
improve both their long-term durability and power density.7−12

One of the effective ways for obtaining high-performance
PEMFCs is engineering the interface between the catalyst layer
(CL) and polymer electrolyte membrane (PEM), where the
electrochemical reactions occur most effectively and the
greatest number of active sites exists, via diverse approaches
such as modification of the catalyst coating method,13−15

optimization of ionomer and catalyst distribution,16−18 and
membrane modification.19−24 In particular, applying appro-
priate patterning techniques for constructing micro/nanostruc-
tures at the interface between the PEM and the CL can enlarge
the electrochemically active surface area (ECSA) and lead to
enhancement of catalytic utilization and device perform-
ance.22,23,25,26 Furthermore, the patterned PEM can reduce
the ohmic resistance because of the decrease of the membrane
thickness as well as mass transport resistance because of
generated void spaces between the CL and gas diffusion
medium.22,23,27 Based on these advantages, a lot of studies
about PEM patterning in PEMFCs have been reported, and

the patterning methods can be divided into three as follows:
(a) casting an ionomer onto a patterned mold,28,29 (b) thermal
imprinting (or hot embossing) membranes with a hard
structured mold,22,23,25,26 and (c) surface roughing through a
plasma etching process.30−33 In the case of the casting method,
it has several disadvantages such as inapplicability for
commercial PEMs and nonuniform thickness derived from
the coffee-ring effect during solvent evaporation.34 When it
comes to the hot embossing method, which is most commonly
used, the process retains high structural fidelity using simple
contact-based imprinting with a prefabricated hard master
mold at the temperature above the glass transition temperature
of the PEM.19,23,35 However, it causes severe damage to the
master mold and the PEM during the high-temperature/
pressure process, and it should consider the surface energy
difference between the PEM and the master mold for
successful demolding without damage to the PEM.36,37

Meanwhile, in the case of the plasma etching process, which
is a noncontact-based method, uniform modification of the
PEM over a large area is possible, and the etching profile can
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be directly controlled with process parameters such as plasma
power, time, and gas flow rate. Also, there are no restrictions
on the contact-based method as mentioned above. However,
most studies in the plasma etching method have mainly
focused on increasing the nanosized roughness on the PEM
surface.30−33 The approach to enhance the overall PEMFC
performance by increasing catalytic utilization and reducing
ohmic and mass transport resistance via introducing well-
defined etched microsized structures has not yet been
conducted.
Herein, we fabricated a large-area polymeric stencil with 40

μm-sized apertures for the PEM etching mask, and the
patterning effects by introducing microhole arrays with
different etch depths were investigated. By designing the
PEM/CL with various pattern depths, we have confirmed that
the etch depth with patterns in membrane electrode assembly
(MEA) has significant impact on the device performance. In
particular, a modified membrane with a pattern depth of 8 μm
showed the highest performance increment from the increased
interfacial contact area between the PEM and the CL and a
notably much enhanced mass transport property with
microsized void spaces.

■ EXPERIMENTAL SECTION
Fabrication of a Micropattern PDMS Mold and a Polymeric

Stencil with Microholes. Silicon masters with hole patterns were
fabricated by photolithography and deep reactive ion etching. The
surface of the silicon master was treated with C4F8 gas for easy
demolding. After the preparation of the master, a mixture of curing
agent and base (1:10 w/w) of Sylgard 184 PDMS elastomer (Dupont,
United States) was poured onto the microdot patterned master and
cured at 65 °C for 3 h. Because the surface energy of the silicon
master was reduced by C4F8 plasma polymer coating, the cured
PDMS mold with a micropillar pattern could be easily peeled off from
the silicon master.38,39 The flat bare PDMS was prepared in the same
way as a flat silicon master. Next, UV-curable polyurethane acrylate
(PUA) resin (MINS PUA 311RM, Changsung Sheet, Korea), which
is composed of a photoinitiator, prepolymer with acrylate functional
groups, and releasing agent, was dispensed onto a micro-PDMS mold
and then was covered with a flat bare PDMS mold with gentle
pressure. The sandwich-like assembly was cured under UV light

(SANKYO DENKI, F8T5BL, λ ∼352 nm) with an intensity of 20 W
cm−2 for ∼2 min. Afterward, the bare PDMS mold was demolded
from the polymeric assembly, and then the cured PUA stencil was
detached from the micro-PDMS mold. Finally, the polymer stencil
was exposed under additional UV light over 3 h for fully curing
uncured PUA resin on the edge of the holes.

Fabrication of the Spatially Hole-Array Patterned Nafion
211 Membrane. The prepared polymeric stencil as an etching mask
was attached to the surface of pristine Nafion membrane 211
(Dupont, United States, ∼ 25 μm thick). The microhole patterned
polymer stencil, which was used as the etching mask, should have
conformal contact onto the Nafion membrane as well as be easily
detached from the membrane after the etching process. To obtain the
conformal contact and easy detachment, the surface of the polymer
stencil was coated with Teflon. A Teflon solution (Teflon AF 1600,
Dupont, USA) was dispensed onto the surface of a polymer stencil
and covered the entire surface. It was spin-coated with acceleration
times of 10 s and total spin times of 60 s at spin speeds ranging from
500 to 1500 rpm. To evaporate the residual solvent on the polymer
stencil, it was dried at 65 °C over 1 h. After evaporation of the Teflon
solvent, the polymer stencil and polyimide film were sequentially
placed on the Nafion membrane attached to a glass substrate. The
sandwiched layers are kept in conformal contact by applying gentle
pressure using a hand roller. The etched PEM with 40 μm hole
patterns was obtained via the following plasma process. The plasma
chamber (Femto Science, Korea) was kept at a pressure of 3.0 × 10−1

torr by balancing between the vacuum pumping and supplying air gas
with a flow rate of 15 sccm. An air plasma composed of ions,
electrons, and free radicals was generated with a capacitive plasma
power of 50 W. The Nafion 211 membrane covered with a polymer
stencil mask was exposed to the air plasma with varying the etching
time. Because of complete contact between the membrane and the
polymeric stencil, the interface in contact between the stencil and the
membrane was not etched, while the exposed region of the membrane
where holes of stencil were placed was selectively etched. The etch
depth was controlled by adjusting the plasma exposure time.

Preparation of the MEAs. The anode and cathode electrodes
were prepared by spraying a Pt/C catalyst solution, which was
prepared by homogeneously mixing the Pt/C catalyst (Johnson
Matthey Co., United Kingdom, Pt: 40 wt %) with 5 wt % Nafion
ionomer solution (Sigma-Aldrich, United States, density: 0.874 g
ml−1). The Nafion ionomer loading ratio, which is the weight
percentage of Nafion with respect to the total weight of the (Nafion +

Figure 1. Schematic illustration of the overall fabrication process. (a) Free-standing polymeric stencil with microholes and (b) catalyst-coated
membrane with a spatially hole-array pattern.
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Pt/C) dry mixture, was set to 23 wt %. Deionized water and isopropyl
alcohol (Sigma-Aldrich, United States) were added to regulate the
viscosity of the catalyst ink and homogeneously mixed by ultra-
sonication. Afterward, the catalyst ink was sprayed directly onto the
surface of the Nafion 211 membrane for constructing both anode and
cathode electrodes with the same Pt loading of about 0.2 mg cm−2. To
verify Pt loading, the weight difference was measured before and after
spraying Pt/C catalyst solution onto the PET film (WPt = W(Pt + PET)
− WPET) because the Nafion membrane can easily absorb moisture in
the atmospheric environment, and errors may occur during the
weighing process. These MEAs were dried at ambient temperature for
more than 12 h.
Electrochemical Measurements. Each of the MEAs with an

active area of 5.0 cm−2 was assembled into a single cell assembly
(CNL Energy, Korea), and their performance was measured under
both fully humidified and near-dry operating conditions. Under the
fully humidified condition, the cell temperature was maintained at 70
°C, and fully humidified H2 and air (O2) gases were supplied to the
anode and cathode. Under the near-dry condition, the cell
temperature and RH condition were maintained at 50 °C and 35%.
Under both experimental conditions, the reactant gases were injected
at the anode and cathode with flow rates of 150 sccm of H2 and 800
(200) sccm of Air (O2), respectively. The electrochemical impedance
spectroscopy (EIS) spectra were obtained using an impedance
analyzer (BioLogic, France, HCP-803) at 0.5 V with an amplitude
of 5 mV and frequency ranging from 0.1 Hz to 100 kHz. The
measured EIS data were fitted using the Z-View program (Scribner
Associates Inc., United States). Cyclic voltammograms (CVs) were
measured between 0.05 and 1.20 V at a scan rate of 100 mV s−1 to
calculate the ECSA of the cathode electrode. To investigate the
hydrogen crossover currents of the pristine and modified Nafion 211
membrane, linear sweep voltammetry (LSV) was performed between
0 and 0.5 V at a scan rate of 2 mV s−1. During the CV (LSV)
measurements, the operating temperature was set to about 25 °C, and

50 (200) sccm of H2 and 200 sccm of N2 were injected into the anode
(reference and counter electrode) and cathode (working electrode),
respectively.

Physical Analysis. Field emission-scanning electron microscopy
(JEOL, Japan, JSM-7800F) at an acceleration voltage of 10.0 kV was
used to observe the morphological characteristics of each sample.

■ RESULTS AND DISCUSSION
The fabrication process of a free-standing polymeric stencil
with microholes is shown in Figure 1a. The polymeric stencil
with microholes was prepared using a PDMS mold with
micropillars, a flat PDMS, and UV-curable PUA 311 resin. The
PDMS mold with micropillars was replicated from a microhole
patterned Si master through a replica molding method.40 The
PUA resin was drop-dispensed onto the PDMS mold with
micropillars, and the bare PDMS was covered on the surface.
The assembly was exposed to UV light with an intensity of 20
W cm−2 for 2 min. Because the permeable PDMS let oxygen
penetrate through the PDMS layer, oxygen-infiltrated layers
are formed at the interface of micropillar PDMS and bare
PDMS. It delays the free-radical-induced polymerization
reaction of UV-curable materials, which results in successful
fabrication of a polymeric stencil without clogging.39 After-
ward, the polymer stencil was detached from the sandwich-like
PDMS assembly and exposed to additional UV for complete
curing of the uncured thin layer of PUA resin on the surface of
the polymer stencil. The mechanically stable and flexible
polymer stencil was fabricated with an area of 3 cm × 3 cm
with a uniform thickness of about ∼40 μm (same as the pillar
height of the PDMS mold). Figure 1b shows a schematic
illustration of the fabrication procedure for the MEA with a

Figure 2. (a) Schematic illustration for structural information of the micropillar array. (b,c) SEM images of the PDMS mold with micropillars with
a diameter of 40 μm, spacing of 40 μm, and height of 40 μm with cross-section (b) and tilted view (c). (d) SEM images of the free-standing
polymeric stencil with microhole patterns in diameter of 40 μm, spacing of 40 μm, and thickness of 40 μm.
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plasma-etched patterned membrane (PM) with microholes.
First, a free-standing and large-area polymeric stencil with
microholes as an etching mask was kept in complete contact
with the pristine Nafion 211 membrane with a gentle pressure
of a hand roller, as shown in Figure S1. (See details in the
Experimental Section) Then, the plasma etching process was
conducted for this stencil-membrane assembly for a given time.
During the etching process, only the opened area of the stencil,
where the surface of the Nafion 211 membrane was exposed to
air plasma, was selectively etched. The CL was uniformly
deposited on the entire surface of the prepared PM with
microholes via spraying a catalyst ink. Figure 2 shows scanning
electron microscopy (SEM) images of the PDMS mold with
micropillars and polymer stencil with microholes. In this study,
we used the PDMS mold with micropillar arrays with a
dimension of ∼40 μm in diameter, height, and spacing
between each structure (Figure 2b,c). The free-standing
polymer stencil with microholes was successfully constructed
with the same dimension of hole diameter, spacing, and
thickness (height) as the PDMS mold. With this stencil as the
plasma etching mask, the Nafion 211 membranes were
successfully modified to have selectively etched hole-array
patterns with different depth sizes, and the corresponding SEM
images are demonstrated in Figure 3a−d. To control the etch
depth, the plasma etching time was only adjusted, while other
process conditions including plasma power, gas flow rate, and
chamber pressure were maintained. During the process, plasma

etching would change the surface constitution on the
electrolyte membrane. When the Nafion membrane is treated
to high-power plasma for a long time, especially the elemental
sulfur (S) content might be decreased, which leads to the
reducing ionic conductivity on the skin surface.41,42 However,
it cannot significantly impact the bulk membrane properties
because the elemental sulfur (S) disappears from mostly the
skin layer of the electrolyte membrane. The etched area of the
patterned membrane was only ∼20% of the overall membrane
surface, and this results in mitigating loss of surface proton
conductivity. At the same time, the reduced ohmic resistance
because of the thinning effect at the patterned area counteracts
the loss of proton conductivity. From the experiments, we
confirmed that the etch depth of the Nafion membrane and
PUA 311 stencil was linearly proportional to the plasma
irradiation time, and the etching rate was approximately 4 and
1 μm h−1, respectively. (See supplementary information Figure
S2) Three PMs with a variation of etch depth of 4, 8, and 12
μm (PM4, PM8, and PM12) were prepared for comparison.
Interestingly, the surface roughness increased as the etch depth
gets deeper, which was observed with magnified cross-sectional
SEM images (third row of Figure 3a−d). To investigate
quantitatively the increased surface roughness with an
increased etching time, topography images and the 1D surface
profile for the pristine Nafion membrane and PM4, PM8, and
PM12 were obtained through atomic force microscopy (AFM)
measurement. The AFM scan area was evaluated to be 15 μm

Figure 3. (a−d) SEM images of the pristine Nafion 211 membrane (a) and plasma-etched membranes, which are locally thinned through the
plasma etching process with various pattern depths of ∼4 μm (PM4) (b), ∼ 8 μm (PM8) (c), and ∼ 12 μm (PM12) (d).
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× 15 μm with noncontact mode for each membrane. Figures
S3,S4 shows the changes in the surface morphology of the
etched membrane as a function of the plasma irradiation time.
The measured height of roughness was approximately 0.3, 0.7,
and 1.1 μm for PM4, PM8, and PM12, respectively. In
addition, the root mean square of roughness (Rrms) showed
101, 173, and 466 nm for each PM4, 8, and 12, respectively. It
was observed that as the plasma exposure time to the surface of
the electrolyte membrane gets longer, the etch depth and
roughness get larger. To investigate the mechanical stability of
the PM with a spatially hole-array pattern, we conducted
tensile tests with the pristine Nafion 211 membrane and
plasma-etched membranes with and without a polymeric
stencil as an etching mask. All the tested sample sizes were
fixed 1 × 2 cm2, and a constant strain rate of 10 mm min−1 was
applied to each sample.19,43,44 In the strain−stress curves of
each sample as shown in Figure 4, the plasma-etched

membrane without a polymeric stencil (etched entire region)
with a reduced thickness of 23 μm exhibited a tensile stress of
∼15.3 MPa, elongation to break of ∼1.28, and Young’s
modulus of ∼153.1 MPa. These values are smaller than those
of the pristine membrane (tensile stress: 19.8 MPa, elongation
to break: 2.49, and Young’s modulus: 248.9 MPa). This result
comes from the fact that the surface roughness from plasma
etching can induce surface fracture initiation and propaga-
tion.45,46 The PM with a selectively etched hole-array pattern
with an etch depth of 8 μm was considered to have an average
thickness of 23.4 μm (based on the areal fraction of the hole
pattern is about 20%), and it showed comparable tensile stress
(∼19.6 MPa), elongation to break (∼2.28), and Young’s
modulus (∼237.8 MPa) to the pristine Nafion 211 membrane
with a thickness of 25 μm. This is because in this locally
thinned membrane, the nonetched surface of the membrane
has polymer stencil contact, which is responsible for providing
sufficient mechanical stability of the membrane.19 These
results suggest that the plasma etching process for membrane
modification in application to PEMFCs should be conducted
with an appropriate etching mask rather than etching all over
the surface region to maintain the mechanical stability of the
membrane.
Next, to construct MEAs for evaluating the electrochemical

performance, catalyst ink was directly sprayed onto the pristine
and modified membranes while keeping the same amount of
catalyst (0.2 mgPt cm

−2) for both the anode and cathode. The
structured side was used as the cathode because performance
degradation primarily occurs at the cathode because of the
slow oxygen reduction reaction and water flooding during
operation. Figure 5a−d show the SEM images of the cathode

electrode layers of the conventional MEA with a pristine
Nafion 211 membrane and MEAs with a plasma-etched
membrane with various pattern depths of ∼4 μm (PE4-MEA),
∼8 μm (PE8-MEA), and ∼12 μm (PE12-MEA). The CL was
uniformly distributed along with the morphology of the
micropattern on the membrane without cracks at the interface
and had a thickness of about 10 μm. Each of the constructed
MEAs was assembled with a gas diffusion layer (GDL, JNTG-
30-A3, Korea) and bipolar plates with a serpentine type
channel with a channel width and a rib width of 1 mm in a
single cell, and their performance was measured under fully
humidified and near-dry operating conditions. Figure 6a,b
shows polarization curves of a conventional MEA and PE-
MEAs with microhole patterns at 70 °C under fully humidified
H2/O2 (Air) conditions. All MEAs with PMs (PE4, PE8, and
PE12-MEA) exhibited higher performance compared to the
conventional MEA with a pristine membrane, which exhibited
a maximum power density of 1.380 (0.754) W cm−2 under H2/
O2 (Air) conditions. Notably, the PE8-MEA showed the
highest maximum power density of 1.541 (0.876) W cm−2

under H2/O2 (Air) conditions. This implies that there is
appropriate geometry of patterns for obtaining higher perform-
ance. As mentioned above, the surface roughness and etch
depth were increased as the etching duration increased. The
modified membrane in PE12-MEA showed higher surface
roughness, and the morphology of the CL of the PE12-MEA
showed a steeper wall-side than those of other modified MEAs
(PE4- and PE8-MEA). In addition, PE12-MEA had much
deeper void space between the CL and GDL, which can
negatively affect the mass transport because of the elongated
pathway of both incoming reactants and outgoing water. Based
on the observation of these geometric features, the appropriate
roughness of the modified membrane, void depth, and cone-
shaped surface of the CL in PE8-MEA seem to be favorable for
achieving high-performance PEMFCs.23 Furthermore, the
electrochemical performance of the plasma-etched membrane
MEA without a pattern (PE-MEA w/o pattern) was measured
at 70 °C under fully humidified H2/Air conditions. As shown
in Figure S5, the PE-MEA w/o pattern exhibited comparable
maximum power density (0.756 W cm−2) compared to the
conventional MEA (0.754 W cm−2); however, a slight drop in
the open-circuit voltage was observed (0.892 V). It may come
from the increment in the hydrogen crossover of the thinned
membrane over the entire surface. This result further convinces
that the selectively etched patterns in PE-MEAs were
responsible for the enhanced performance. To compare the
degree of mass transfer of the conventional MEA and the
modified MEAs, we calculated the oxygen gain (ΔV) using the
following equation,22,23,47

Δ = −V V V(H /O ) (H /air)2 2 2 (1)

PE8-MEA exhibited the lowest oxygen gain value among
MEAs, and the difference increased as the current density
increased (Figure 6c), which means that the PE8-MEA had an
optimal electrode structure to improve mass transport (water
management). Interestingly, compared to the oxygen gain
value of the conventional MEA, the PE4-MEA showed a
slightly reduced value and the PE12-MEA showed a similar
value. This result can be thought that the PE4-MEA with
shallow voids cannot much contribute to enhancing mass
transfer capacity, and the PE12-MEA with deep voids is not
efficient for enhancing mass transfer because there is a trade-off
relation between improving water management by void space

Figure 4. Strain−stress curves of the pristine Nafion 211 membrane
and plasma-etched membrane with and without microhole patterns.
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and increasing the transport pathway. The improved mass
transport capability of PE8-MEA can be further confirmed
through modification of the original polarization curve to iR-
free fitting by neglecting the ohmic-loss.48 The iR-free voltage
(ViR‑free) is calculated from the sum of the measured cell
voltage (Vcell) and the ohmic-loss voltage (iRohmic), which is
calculated by multiplying given current density (i) and high-
frequency resistance value (Rohmic).

= +−V V iRiR free cell ohmic (2)

The iR-free polarization curves for each MEA are shown in
Figure 6d. The performances of all the MEAs were analogous
below the current density of 1.2 A cm−2, while the performance
difference was noticeable from the region over 1.2 A cm−2, and
the difference gradually increased as the current density
increased. Interestingly, the PE12-MEA showed similar
performance to the conventional MEA. This indicates that
unlike PE8-MEA, which shows the greatest performance with
both improved mass transport and reduced ohmic resistance
effects, the performance increment of PE12-MEA (Figure
6a,b) was mainly from the reduced ohmic resistance with the
locally thinned membrane with the deepest etch depth. For
further confirmation of the enhanced mass transport through
the patterning effect, the limiting current density of each
sample was measured as shown in Figure S6. For the iR-free
polarization curves of PE-MEAs and conventional MEA, cut off
voltage was set to zero for each MEA under the fully

humidified H2/Air condition at 70 °C. The limiting current
densities were 2.717, 2.934, 3.125, and 2.866 A cm−2 for the
conventional MEA and PE4-, PE8-, and PE12-MEA,
respectively. These results imply that the CL and membrane
designed in a three-dimensional morphology of the PE-MEA
would play a role in advancing gas diffusivity, and the PE8-
MEA especially had the highest gas diffusivity and electro-
chemical performance in our study. After confirmation of the
performance enhancement of the MEAs with PMs under fully
humidified conditions, we recorded additional polarization
curves for each MEA under low temperature/humidity (50 °C,
RH 35%) conditions (Figure 7). Even under the low RH
condition, PE-MEAs showed enhancement of performance as
shown in Figure 7. In particular, the PE8-MEA displays a
maximum power density of 0.607 W cm−2, which shows 21.9%
increase compared to that of a conventional MEA (0.498 W
cm−2). This remarkable increment has resulted from the
synergistic effects of the locally thinned membrane for a
shortened water back-diffusion path-length27 and the appro-
priate electrode design for improved mass transport
capacity.22,23

To further investigate the effects of the plasma-induced
modified membranes with a spatially hole-array pattern on the
performance of the MEAs, electrochemical measurement
techniques including EIS, CV, and LSV measurements were
further carried out. Figure 8a,b shows the EIS spectra (marked
points) of tested MEAs together with fitted curves (solid lines)

Figure 5. (a−d) SEM images of conventional MEAs with pristine Nafion 211 membrane (a) and MEAs with plasma-etched membranes with
various pattern depths of ∼4 μm (PE4-MEA), ∼ 8 μm (PE8-MEA), and ∼ 12 μm (PE12-MEA).
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based on the corresponding equivalent circuit (Figure 8c), and
the operating condition was matched with polarization
measurements. In the case of fully humidified conditions
(Figure 8a), the ohmic resistances of conventional MEA and
PE4-, PE8-, and PE12-MEA were 0.0514, 0.0484, 0.0475, and
0.0465 Ω cm2, respectively. All PE-MEAs showed a slight
decrease in the ohmic resistance (increase in the proton
conductivity) with the aid of a selectively shortened proton

path-length from the anode to the cathode and showed a
reduced charge transfer resistance compared to the conven-
tional MEA (0.1977 Ω cm2). In particular, the charge transfer
resistance of the PE8-MEA (0.1029 Ω cm2) decreased 48%
compared to that of the conventional MEA, which is attributed
to the enlarged interface area between the membrane the CL,
where the electrochemical reactions occur most effectively and
the greatest number of active sites exists. Also, the PE8-MEA
showed the lowest Warburg impedance (mass transport
resistance) about 0.0847 Ω cm2, and this value is a 43%
reduction compared to that of the conventional MEA (0.1485
Ω cm2). These indicate that the improved charge transfer and
mass transport from the geometric patterning effect are mainly
responsible for performance enhancement. Interestingly, the
charge transfer resistance of PE12-MEA increased slightly
compared to that of PE8-MEA, even though the PE12-MEA
has the highest interfacial area. It may be because the increased
hydrogen crossover of PE12-MEA owing to the extremely
thinned etched region adversely affected charge transfer
kinetics on the cathode side.49 Under the low RH condition
(Figure 8b), the ohmic and charge transfer resistances of PE8-
MEA (0.1069 and 0.1550 Ω cm2) were much reduced
compared to those of the conventional MEA (0.1280 and
0.2409 Ω cm2). From these results, we further confirmed the
plasma patterning effects for improving both membrane
hydration and mass transport under the low RH condition.
The EIS fitted values and the key parameters of the tested
MEAs are summarized in Table 1. Figure 9a,b shows the CVs
and LSV curves for each MEA at an operating temperature of

Figure 6. (a and b) Polarization curves of a conventional MEA and PE-MEAs with microhole patterns at 70 °C with supplying fully humidified H2/
O2 (150/200 sccm) (a) and H2/air (150/800 sccm) (b). (c) Oxygen gain obtained under ambient pressure. (d) iR-free polarization curves at 70
°C with supplying fully humidified and H2/air (150/800 sccm).

Figure 7. Polarization curves of a conventional MEA and PE-MEAs
with microhole patterns at 50 °C under near-dry operating condition
(RH 35%) with supplying low humidity H2/air (150/800 sccm).
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25 °C by utilizing the anode as the reference (counter)
electrode with H2 gas and the cathode as the working electrode
with N2 gas. In Figure 9a, the ECSAs of the conventional MEA
and PE4-, PE8-, and PE12-MEA were calculated to be about
69.48, 70.49, 75.30, and 72.53 m2 g−1, which imply that
compared to conventional MEAs with a flat membrane, the tri-
phase boundary (the boundary of the gas phase, electron

conduction phase, and ion conduction phase) of PE-MEAs was
increased because of the enlargement of the interfacial contact
area between the membrane and the CL using the membranes
with micro/nanostructures. It is worthwhile to mention that
the increased ECSA value was not large because the plasma
etching process was performed only selecting the opening-
region of the membrane surface rather than the entire area.
Figure 9b shows the LSV curves of each MEA for figuring out
the amount of hydrogen crossover, which is an important
indicator for evaluating the MEA stability. The hydrogen
crossover current density at 0.4 V was 2.677, 2.591, 2.350, and
3.409 mA cm−2 for the conventional MEA and PE4-, PE8-, and
PE12-MEA, respectively. Interestingly, although PE4- and
PE8-MEA were composed of a thinner membrane, they
showed lower leakage current density than the conventional
MEA. This result may come from the effects of plasma
treatment such as membrane surface reinforcement and
enhancement of adhesion energy at the interface between
the membrane and the electrode.50 Meanwhile, the PE12-MEA
exhibited the highest hydrogen crossover current density
among all samples. This suggests that deep etch depth
equivalent to about half of the membrane thickness could
induce the increase of the hydrogen crossover as well as
decrease of the mechanical stability (as shown in Figure 4)
even with the plasma treatment effect.

■ CONCLUSIONS

In this paper, the modified membranes with different depths of
microhole arrays were fabricated through the plasma etching
method with advantages of a noncontact process and high
controllability in the pattern depth. The polymeric stencil with
40 μm-sized apertures was used as an etching mask, and three
samples were fabricated with an etch depth of 4, 8, and 12 μm
with a fixed hole diameter of 40 μm. Unlike low mechanical
stability of the plasma-etched membrane over the entire
surface, the locally thinned membrane with selectively etched
hole-arrays showed similar mechanical stability compared to
the pristine membrane because the nonetched surface around a
hole pattern provided sufficient mechanical support. All the
MEAs with PMs exhibit higher maximum power density
compared to conventional MEAs. Remarkably, the MEA with a
plasma-etched membrane with a pattern depth of 8 μm (PE8-
MEA) showed the highest maximum power densities of 0.876
and 0.607 W cm−2 under fully humidified (70 °C, RH 100%)
and near-dry operating conditions (50 °C, RH 35%). These
values are higher by 16.2 and 21.9% compared to those of the
conventional MEA. These results originated from the
combined effects of reduced ohmic resistance from the locally
thinning effect of the membrane (also favorable for water back

Figure 8. (a and b) EIS measurements of a conventional MEA and
PE-MEAs at 0.5 V under the operating conditions of 70 °C and RH
100% (a) and 50 °C and RH 35% (b). (c) Equivalent circuit of the
PEMFC (LW = inductance of the electric wire, CPEanode (cathode) =
constant phase element of the anode (cathode), Ranode (cathode) = charge
transfer resistance of the anode (cathode), Rohmic = internal membrane
resistance), and Zw = Warburg impedance)

Table 1. EIS Fitting Data

70 °C, RH 100% Rohmic at 0.5 V [Ω cm2] Rcathode at 0.5 V [Ω cm2] Zwarburg at 0.5 V [Ω cm2]

conventional MEA 0.0514(−) 0.1977(−) 0.1485(−)
PE4-MEA 0.0484(−5.84%) 0.1135(−42.6%) 0.1131(−23.8%)
PE8-MEA 0.0475(−7.59%) 0.1029(−48.0%) 0.0847(−43.0%)
PE12-MEA 0.0465(−9.53%) 0.1369(−30.8%) 0.1211(−18.5%)
50 °C, RH 35% Rohmic at 0.5 V [Ω cm2] Rcathode at 0.5 V [Ω cm2] Zwarburg at 0.5 V [Ω cm2]

conventional MEA 0.1280(−) 0.2409(−) 0.0386(−)
PE4-MEA 0.1204(−5.94%) 0.2253(−6.48%) 0.0212(−45.1%)
PE8-MEA 0.1069(−16.5%) 0.1550(−35.7%) 0.0103(−73.3%)
PE12-MEA 0.1001(−21.8%) 0.1877(−22.1%) 0.0182(−52.9%)
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diffusion), increased ECSA from the enlarged interfacial
contact area between the membrane and the electrode, and
significantly reduced Warburg impedance with the aid of
geometrically favorable features for mass transport.
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