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ABSTRACT: The capability of fabricating multiscale struc-
tures with desired morphology and incorporating them into
engineering applications is key to realizing technological
breakthroughs by employing the benefits from both microscale
and nanoscale morphology simultaneously. Here, we devel-
oped a facile patterning method to fabricate multiscale
hierarchical structures by a novel approach called creep-
assisted sequential imprinting. In this work, nanopatterning
was first carried out by thermal imprint lithography above the
glass transition temperature (Tg) of a polymer film, and then
followed by creep-assisted imprinting with micropatterns based on the mechanical deformation of the polymer film under the
relatively long-term exposure to mechanical stress at temperatures below the Tg of the polymer. The fabricated multiscale arrays
exhibited excellent pattern uniformity over large areas. To demonstrate the usage of multiscale architectures, we incorporated the
multiscale Nafion films into polymer electrolyte membrane fuel cell, and this device showed more than 10% higher performance
than the conventional one. The enhancement was attributed to the decrease in mass transport resistance because of unique cone-
shape morphology by creep-recovery effects and the increase in interfacial surface area between Nafion film and electrocatalyst
layer.
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1. INTRODUCTION

Multiscale hierarchical structures, the combined structures of
micro- and nanoscale repeated pattern, have received great
attention because of their structural advantages from individual
micro- and nanoscale morphology simultaneously.1−5 This
synergetic effect of multiscale structures provides multifunc-
tional properties to the raw material without any chemical
treatment, which value of multiscale structures has been verified
in various application fields such as microfluidics,6−8 wetting
and adhesion,9,10 optics,11−13 electronics,14,15 and energy
systems.16−18 Therefore, many researchers have been trying
to fabricate the multiscale structures covering large area in
various processes. With conventional multiscale-patterning
processes, however, introducing the nanoscale patterns on the
top and bottom side of micropatterns was only possible (not
including the wall side of micropattern) and this means we
could not fully utilize the multiscale structural effects so
far.19−21 In this paper, we suggest a facile and simple multiscale
patterning method called creep-assisted sequential imprinting
to maximize the effects of multiscale structures. The creep
behavior is the phenomenon of a solid material to be deformed

permanently even below the glass temperature under the long-
term exposure to mechanical stresses.22 By using this creep
behavior, we sequentially imprinted nano- and microscale
structures onto a Nafion film: the first step of thermal
imprinting with nanopatterns and the following step of creep-
assisted imprinting with micropatterns. With taking advantages
of thermal imprinting such as scalability and high through-
put,20,23 creep-assisted imprinting technique enables multiple
patterning on the same substrate, which leads to the fabrication
of multiscale hierarchical structures. Using the replicating
process of completed structures with soft lithography,
furthermore, we showed the potential of feasible multiscale
engineering without any sophisticated equipment and complex
procedures.
To demonstrate the practical usage of our multiscale

structures, we introduced a multiscale Nafion film to polymer
electrolyte membrane fuel cells (PEMFCs) application.
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PEMFCs have been spotlighted as one of the leading candidate
for future clean energy sources because of zero pollutant
emission and high energy conversion efficiency and there have
been extensive research efforts on this field during several
decades.24 However, there still remain several obstacles toward
commercializing PEMFCs. Performance decay due to pore
blocking with water at cathode catalyst layer is one of them.25

Water is the product of oxygen reduction reaction in PEMFCs
and this produced water needs to be removed for maintaining
the pathway of reactant oxygen.26 To solve this problem, there
have been several studies introducing void space in the cathode
catalyst layer.27 With micropatterns in multiscale patterned
Nafion film, in this paper, regular empty space was formed in
catalyst layer and showed positive effect on mass transfer in
cathode side. Pt utilization has been another issue for
commercialization of PEMFCs due to scarcity and high price
of Pt. Therefore, various approaches for high Pt utilization such
as using Pt nanoparticle supported on conducting materials,28

alloying Pt with cheap metal species and modifying the catalyst
layer structure in membrane electrolyte assembly (MEA).29 In
this study, cathode catalyst layer was modified by using the
multiscale patterned Nafion film. Because of the enlarged
interfacial surface between catalyst layer and patterned Nafion
film, increase of the electrochemical surface area (ESA), which
is related to Pt utilization, was achieved. The combined effects
of improved mass transport and increase of Pt utilization were
verified by over 10% performance enhancement of the MEA
with our multiscale Nafion film.

2. EXPERIMENTAL DETAILS
Fabrication of Micro- and Nanopatterned Molds. The nano-

and microsized hard polymer mold were prepared by casting and
curing procedure on the 800 nm and 40-μm hole-array-patterned
silicon masters, which were fabricated by conventional photo-
lithography, reactive ion etching (RIE) process and postsurface
treatment with octafluorocyclobutane (C4F8) gas. The UV-curable

PUA prepolymer solution (PUA MINS 311 RM, Minuta Tech, Korea)
was dropped onto the silicon master, and a 250 μm thick urethane-
coated polyethylene terephthalate (PET) film was slightly placed on it
as a supporting layer. After exposed to UV light (Fusion Cure System,
Minuta Tech, Korea) for about 30 s, the resultant PUA polymer molds
were detached from the silicon master.30,31

Fabrication of the Multiscale Nafion Film and Polymer
Mold. The Nafion 212 film (Dupont, United States) was sandwiched
between the as-prepared nanopatterned hard PUA mold and a plane
glass plate. The assembled parts were then hot-pressed under
hydrostatic pressure (∼1 MPa) and temperature (∼120 °C) for 5
min. After dropping the temperature to ∼30 °C, the nanomold was
removed. This nanopatterned Nafion film was placed between the
micropatterned hard polymer mold and the glass substrate again.
Then, creep-assisted imprinting was conducted under the transition
temperature of Nafion (∼80 °C) with hydrostatic pressure (∼3 MPa)
for 40 min. Next, lowering the temperature down to 30 °C, the
multiscale Nafion film was attained by detaching the micromold.
Finally, the replication process of the multiscale hierarchical structure
was performed by casting the PUA prepolymers onto the patterned
film and curing with UV-light following the same procedure with
repliacting the nano- and micropatterned mold on silicon masters.

MEA Preparation. The MEAs with the multiscale patterned
Nafion film and a flat film without patterning were prepared by
following steps. First, both patterned and unpatterned films were
pretreated in 3% H2O2 solution. After washing with DI water, films
were boiled in 0.5 M H2SO4 and rinsed again in DI water. All the
above steps were carried out at 80 °C for an hour. The cathode and
anode catalyst inks were prepared via mixing DI water, 2-propanol, and
Nafion ionomer solution with Pt/C (40 wt %, Johnson Matthey,
United Kingdom) via sonication for 15 min. By spraying method, the
prepared catalyst inks were coated on both anode and cathode side of
films with ∼0.12 mg cm−2 of Pt loading. The loading amount of
catalysts were confirmed by checking the weight differences before/
after spraying catalyst slurries on PET films. After drying these catalyst-
coated membranes (CCMs) at room temperature for 12 h, they were
sandwiched between two gas diffusion layers (GDLs; SGL Carbon,
Germany). In this study, the active area of MEAs was 5.0 cm2.

Electochemical Characterization. Polarization curves were
measured by the current sweep method at the sweep rate of 10 mA

Figure 1. Schematic illustration for fabrication process of multiscale Nafion film with sequential imprinting. (a) Imprinting nanopatterns on bare
Nafion film under the above glass temperature condition (Tg). (b) Sequential-imprinting micropatterns on nanopatterned Nafion film under the
below glass temperature condition (Tg). (c) Replicating the multiscale-patterns with PUA from the multiscale Nafion film. (d−f) Corresponding
digital camera images for (d) nanopatterned Nafion film, (e) multiscale Nafion film, and (f)replicated multiscale PUA mold.
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cm−2 s−1 using the PEMFC Test System (CNL Korea, Korea). Cell
temperature was maintained at 80 °C during the polarization test.
Fully humidified H2 (150 mL min−1) to the anode and Air (800 mL
min−1) or O2 (200 mL min−1) to the cathode were supplied with/
without back pressure of 150 kPa. Electrochemical impedance
spectroscopy (EIS) measurement (IM6, Zahner) was performed at
0.5 V with AC disturbance of 10 mV amplitudes. The frequency range
of measurement was 10 kHz to 0.1 Hz and other test conditions
including temperature and gas humidification were same as polar-
ization test with Air flow to cathode. The ZView software (Scribner
Associates, Inc.) was utilized for fitting the resultant EIS data. Cyclic
voltammetry (CV) measurement (IM6, Zahner) were conducted at
the scan rate of 100 mV s−1 with sweep range of 0.05 V - 1.20 V.
During the CV scans, the cell temperature was maintained at 30 °C
and fully humidified H2 (50 mL min−1)/N2 (200 mL min−1) gases
were flowed into the anode/cathode side, respectively.

3. RESULTS AND DISCUSSION

Figure 1a−c demonstrates the fabricating procedure of the
multiscale polymer mold via creep-assisted sequential imprint-
ing. The procedure consists of three main steps: (a) first-
stamping step on the Nafion film with nanopatterned hard
polyurethane-acrylate mold (h-PUA) through thermal imprint-
ing (b) second-stamping step with micropatterned h-PUA mold
through creep-assisted imprinting (c) replicating step through
casting and UV curing of h-PUA on the patterned Nafion film
(see the details in the Experimental Section). Figure 1d−f
shows digital camera images of the fabricated structures after
each step. The nanopatterned film showed iridescent structural
coloration due to its repeated nanopattern array (Figure 1d)
and the multiscale-patterned film showed relatively opaque area
due to the micropatterns overlaid on the nanopatterns (Figure
1e). The replicated mold showed similar optical coloration to
multiscale-patterned film (Figure 1f). All the patterned figures
are over 3.5 cm × 3.5 cm size. Figure 2a, b is representative
scanning electron microscope (SEM) images of the nano- and
multiscale-patterned Nafion film, respectively. It shows the
nanosized hole array were patterned on the Nafion film without
any defect site and these nanopatterns remained after the
second stamping procedure using the creep behavior of Nafion.

Even on the side surface of microsized hole-patterns,
furthermore, the nanohole patterns clearly remained. During
the creep-assisted imprinting of the micropatterns, proper
stamping pressure (∼3 MPa), time (∼40 min), and transition
temperature (Tt) of Nafion (∼80 °C) are important parameters
to get sufficient creep strain as well as high fidelity of multiscale
structures. As temperature increases over Tt and approaches to
glass temperature (Tg) of Nafion (∼120 °C), the patterned
nanostructures are getting flattened because Nafion behaves as
a viscous liquid on the micropatterned mold. This phenomenon
was confirmed from the SEM images of multiscale patterned
Nafion film under high temperature condition (Figure 2c, d).
With these results, we were convinced that the creep behavior
is essential for multiscale patterning with the sequential
imprinting method. As shown in Figure 2e, we successfully
fabricated multiscale-patterned h-PUA mold with the replicat-
ing process using the resultant patterned Nafion film. Because
h-PUA has a capability of replication of sub-100 nm pattern and
a high modulus (>320 MPa), replicated PET/h-PUA mold
could perfectly have inverse structures of the patterned Nafion
film. The high modulus and flexibility of h-PUA mold enable
physical patterning without using hard mold (e.g., silicon or
metal) and roll-to-roll process for high-throughput produc-
tion.32 We found that micropatterns in the resultant patterned
film and the h-PUA mold have cone-shaped, slanted side
surface (Figure 2b, e). These morphological characteristics
were derived from instantaneous creep recovery effect during
the second stamping process and the relevant schematic
illustrations and simulation results are shown in Figure S4 for
better understanding of creep response.22 Additionally, we
confirmed that various multiscale structures could be readily
produced by multiple combinations of diverse patterns (Figures
S1−S3). This means that creep-assisted sequential imprinting is
a user-friendly and powerful method to get the multiscale
structures.
For an evaluation of the advantages from creep-assisted

multiscale engineering in PEMFCs, we incorporated multiscale
patterned Nafion film in MEA as the polymer electrolyte
membrane. First, we performed stress−strain measurement and

Figure 2. (a) SEM image for nanopatterned Nafion film. (b−d) SEM images for the obtained structures after sequential-imprinting with the
stamping temperature variation of second imprinting process. (b) ∼80, (c) ∼100, and (d) ∼120 °C. (e) SEM image for replicated multiscale PUA
mold. (f) Cross-sectional SEM image for the catalyst layer on multiscale-patterned Nafion film.
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compared to the flat references including Nafion 212 (thickness
∼50 μm) and Nafion 211 (thickness ∼25 μm) to check the
structural toughness of multiscale film (Figure S5). The
ultimate tensile strength of the multiscale film is ∼14.8%
lower than that of the Nafion 212 film (∼32.99 MPa) but
∼25.3% higher than that of the Nafion 211 film (∼21.48 MPa),
and the multiscale film exhibited a much higher elongation
before break than Nafion 211 film. The measured values of
Nafion 211 and 212 film agree with manufacturer data sheet.
Additionally, we performed a COMSOL simulation when a
constant load applied to the film surface, confirming whether
the film could endure stresses arise in the MEA during cell
assembling procedure and operation. The results in Figure
S6a−c demonstrates that the multiscale film (Figure S6c)
exhibited almost similar stress distribution as that of Nafion 212

(Figure S6b), however Nafion 211 (Figure S6a) shows higher
stress distribution compared to that of other cases. After
confirmation of the robustness of our multiscale film, a catalyst
layer with commercial Pt/C catalyst was spray-coated on both
anode and cathode side (Pt loading: 0.12 mg cm−2). The
multiscale-patterned side used as cathode because most of the
performance degradation occurred at cathode due to slow
oxygen reduction reaction (ORR)33,34 and water flooding
during operation.25 The active geometric area of MEA was set
to 5 cm2 and the catalyst layer was formed with following the
patterned film surface as shown in the cross-sectional image of
the catalyst layer (Figure 2f). Figure 3a, b shows polarization
curves (I−V) of the performance of the conventional MEA and
the multiscale-patterned MEA in fully humidified H2/air and
H2/O2 conditions under ambient pressure, respectively. The

Figure 3. Polarization curves of multiscale-patterned MEA and conventional one under the conditions of (a) H2/air, (b) H2/O2 under ambient
pressure, and (c) H2/air under pressure of 150 kPa. (d) Oxygen gain obtained under ambient pressure.

Figure 4. (a) An equivalent circuit of PEMFC under faradaic condition (LW = inductance from electric wire, Rmembrane = resistance from proton
conduction in membrane, Ranode(cathode) = resistance from charge transfer in anode (cathode), CPEanode (cathode) = constant phase element from
capacitance in anode (cathode) and ZW = Warburg impedance). (b) EIS of multiscale-patterned MEA and conventional one at 0.5 V. (c) Schematic
illustration for the force balancing of a water droplet at a cone-shaped void space in a catalyst layer.
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multiscale-patterned MEA exhibited ∼10.7 and ∼8.8%
improved cell performance in maximum power density
compared to a conventional one. Even after 500 cycles of
repeated polarization test, the performance of MEA with
multiscale film was still higher than that of conventional MEA
(Figure S7), which means our multiscale MEA was robust
enough to maintain its superior property during long-term
operation. And the MEA with the multiscale film showed
higher performance than that of the MEA with micro/nano
single-patterned films (Figure S8). When following the MEA
test condition of the U.S. Department of Energy (H2/air, 80
°C, 150 kPa outlet pressure),17,35 the maximum power density
of our MEA was 1.04 W cm−2 (Figure 3c). To compare the
actual efficiency loss in condition of reduced oxygen partial
pressure, we calculated oxygen gain by the following
equation27,36

Δ = −V V Voxygen gain ( ) (H /O ) (H /air)2 2 2 (1)

The oxygen gain value of MEA with patterned Nafion film was
smaller than that of MEA with unpatterned one and the
difference was getting bigger as the current density increased
(Figure 3d). This indicates the MEA with patterned film
enhanced mass transport compared to conventional one.
To elucidate the origin of the improved performance, we

conducted EIS analysis.37 As shown in Figure 4b of Nyquist
plot measured at 0.5 V, the ohmic resistance of MEA with
multiscale Nafion film decreased by ∼5.3% compared to the
conventional one because of the reduced average thickness of
our multiscale Nafion film (∼3.5% decrease, t ≈ 48.3 μm).
Notably, the mass transport resistance of MEA with the
multiscale film was significantly decreased. To quantitatively
explain this, the resultant EIS data were fitted based on the
equivalent circuit of Figure 4a and MEA with the multiscale
film showed ∼50.8% lower value in Warburg impedance, which
represents the mass transport was improved compared to the
conventional one. This results corresponded with aforemen-
tioned the lower oxygen gain values of MEA with the multiscale
film in Figure 3d, which means the effective mass transfer in the
cathode side.36 For the theoretical analysis of this mass
transport issue, we propose a simple theoretical model here.
The catalyst layer surface has microsized cone-shaped
morphology, which was resulted from instantaneous creep
recovery effect during the creep-assisted micropatterning
process as demonstrated in Figure 2f. To calculate the direction
of net force to water droplet within the patterned catalyst layer,
we hypothesize the competing forces of Laplace pressure onto a

water droplet; lower-side pressure difference ΔP1 and upper-
side pressure difference ΔP2 at each interface between water
droplet and air (Figure 4c). The ΔP1 and ΔP2 can be calculated
from the following Laplace−Young equation.38,39

γΔ = − =P P P
R
2

inside outside (2)

In the above equation, γ is the surface tension and R1, R2 are the
radii of curvature of lower-side and upper-side of the water
droplet, respectively. Here, both R1 and R2 have positive values
because the surface of Pt/C catalyst is hydrophobic (Figure S9)
and R1 is smaller than R2 because of the cone-shaped
morphology of catalyst layer (Figure 4c). Therefore, the
driving-force direction of the water droplet is upward (ΔP1 >
ΔP2),

4,39 which means generated water is effectively removed
from the catalyst layer. This result is in accordance with
enhanced mass transport in the MEA with the multiscale film.
From the suggested model and experimental results, we expect
that the decrease in the mass transport resistance of the MEA
mainly came from microsized patterns rather than nanosized
patterns. And it needs further study to investigate the pattern-
size dependence for the reduced mass transport resistance.
In addition, CV analysis was conducted to verify the effect of

extended interfacial area between the patterned film and the
catalyst layer.40,41 Figure 5a shows CV curves for cathode part
in a single cell of the multiscale-patterned MEA and the
conventional one. From the hydrogen adsorption/desorption
area in each CV curve, the ESA were calculated by following
equation.

=
Γ

− q

L
ESA (m g )2 1 Pt

(3)

In the above equation, qPt is hydrogen absorption (or
desorption) charge density, which can be obtained from the
CV curves, and Γ is the charge required to reduce a monolayer
of protons on Pt (Γ = 210 μC cm−2). L is the Pt loading in the
electrode, which was 0.12 mgPt cm

−2 in this study.19 The ESA
of MEA with multiscale film was calculated to be 68.07 m2 g−1,
which is ∼7.38% larger than that of the conventional one
(63.39 m2 g−1), indicating that the MEA with the patterned film
has higher Pt utilization and has more available active sites
compared to the reference MEA. This enhancement came from
the enlarged interfacial surface area between multiscale
patterned film and electrocatalyst layer in MEA. Figure 5b
shows the increase of surface area due to each patterns
compared to unpatterned film. The calculated surface area of

Figure 5. (a) CV of multiscale-patterned MEA and conventional one. (b) Enlarged surface area ratio compared to flat surface with various patterned
surfaces.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b01555
ACS Appl. Mater. Interfaces 2016, 8, 11459−11465

11463

http://pubs.acs.org/doi/suppl/10.1021/acsami.6b01555/suppl_file/am6b01555_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b01555/suppl_file/am6b01555_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b01555/suppl_file/am6b01555_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b01555


multiscale film is about ∼1.7 fold than that of the flat film.
However, the increase of ESA was only 7.38%. This discrepancy
might be attributed to following situation. Although Pt/C
catalysts directly touching the enlarged surface area of
patterned film surely increased the ESA, the Pt/C catalyst
agglomerates in catalyst layer, which did not directly contact
with the surface of the film, could not contribute ESA
increment. It means most of the ESA came from the Nafion
binder/Pt particle interface in the porous catalyst layer.

4. CONCLUSION

In summary, we reported a facile and simple multiscale
patterning method, creep assisted sequential imprinting. We
successfully fabricated the patterned Nafion film using our
novel method and verified the multiscale patterns covering the
whole surface without defects. With this patterned Nafion, the
MEA showed more than 10% improved performance. We
confirmed that this improvement originated from the combined
effect of the improved water removal from the cone-shaped
void space between the catalyst layer and the GDL and the
increment of ESA from extended surface area at the interface of
the Nafion film and the catalyst layer. We believe that the
technique reported in this study will provide a practically
feasible route to fabricate multiscale structures over large areas
and can be employed in optimization of various types of
electrochemical devices such as capacitors, batteries, and water-
splitting devices.
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