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h i g h l i g h t s
� A prism-patterned Nafion membrane was used in membrane electrode assembly (MEA).
� The MEA exhibited improved performance especially at high current density.
� Asymmetric geometry of the prism structure facilitated water removal from cathode.
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a b s t r a c t

Here, we report a simple and effective strategy to enhance the performance of the polymer electrolyte
membrane fuel cell by imprinting prism-patterned arrays onto the Nafion membrane, which provides
three combined effects directly related to the device performance. First, a locally thinned membrane via
imprinted micro prism-structures lead to reduced membrane resistance, which is confirmed by elec-
trochemical impedance spectroscopy. Second, increments of the geometrical surface area of the prism-
patterned Nafion membrane compared to a flat membrane result in the increase in the electrochemical
active surface area. Third, the vertically asymmetric geometry of prism structures in the cathode catalyst
layer lead to enhanced water transport, which is confirmed by oxygen gain calculation. To explain the
enhanced water transport, we propose a simple theoretical model on removal of water droplets existing
in the asymmetric catalyst layer. These three combined effects achieved via incorporating prism
patterned arrays into the Nafion membrane effectively enhance the performance of the polymer elec-
trolyte membrane fuel cell.

© 2016 Published by Elsevier B.V.
1. Introduction

As an eco-friendly alternative energy device, the polymer elec-
trolyte membrane fuel cell (PEMFC) has received much positive
attention in the aspect of high energy conversion efficiency without
Multiscale Energy Systems,
Korea.
snu.ac.kr (M. Choi).
generating pollutant emissions such as CO2, NOx and SOx [1e3].
However, there have been many practical issues related to the
commercialization of PEMFC such as slow electrochemical reaction
of Pt catalyst with oxygen at the cathode, so called oxygen reduc-
tion reaction (ORR) [4,5], catalyst poisoning by carbon monoxide
[6e8], water management in the membrane electrode assembly
(MEA) [9e11] and so forth. Of all these issues, water management
at the cathode is one of the most crucial issues for enhancing
overall cell performance, because the water produced from cell
reaction impedes the oxygen transport into the triple-phase
boundary in the cathode catalyst layer and then the significant
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cell voltage drop takes place in sequence if it is not properly
removed from the cathode [1,10e12].

For previous decades, numerous researches related to water
management at the cathode have been conducted such as hydro-
phobic surface treatment and structural modification of the cath-
ode catalyst layer by using the pore formers including carbonate
particles or polystyrene (PS) beads [13e15]. In spite of these efforts,
the water management issue has not been thoroughly resolved due
to technical issues including sharp decrease in the electrochemical
active surface area (ECSA) of the catalyst layer [16,17] and thickened
MEA with lower mechanical robustness that bears the detrimental
effect on the long term stability of MEAs [13,15].

To address these issues, a simple and effective method for
enhanced water management at the cathode in PEMFC is highly
required. In this paper, we introduce the method for improving
water management by using a prism-patterned Nafion membrane
as a polymer electrolyte in MEA. This MEA with the prism-
patterned Nafion membrane exhibited improved performance
especially at a high current density because the water produced at
the cathode was easily removed via the asymmetric geometry of
the prism structure in the catalyst layer. Furthermore, performance
enhancement via reduced membrane resistance and increased
electrochemical active surface area was achieved with the
patterned MEA.

2. Experimental

2.1. Preparation of the prism patterned Nafion membrane

The prism array masters used in the present study were pre-
pared mechanically. First, a blank roll or plate of stainless steel
electroplated by nickel was prepared. The blank roll or plate surface
was machined by a diamond-cutting tool with a specific angle. In
this process, the height of the patterns depends on the cutting
depth of the diamond tool. In this study, a prismmaster with 50 mm
in period and 45� in prism angle was used. After the preparation of
the master, a mixture of base and curing agent (10: 1 w/w) of
Sylgard 184 PDMS elastomer was poured onto the patterned mas-
ters and cured at 70 �C for 2 h. The cured PDMS molds were peeled
off from the master and cut prior to use. Then, PFPE (Per-
fluoropolyether) prismmold was fabricated via UV replica molding
by using the PDMS prism mold. Then, the Nafion 212 membrane
(Dupont) was uniformly placed between an as-prepared PFPE mold
and glass substrate. Then, the sandwiched assembly was imprinted
under hydraulic pressure (10e20 kg cm�2) and temperature
(~95 �C) for 10 min. After cooled down to room temperature, the
patterned Nafion membrane was peeled off from the PFPE mold
and kept in a deionized water container for approximately 12 h.

2.2. Physical analysis

Field emission-scanning electron microscopy (FE-SEM) was
conducted using a SUPRA 55VP microscope (Carl Zeiss) to measure
the morphology of the various samples used in this paper.

2.3. Preparation of MEAs

The catalyst ink was prepared by mixing water, 5 wt% Nafion
solution (DuPont) and isopropyl alcohol (IPA) (Aldrich) with the
catalyst. 40 wt% Pt/C (JohnsonMatthey) was used for the anode and
cathode catalyst inks, respectively. The prepared catalyst ink was
blended by the ultrasonic treatment and sprayed onto the anode
and cathode sides of the bare Nafion 212 membrane and prism-
patterned Nafion membrane to fabricate MEAs. The Pt catalyst
loadings were equally 0.12 mg cm�2 in the anodes and cathodes of
the MEAs according to DOE conditions [18,19]. These catalyst-
coated membranes (CCMs) were dried at room temperature for
more than 12 h, and sandwiched between the anode and cathode
gas diffusion layers (GDLs, SGL 35 BC) without a hot-press process.
The active geometric areas of the MEAs were 5.0 cm2.

2.4. Electrochemical measurements

For the single cell performance test at 80 �C, humidified H2 and
O2 (air) gases were flowed into the anode and cathode, respectively.
The stoichiometric coefficient of H2/O2 (air) was 2.0/9.5 (2.0) under
the ambient pressure. Additionally, the relative humidities (RHs)
for the anode and cathode gases were 100%. Electrochemical
impedance spectroscopy (EIS) (IM6, Zahner) of the single cells was
measured at 0.6 V with an amplitude of 5 mV. The measurement
was conducted in the frequency range from 0.1 Hz to 100 kHz.
Other experimental conditions, such as temperature and gas hu-
midification, were the same as for the single-cell operation at 80 �C
with H2/Air. The ZView program (Scribner Associates Inc.) was used
to fit the EIS data, and a simple equivalent circuit was applied.
Cyclic voltammograms (CVs) were obtained at 100 mV s�1 between
0.05 and 1.20 V to measure the electrochemical active surface area
(ECSA) of the prepared cathode catalyst layers at room tempera-
ture. Humidified H2 and N2 gases were supplied to the anode and
cathode, respectively, and RHs were 100%. The anode with H2 gas
flowing around was used as the reference and counter electrodes,
and the cathode with N2 gas served as a working electrode.

3. Results and discussion

The procedure for the fabrication of MEA with the prism-
patterned Nafion membrane is illustrated in Fig. 1. First, the
prism-patterned Nafion membrane was prepared by imprinting
50 mm-period prism-patterned architectures into a bare Nafion 212
membrane under hydraulic pressure and temperature. To figure out
the swelling effect of the prism patterns of Nafion membrane, we
observed the cross-sectional images before and after swelling by
absorbed water [20,21]. As shown in Fig. S1, the geometrical fea-
tures including thickness and patterned-shape of the Nafion
membrane are comparable before and after swelling. And the prism
patterned Nafion membrane exhibits the same level of stress dis-
tribution of Nafion 212 (thickness ~ 50 mm) in the simulation study
when the same stress applied to the membrane, which indicates
the sufficient mechanical stability even with the locally thinned
layer of the prism patterned Nafion membrane as shown in Fig. S2.
In the following step, Pt/C catalysts were air-sprayed onto both
sides of the prism-patterned Nafion membrane to fabricate catalyst
layers for MEA (Pt catalyst loading: 0.12 mg cm�2). The corre-
sponding SEM images of the prism mold, imprinted Nafion mem-
brane and catalyst-coated Nafion membrane at the cathode side
clearly displayed prism-patterned architectures, which indicate
that the materials and the preparation step used for the fabrication
of MEAwith the prism-patterned Nafionmembranewere sufficient
and suitable. In addition, it was clearly shown that Pt/C catalyst
layer was fabricated following the structure of the prism-patterned
Nafion.

The prepared MEA with the prism-patterned Nafion membrane
was operated in a fully humidified condition of H2/O2 (H2/air) and
exhibited highly improved performance under all conditions
comparedwith the conventional one, expressed in Fig. 2. Especially,
the MEAwith the prism-patterned Nafion membrane exhibited the
maximum power density of 0.72 W cm�2 in the case of H2/air
conditions, which is higher than that of the conventional one
(0.48 W cm�2) by 50% (Table S1).

These performance enhancements can be explained by the



Fig. 1. (a) Schematic illustration of imprinting prism-patterned array onto Nafion membrane and constructing membrane electrode assembly (MEA) by Pt/C catalysts spraying
process. (b) Corresponding SEM images of PFPE (Perfluoropolyether) prism mold, imprinted Nafion membrane and catalyst coated membrane (CCM) from the left side.

Fig. 2. (a) Polarization curves of conventional membrane electrode assembly (MEA) and the MEAwith the prism patterned Nafion membrane under the conditions of H2/Air (a) and
H2/O2 (b). The graphs for differences of power density between conventional MEA and prism patterned MEA under the conditions of H2/Air (c) and H2/O2 (d).
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effects from the geometrical feature of the prism pattern. First, as
previously studied, reduced membrane thickness by imprinting
prism patterns lowered ohmic resistance during the PEMFC oper-
ation [18]. Second, water transport enhancement which was
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confirmed by increased difference of power density with increasing
current density contributed to the performance enhancement as
shown in Fig. 2c and d. The geometrical feature of the prism pattern
is triangular in a cross sectional view, which is asymmetric feature.
This characteristic may contribute to the enhancement of water
transport. Additional electrochemical experiments were conducted
to elucidate the performance enhancement by the effects resulted
from the geometrical feature of the prism pattern. Furthermore, it is
also expected that the enlarged electrochemically active area by the
increment of the geometrical surface area of the Nafion membrane
has a minor contribution to the performance enhancement [18,22].

At first, the asymmetric geometry of the prism structure in the
cathode catalyst layer for enhanced water transport at the cathode
was evaluated by using oxygen gain. The oxygen gain was obtained
by calculating potential difference when oxygen and air are sup-
plied respectively [13,23] over given current density range. Using
the oxygen gain, the degree of mass transfer at the cathode catalyst
layer was confirmed. In Fig. 3a, the calculated oxygen gain of the
Fig. 3. (a) The graph for the oxygen gain obtained by calculating potential difference
when oxygen and air are supplied respectively. (b) Cyclic voltammogram (CV) of the
cathode catalyst layers of the conventional MEA and the prism patterned MEA.
MEA with the prism-patterned Nafion membrane exhibited much
lower values than that of the conventional one, which means that
the asymmetric geometry of prism structures in the cathode cata-
lyst layer removes produced water much more easily and supplies
fuel gas more effectively than the conventional one. Hence, due to
the asymmetric structure of the cathode catalyst layer, MEA with
the prism-patterned Nafion membrane exhibited improved per-
formance than the conventional one, especially at high current
density. To further investigate the improved water transport effect,
we additionally conducted performance measurements under the
outlet pressure of 150 kPa. With the additional pressure, gas
diffusion would be more facilitated than ambient pressure condi-
tion and the utilization of Pt catalyst at each electrode would be
maximized [19,24e26], therefore, we can confirm the mass trans-
port effect more directly. Fig. S3 shows that the difference between
the power densities of MEAs with prism patterned Nafion mem-
brane and conventional one was rapidly increased in the high
current region above ~0.8 A cm�2, at which the cells began to be
severely affected by mass transport in the MEAs. However, the
difference in the low current region below ~0.8 A cm�2 was not
shown because those current densities were mainly governed by
the charge transport without flooding in the cathodes.

In addition, to quantitatively investigate the effect of increased
electrochemical active surface area (ECSA) and reduced ohmic
resistance, both cyclic voltammetry (CV) [27] and electrochemical
impedance spectroscopy (EIS) [28e30] test were conducted. As
shown in Fig. 3b, the ECSA for our patterned membrane
(59.94 cm2 g�1) was slightly larger compared with that of the
reference cell (58.11 cm2 g�1), which resulted from the increment of
the geometrical surface area (1.41-fold than the surface area of the
flat one). Next, EIS data were obtained at 0.6 V vs. RHE under H2/air
conditions and were fitted by using PEMFC equivalent circuit
(LW ¼ inductance of the electric wire, Rmembrane ¼ internal mem-
brane resistance, Rcathode (anode) ¼ charge transfer resistance of the
cathode (anode), CPEcathode (anode) ¼ constant phase element of the
cathode (anode) and ZW ¼ Warburg impedance) (Fig. 4a, b and
Table S2). From the fitted data, we found relatively lower features,
in the case of the constructed MEA (in situ) with the prism-
patterned Nafion membrane than the conventional one: ohmic
resistance (Rmembrane) by ~22.4%, charge transfer resistance at the
cathode (Rcathode) by ~27.3% and Warburg impedance (Zw) by
~33.2% without big differences from anode ones (Table S2). It is
concluded that i) reduced membrane thickness by imprinting
lowered Rmembrane values considerably, ii) enlarged ECSA and
facilitated water removal from the cathode catalyst layer by the
effect of the asymmetric geometry of the prism structure and, as a
result, improved cathode reaction and better oxygen supply
reduced Rct and Zw values significantly. Therefore, increased ECSA
and decreased cell resistance for our prism-patterned case can
explain the increase in maximum power density of MEA with the
prism-patterned Nafion membrane.

To address the issue of durability of the MEA with the prism-
patterned Nafion membrane, we performed accelerated durability
test (ADT), which were conducted by using CV method in the po-
tential range of 0.05e1.20 V vs. RHE and 100 mV s�1 at RT for 5000
cycles with fully humidified H2/N2 gases supplied to anode and
cathode, respectively [31]. After ADT, performances of both MEAs
with flat and prism-patterned Nafion membrane decreased as
shown in Fig. S4, resulted from the degradation of Pt electrocatalyst
and increased interfacial resistance between the Nafion membrane
and the cathode catalyst layer as depicted in Fig. S5. However, even
after ADT tests, the performance of MEA with prism-patterned
Nafion membrane was still higher than MEA with flat membrane
by ~23.8% (~35.1%) of maximum power density in the case of H2/O2
(air) conditions under ambient pressure, especially in high current



Fig. 4. (a) Electrochemical impedance spectroscopy (EIS) of the conventional MEA and the prism patterned MEA at 0.6 V compared with RHE. (b) Equivalent circuit of the PEMFC. (c)
The contact angle of a DI water droplet on the cathode catalyst layer of the conventional MEA. (d) Schematic illustration for a water droplet at a void space in the catalyst layer which
has different curvatures in the top side and bottom side.
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density region. The result showed that the improved water trans-
port effect by the prism structure of membrane maintained even
after the test.

To understand the enhanced water transport in the catalyst
layer with the vertically asymmetric prism structure, we propose a
simple theoretical model termed an asymmetric channel system.
We hypothesize that the water was transported from the catalyst
layer to the GDL layer in the form of a droplet. The contact angle of
the water droplet on the catalyst layer of conventional MEA was
~144.1� (±2.6), which means that the catalyst layer was almost
superhydrophobic [10] as shown in Fig. 4c, hence, the water
generated from electrochemical reaction was easily dewetted from
the surface of the catalyst layer. Therefore, water could exist as a
droplet at a void space in the catalyst layer as shown in Fig. 4d.
Then, the droplet had different curvatures in the top side and the
bottom side with forming the asymmetric shape. The pressure
difference between the inside and outside of the droplet, Laplace
pressure, can be calculated from the well-known Laplace-Young
equation [32,33]:

DP ¼ Pinside � Poutside ¼ 2g=R (1)

where g is the surface tension and R is the radius of curvature of the
water droplet. The asymmetric shape of the droplet means that
there are Laplace pressures difference between the top side and
bottom side of the droplet [33,34]. As shown in Fig. 4d, the bottom
side of the droplet has larger curvature, which means higher Lap-
lace pressure than the top side of the droplet. And the Laplace
pressures difference induces the droplet to move upward easily
with the aid of the geometrical feature of the prism shaped elec-
trode [35e37].
4. Conclusions

In summary, we proposed a novel method for improving water
management by using a prism-patterned Nafion membrane as a
polymer electrolyte for MEA. MEAwith the prism-patterned Nafion
membrane exhibited improved performance especially at high
current density than the conventional one, because of the asym-
metric geometry of the prism structure in the cathode catalyst
layer, which removes produced water much easily and supplies fuel
gas more effectively by the Laplace pressure difference. Further-
more, performance enhancement via reduced membrane resis-
tance and increased electrochemical active surface area was
achieved for the MEA with the prism-patterned Nafion membrane.
Our novel approach of the use of asymmetric structures surely
possesses potential to be applied to other energy conversion and
storage devices.
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