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g r a p h i c a l a b s t r a c t
� A thin, cracked metal layer on PEM is
fabricated by simple method.

� The cracked metal layer reduces fuel
crossover without affecting PEM
conductivity.

� A MEA with the layer shows superior
performance compared to conven-
tional one.
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This work reports the successful reduction in methanol crossover by creating a thin cracked metal barrier
at the interface between a Nafion® membrane and an electrode in direct methanol fuel cells (DMFCs).
The cracks are generated by simple mechanical stretching of a metal deposited Nafion® membrane as a
result of the elastic mismatch between the two attached surfaces. The cracked metal barriers with
varying strains (~0.5 and ~1.0) are investigated and successfully incorporated into the DMFC. Remarkably,
the membrane electrode assembly with the thin metal crack exhibits comparable ohmic resistance as
well as reduction of methanol crossover, which enhanced the device performance.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Direct methanol fuel cells (DMFCs) have been extensively
studied over several decades as an alternative energy device for
stable production of electricity by refilling methanol, as a fuel
without pollutant emissions except for carbon dioxide, and as a
portable power supply for applications such as mobile phones and
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laptop computers [1,2]. Regarding the commercialization of DMFCs,
there are several technical issues such as the formation of mixed
potential due to methanol crossover through an electrolyte mem-
brane [3e6], mass transport in the membrane electrode assembly
(MEA) [7], decreased ohmic resistance of the electrolyte membrane
[8], and catalyst poisoning [9e11]. Among these, the methanol
crossover through the membrane severely affects the performance
of DMFCs. When the unreacted methanol permeates into the
cathode from the anode (through a commonly used polymeric
electrolytemembranemainly due to diffusion), methanol oxidation
occurs due to reaction with platinum catalyst sites on the cathode.
This induces mixed potential at the cathode and critically reduces
the performance of the device. In order to prevent methanol
crossover in DMFCs, there have been several approaches including
the development of organic/inorganic composite Nafion® mem-
branes [12e14] and incorporation of a barrier layer onto the elec-
trolyte membrane surface [15e17]. However, maintaining both
high proton conductivity and low methanol crossover in DMFC has
still remained a challenge. The transport of hydrogen ions takes
place by transport of water molecules, which should result in the
electrolyte membrane being swollen sufficiently with water to
achieve high proton conductivity [18,19]. In contrast, to reduce
methanol crossover, the electrolyte membrane should block water
and disallow methanol molecules from penetrating through the
membrane. Generally, low methanol crossover and high proton
conductivity, which is same as low membrane resistance, are in a
trade-off relationship.

Recently, there have been novel studies to apply nano-/micro-
cracks that used to be considered as defects [20,21] into proton
exchange membrane fuel cells (PEMFCs) [22,23]. Park et al. re-
ported a cracked hydrophobic layer on an electrolyte membrane by
directly depositing C4F8 gas onto the membrane. The generated
nano-cracks effectively worked as nanoscale valves to delay water
desorption and to maintain ion conductivity of the membrane [23].
Recently, our research group performed cracking of the catalyst
layer in MEA and verified the effectiveness of the micro-cracks in a
PEMFC by simultaneously achieving enhanced mass transport and
reduced ohmic resistance [22]. To assess the effectiveness of the
crack strategy for a DMFC with low methanol crossover and high
proton conductivity, we simply stretched out a metal deposited
Nafion® membrane in order to deliberately generate a thin cracked
metal layer on the membrane. The as-fabricated MEAwith the thin
cracked metal barrier successfully showed reduced methanol
crossover as well as comparable ohmic resistance compared to the
conventional MEA, which led to enhancement of the device
performance.

2. Experimental

2.1. Generation of metal cracked barrier by stretching out the metal
deposited membrane

A ~35 nm thick Pt metal film was deposited onto as-prepared
Nafion® 115 membrane using a sample sputter coater (Q300T D,
Quorum Technologies, UK). A ~30 nm thick Au metal film was
deposited onto the membrane using a vacuum thermal evaporator
(Selcos, South Korea). Before the metal film deposition process, the
Nafion®membranewas pretreated with a 3 wt% hydrogen peroxide
solution for 1 h at 80 �C, followed by a 0.5 M sulfuric acid solution
for 1 h at 80 �C. Then, the metal deposited membranes were
stretched out by a universal material testing machine (3342 UTM,
Instron Corp., US) which provides a uniform strain to the mem-
brane and a strong clamping force to the mechanical wedge grips.
We fixed bottom and top side of the metal deposited membrane by
pressing two mechanical wedge grips (~0.6 MPa) with a width of
~5 cm at each side (Fig. S1). Then, in order to generatemetal cracks,
mechanical stretching was applied to the metal deposited mem-
brane where the top side was stretched and the bottom side was
fixed. The metal coated membranes were stretched out with vari-
ation of the strains (~0.5 and ~1.0). Additionally, pre-stretched
Nafion® membrane (with strains of ~0.5 and 1.0) without depos-
iting the metal film were also prepared for figuring out the mem-
brane thinning effect to the device performances.

2.2. Preparation of the MEA

Catalyst ink was prepared by mixing water, 5 wt% Nafion® so-
lution (DuPont) and isopropyl alcohol (IPA) (Aldrich) with the
catalyst. 75 wt% PtRu/C (HiSPEC 12100, Johnson Matthey Co.) for
the anode side and 60 wt% Pt/C (HiSPEC 9000, Johnson Matthey
Co.) for the cathode side were used for catalyst inks. The prepared
catalyst ink was blended by ultrasonic treatment and sprayed onto
the prepared or bare Nafion® membrane to fabricate MEAs. The
noble metal loadings were 2.0 mg cm�2 in the anodes (including
the Pt film) and 1.0 mg cm�2 in the cathodes of the MEAs,
respectively. These catalyst-coated membranes (CCMs) were dried
at room temperature for more than 12 h. Then, each CCM was
sandwiched between the anode gas diffusion layer (GDL) (TGPH-
060-020, Toray) and cathode GDL (Sigracet 35 BC, SGL group)
without a hot-pressing process. The active area of the MEAs was
5.0 cm2.

2.3. Physical analysis

Field emission-scanning electron microscopy (FE-SEM) was
conducted using a SUPRA 55VP microscope (Carl Zeiss) to examine
the morphology of the various samples used in this paper. The
samples were observed in the SE mode without any additional
coating processes.

2.4. Electrochemical measurements

Each Prepared MEA was inserted between two graphite plates
with a one channel, serpentine type flow field. The single cell was
assembled with identical torque and connected to a fuel cell test
station (CNL Energy). To measure the single cell performance, the
methanol solution was fed to the anode at flow rates of
1.5 mmol min�1 by varying the concentration of the methanol so-
lution (1.5 M, 3.0 M, and 6.0 M) and non-humidified air without
back pressure was fed to the cathode at flow rates of 200 mL min�1,
respectively. The temperature of the cell was kept at 70 �C. Polar-
ization curves were measured by applying different currents and
measuring the correspondent cell voltages. To confirm the stability
of the cracked Pt film, durability test was conducted for 50 h at a
constant current density of 0.2 A cm�2 with 1.5 M methanol feed
concentration. Electrochemical impedance spectroscopy (EIS)
(Zennium, Zahner) of the single cells was conducted at 0.4 V with
an amplitude of 10 mV. The measurement was conducted in the
frequency range from 0.1 Hz to 100 kHz. Linear sweep voltammetry
(LSV) was used to analyze the extent of methanol crossover.
Methanol solution and fully humidified nitrogen gas were supplied
to the anode and cathode, respectively. The cathode was used as
working electrode and the anode was used as counter electrode. A
positive potential was applied to the cathode from 0 V to 0.75 V vs.
the anode at a scan rate of 2 mV s�1. The measurement was
committed at a temperature of 70 �C. To obtain the cyclic voltam-
mograms of PtRu/C electrode (including Pt film), hydrogen gas was
supplied to the Pt/C electrode (cathode in DMFC operation) and
nitrogen gas was supplied to the PtRu/C electrode (anode in DMFC
operation), respectively. Both gases were fully humidified and the
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temperature of the cell was maintained 30 �C. In this situation, the
Pt/C electrode with hydrogen could be regarded as a dynamic
hydrogen electrode (DHE). The Pt/C electrode served as reference
electrode and counter electrode and the PtRu/C electrode with ni-
trogen served as a working electrode. The voltage sweep range was
0.05 Ve1.2 V at a scan rate of 100 mV.
3. Results and discussion

3.1. Generation of a thin cracked metal barrier at the interface
between the Nafion® membrane and the electrode

Fig. 1a shows the schematic illustration of the generation of a
thin cracked metal barrier at the interface between the Nafion®

membrane and the electrode. A thin Pt metal layer (~35 nm) was
deposited onto themembrane surface by sputtering and then the Pt
deposited Nafion® membrane was stretched out to generate metal
cracks. The Pt metal layer has relatively higher elastic modulus than
the Nafion® membrane. Due to this elastic mismatch, i.e., the dif-
ference in elastic modulus, cracks are generated on the Pt metal
layer when the two attached surfaces are stretched out [24, 25]. As
a previous study showed [22], the deformation modes of the
Nafion® membrane were classified into elastic and plastic defor-
mation regions. When the applied strain to the Nafion® membrane
went over the elastic deformation region, the membranewould not
recover its original shape. The generated metal crack on the
membrane maintained its deformed features along with the
deformed membrane.

Fig.1b shows the SEM images of the surface morphologies of the
Pt metal deposited surface with and without stretching of the
membrane. In cases where nomechanical stress was applied, fewer
cracks were generated on the Pt metal deposited surface due to
water uptake from ambient air and the consequent swelling pro-
cess [26]. On the other hand, the Pt deposited membrane surface
with mechanical stretching was finely cracked into a great many
blocks. The notable difference between these two surfaces is that
the bare Nafion® surface is more exposed through the crack gaps on
the stretched Pt deposited membrane than the non-stretched Pt
Fig. 1. (a) Schematic illustration of generating cracks of a thin Pt layer by simply mechanical
before and after stretching of the membrane (stretching ratio of ~1.0).
deposited membrane.
To investigate the morphological feature of the cracks on vary-

ing the strains, we stretched out the metal deposited Nafion®

membrane with strains of ~0.5 and ~1.0. When the surface is
stretched out in one-direction (vertical or horizontal direction), the
uni-directional cracks which are perpendicularly to the direction of
the applied strain are generated. In order to increase the number of
cracks, we applied strains to the membrane in both the vertical and
horizontal directions. As expected, the multiple cracks are bi-
directionally generated and also we observed that the area of the
cracks gaps expanded as the strain value increased. This implies
that the density of cracks can be managed by changing the strain
values (Fig. 2a).
3.2. Enhanced performance of DMFC with a thin cracked Pt metal
layer in MEA

To demonstrate the effect of a thin cracked Pt metal layer on the
performance of a DMFC, we sprayed PtRu catalysts supported on
carbon particles (PtRu/C, atomic ratio of Pt:Ru is 1:1) onto the
anode catalyst layer and Pt catalysts supported on carbon particles
(Pt/C) onto the cathode catalyst layer and successfully incorporated
the MEA into a single cell (Fig. 2b). We compared MEA samples
with a bare Nafion® membrane, an intact Pt layer, and a cracked Pt
layer with two different strains. Each sample was tested under
three different conditions of methanol feed concentration (1.5 M,
3.0 M, and 6.0 M), as it has a significant effect on methanol cross-
over through the electrolyte membrane and the performance of the
DMFC (Table 1). The single cells were operated in condition of
methanol/non-humidified air.

Fig. 3a shows the device performance of the four samples in the
experimental conditionwith 3.0 M of methanol feed concentration.
In the polarization curves, the MEAs with the cracked Pt layer
exhibited significantly enhanced performance compared with the
referenceMEAunder the experimental conditions, regardless of the
applied strains. The MEAs with cracked Pt layers showed the
maximum power density of 110 mW cm�2 and 102 mW cm�2 in
3.0 M methanol for a strain of ~0.5 and ~1.0, respectively. These
stretching. (b) SEM images of the surface of the Pt metal deposited membrane surface



Fig. 2. (a) Morphological features of the Pt deposited membrane and the generated cracks by stretching of the Nafion® membrane; SEM images of the intact Pt layer, the generated
Pt crack layer with the strain of ~0.5, and ~1.0 (from the left). (b) Preparation of anode electrodes in the MEAwith a bare membrane, the intact Pt layered membrane and the cracked
Pt layered membrane (form the left).

Table 1
Open circuit voltage, current density at 0.4 V and maximum power density of each MEA at different methanol concentrations (1.5 M, 3.0 M and 6.0 M).

MEA and methanol concentration Open circuit voltage
[V]

Current density at 0.4 V
[A cm�2]

Maximum power density
[W cm�2]

1.5 M methanol solution
Reference 0.592 0.148 0.104 (þ00.0%)
Intact Pt 0.612 0.109 0.072 (�30.8%)
Cracked Pt (0.5) 0.614 0.236 0.136 (þ30.8%)
Cracked Pt (1.0) 0.611 0.208 0.136 (þ30.8%)
Pre-stretched (0.5) 0.600 0.164 0.110 (þ05.8%)
Pre-stretched (1.0) 0.594 0.175 0.114 (þ09.6%)

3.0 M methanol solution
Reference 0.567 0.069 0.080 (þ00.0%)
Intact Pt 0.601 0.077 0.062 (�22.5%)
Cracked Pt (0.5) 0.605 0.143 0.110 (þ37.5%)
Cracked Pt (1.0) 0.594 0.127 0.102 (þ27.5%)
Pre-stretched (0.5) 0.567 0.087 0.085 (þ06.3%)
Pre-stretched (1.0) 0.561 0.081 0.084 (þ05.0%)

6.0 M methanol solution
Reference 0.501 0.011 0.048 (þ00.0%)
Intact Pt 0.560 0.041 0.044 (�08.3%)
Cracked Pt (0.5) 0.544 0.055 0.072 (þ50.0%)
Cracked Pt (1.0) 0.528 0.024 0.061 (þ27.1%)
Pre-stretched (0.5) 0.502 0.010 0.046 (�04.2%)
Pre-stretched (1.0) 0.493 0.009 0.042 (�12.5%)
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values are much higher than that of the referenceMEA by 37.5% and
27.5%, respectively. However, the MEA with the intact Pt layer
showed 22.5% reduced performance compared to that of the
reference MEA. These enhanced or reduced performances can be
explained in terms of methanol crossover and proton transport. As
mentioned, methanol crossover and proton transport are in a trade-
off relationship. In the case of the MEA with the intact Pt layer, the
metal layer works as a good barrier to inhibit the methanol cross-
over, but it also prevents a proton bonded with water molecules to
penetrate through the electrolyte membrane. As a result, even the
open circuit voltage (OCV) of the MEA with the intact Pt layer
(0.601 V) is higher than the reference layer (0.567 V) at 3.0 M
methanol feed concentration. However, the working voltage of the
sample rapidly drops as the current density increases. On the
contrary, theMEAswith the cracked Pt layer show a higher working
voltage in all the current density regions with similar OCV values
(0.605 V and 0.594 V at 3.0 M for a strain of ~0.5 and ~1.0,
respectively) of the MEAwith the intact Pt layer. This indicates that
the cracked metal barrier shows an effective reduction of methanol
crossover as well as comparable proton transport compared to the



Fig. 3. (a-b) Polarization curves (at 3.0 M methanol feed concentration) and performance enhancement vs. methanol feed concentration plot of a reference MEA, MEAs with the
intact, and cracked Pt layers (c-d) Polarization curves (at 3.0 M methanol feed concentration) and performance enhancement vs. methanol feed concentration plot of a reference
MEA, MEAs with the pre-stretched membranes.

Fig. 4. Limiting current density measurements of the reference MEA, MEAs with the
intact and cracked Pt layers, and MEAs with pre-stretched membranes with a meth-
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reference. Interestingly, these tendencies are much more marked
on increasing the methanol feed concentration (Fig. 3b and Fig. S2).
In the case of the MEA containing a cracked Pt layer with a strain
~0.5, cell performances gradually increase to 30.8%, 37.5% and 50.0%
compared to the reference MEA, as the methanol concentration
increases to 1.5 M, 3.0 M, and 6.0 M, respectively. This means that
the role of the cracked metal barrier is more prominent in higher
methanol concentration because the amount of diffused methanol
from the anode to cathode side is increasing as the concentration
difference becomes larger. Additionally, Fig. 3c shows polarization
curves of the MEAs with pre-stretched membranes without the
metal film. In the condition of 3.0 M methanol feed concentration,
the MEAs containing pre-stretched membranes (strain of ~0.5 and
~1.0) exhibit slightly better performance than the reference one.
This result is derived from the membrane thinning effect by
stretching and following reduced ohmic resistance (Fig. S3). How-
ever, the performances of the MEAs with pre-stretchedmembranes
are lower than the reference one at higher methanol feed con-
centration (Fig. 3d and Fig. S4). This is because the methanol
crossover rate is increased as the membrane thickness becomes
thinner. From these results, we can strongly say that the perfor-
mance enhancement of the MEAs with the cracked Pt mainly
originated from the cracked Pt layer as an effective methanol bar-
rier, rather than the change in membrane morphology or thickness
during stretching process.

To compare and confirm the extent of methanol crossover for
each sample, we measured limiting current densities from the LSV
curves for the oxidation of permeatedmethanol in the cathode [27].
In Fig. 4, both the MEAs with the intact Pt layer and the cracked Pt
layer showed relatively lower limiting current densities than the
reference. However, the MEAs with pre-stretched membranes
without the metal film show higher limiting current densities than
anol feed concentration of 3.0 M.



Fig. 6. (a) Electrochemical impedance spectroscopy (EIS) of the reference MEA, MEAs
with the intact and cracked Pt layers with a methanol feed concentration of 3.0 M at
0.4 V (b) Cyclic voltammograms of the anode catalyst layers of the reference MEA,
MEAs with the intact and cracked Pt layers.
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the reference one. This result suggests that the incorporation of the
Pt layer with and without cracks played a role of a good barrier for
the methanol crossover. Additionally, Figs. 3 and 4 indicate that the
density of metal cracks has an effect on the degree of methanol
crossover and the device performance. As shown in Fig. 2a, the
cracked Pt layer with a strain of ~1.0 has wider crack gaps compared
to that with a strain of ~0.5. We have analyzed geometrical features
of the generated cracks by using Image J software. As shown in
Fig. S5, the result show that the areal fraction of cracks and average
crack gaps increase as the applied strain goes up. In case of Pt as a
metal barrier, areal fraction of cracks increases from ~24% with a
strain 0.5e~36% with a strain 1.0. And average crack gaps between
metal islands also increase from ~467 nm with a strain
0.5e~943 nmwith a strain 1.0. These increments of areal fraction of
cracks and average crack gaps make the methanol penetrates more
easily due to the bare Nafion® surface is more exposed. Hence, the
MEA containing a cracked Pt layer with a strain of ~0.5 has a higher
device performance compared with the MEA containing a cracked
Pt layer with a strain of ~1.0 under all operating conditions. The
results are briefly summarized as illustrations in Fig. 5.

To investigate the effect of the cracked metal barrier on the
overall resistance and electrochemical active surface area (ECSA) of
the MEA, electrochemical impedance spectroscopy (EIS) [28]
(Fig. 6a) and cyclic voltammetry (CV) have been conducted [29]
(Fig. 6b). From the measurements of EIS for each sample, we
found that the MEAs with the cracked Pt layer exhibited compa-
rable ohmic resistance as well as much less charge transfer resis-
tance compared to the reference. This indicates that methanol
crossover was effectively reduced by the cracked Pt layer without
affecting the proton conduction properties of the membrane.
However, MEA with the intact Pt layer shows ohmic resistance
(~0.296 U cm2) that is approximately three times higher than other
samples (~0.105U cm2) (Fig. S6a). It means thatMEAwith the intact
Pt layer severely inhibits the transport of proton through the
electrolyte membrane. In addition, the MEAwith the intact Pt layer
has a solely capacitive semicircle in the high frequency range (i.e.
3.0 kHze30 kHz) (Fig. S6b), which demonstrates that the crack-free
Pt layer is difficult to make interfacial contact between the catalyst
layer and the ionomeric material of electrolyte membrane [30]. The
EIS spectra showed similar tendencies with the variation of
methanol feed concentration (Fig. S7). Also, the CV measurement
showed analogous values of ECSA of the MEAs with the cracked Pt
layer and the reference (Fig. 6b), which means that the quantity of
additionally deposited Pt layer onto the Nafion® membrane was so
small compared to the catalysts on the electrode that it does not
practically affect the amounts of tri-phase boundary during the
operation. Though, the amount of loaded catalysts were same, the
MEA with the intact Pt layer showed much lower value of ECSA
compared to that of other cases. This is because proton transport
was severely inhibited by the dense Pt layer without cracks.

To check the stability of the MEA with cracked Pt barrier, we
Fig. 5. A schematic illustration of reduced meth
have performed durability testing. The reference MEA and the MEA
with cracked Pt layer with a strain ~0.5 were operated at a constant
current density of 0.2 A cm�2 for about 50 h [31]. Fig. 7a shows the
change of the cell voltage with respect to the operating time and
the higher performance of the MEA with cracked Pt layer was
maintained during all the operation time. Also, from the results of
limiting current densities from the LSV curves (Fig. 7b and c), we
confirmed that the amount of permeated methanol from anode to
cathode is much lower than the reference one even after the 50 h
anol crossover with the Pt cracked barrier.



Fig. 7. (a) Durability test for about 50 h at a constant current density of 0.2 A cm�2 (b-c) Limiting current density measurements of the reference MEA and MEAwith cracked Pt layer
(0.5) with a methanol feed concentration of 3.0 M before and after durability test.
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operation. This implies that the cracked Pt barrier can maintain its
role of methanol barrier even after the durability test.
Fig. 8. Polarization curves of the reference MEA, MEAs with the intact and cracked Au
layers with methanol feed concentration of 3.0 M.
3.3. Enhanced performance of DMFC with a thin cracked Au metal
layer in MEA

To further investigate the material issue for the metal barrier
layer, we fabricatedMEAs containing a cracked gold layer at varying
strains (~0.5 and ~1.0), whichmaterial does not act as platinum that
induces methanol oxidation reaction as well as oxygen reduction
reaction. As shown in Fig. 8, the MEAs with the cracked Au layer
showed much higher performance than the reference MEA even
when the barrier material was changed to a non-catalyst. Espe-
cially, within our experimental sets, the MEA with the cracked Au
layer and an applied strain of ~0.5 exhibited the highest power
density of 124 mW cm�2 in 3.0 M methanol. On the contrary, the
MEA with the intact Au layer showed a lower performance than
that of the reference. These results are in good agreement with the
previous results (Fig. 3). The morphological features of the Au
cracks on stretching out themembrane at different stretching ratios
(~0.5 and ~1.0) also shows similar features for the experimental sets
with the cracked Pt (Fig. S8). Based on this, we confirmed the
effectiveness and validity of the cracked metal barriers upon
varying the materials.
4. Conclusion

In this study, the stretching feature of a Nafion® membrane with
a high elongation break point, was used to easily generate a cracked
metal layer onto the membrane by varying the strain (~0.5 and
~1.0) and incorporating it in direct methanol fuel cells. The cracked
metal barrier effectively reduced methanol crossover while main-
taining its capability for proton transport. From the combinational
effects of the cracked barrier layer, we achieved a remarkable
performance enhancement of 37.5% compared to that of the refer-
ence at a methanol concentration of 3.0 M. We believe our novel
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approach of using metal cracks certainly possesses a broad poten-
tial to be applied to other energy conversion and storage devices.
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