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a polymer electrolyte membrane by plasma treatment during
plasma assisted etching in a plasma-assisted chemical vapor
deposition (PACVD) chamber, where catalyst particles or a
catalyst layer are directly deposited on the surface of the
polymer electrolyte membrane having the nanostructured
surface.
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O2 TREATMENT

Fig. 4a
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Fig. 4b
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NANOHOLE STRUCTURES

Fig. 5
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WETTING BEHAVIOR BEFORE PLASMA TREATMENT

Fig. 6a
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WETTING BEHAVIOR AFTER PLASMA TREATMENT

Fig. 6b
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1
METHOD OF FORMING
NANOSTRUCTURED SURFACE ON
POLYMER ELECTROLYTE MEMBRANE OF
MEMBRANE ELECTRODE ASSEMBLY FOR
FUEL CELL

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims under 35 U.S.C. §119(a) the ben-
efit of Korean Patent Application No. 10-2008-0106450 filed
Oct. 29, 2008, the entire contents of which are incorporated
herein by reference.

BACKGROUND

(a) Technical Field

The present disclosure relates to a method of forming a
nanostructured surface (NSS) on a polymer electrolyte mem-
brane (PEM). IN preferred aspects, it relates to a method of
forming a nanostructured surface (NSS) on a polymer elec-
trolyte membrane (PEM) of a membrane electrode assembly
(MEA) for a fuel cell, in which a nanostructured surface such
as nano-hair structures is formed on a polymer electrolyte
membrane by plasma treatment with gases, for example,
argon, oxygen, CF,, by plasma-assisted chemical vapor
deposition (PACVD), where catalyst particles or a catalyst
layer is directly deposited on the surface of the polymer
electrolyte membrane having the nanostructures, for example
Inano-hairs or nano-holes, by sputtering, thus suitably fabri-
cating a membrane electrode assembly for a fuel cell by a
simple process and considerably reducing the amount of cata-
lyst needed in the method.

(b) Background Art

Polymer electrolyte membrane fuel cells (PEMFC) that are
presently used have many advantages, including low opera-
tion temperature and high energy efficiency, when compared
to other types of fuel cells. Accordingly, extensive research
aimed at utilizing the PEMFC as a power source for vehicles
has been carried out.

In the PEMFC, the current density is high, the operation
temperature may be as low as 60 to 80° C., and the possibility
of corrosion and the electrolyte loss are considerably low, for
example when compared to a phosphoric acid fuel cell
(PAFC), a molten carbonate fuel cell (MCFC), or a solid
oxide fuel cell (SOFC).

Further, because a PEMFC can be produced at low cost,
with a low volume, has a long stack life, and fast start-up, is
suitable for discontinuous operation, and is able to stably
supply power, a PEMFC has various applications, such as in
vehicles.

Each of the unit cells constituting the fuel cell preferably
includes a polymer electrolyte membrane (or a proton
exchange membrane), and an oxidation electrode (anode) and
a reduction electrode (cathode) that are suitably integrally
formed on both sides of the polymer electrolyte membrane by
a hot press, thus forming a membrane electrode assembly
(MEA) 10.

Preferably, since the anode and the cathode are integrally
formed on the surface of the polymer electrolyte membrane,
a reaction [H,—2H+2e™] takes place at the anode, on which
carbon black as a catalyst support, and where water and
protons can be bonded, is suitably coated.

At the cathode, a reaction [¥20,+2H+2e*—H20] takes
place, and protons are transported through the MEA by the
above reaction, thus generating electricity and water.
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Preferably, a polyperfluorosulfonate polymer electrolyte
membrane having high hydrogen ion conductivity is used for
the polymer electrolyte membrane of the fuel cell, and, mor
preferably, a Nafion membrane manufactured by Dupont is
more widely used, since the surface has hydrophobic proper-
ties and is structurally stable.

As research related to the polymer electrolyte membranes
for fuel cells has progressed, the stability of the fuel cell and
its manufacturing cost have become objects of research, as the
properties of the polymer electrolyte membrane and the
amount ofused catalyst are closely related to the performance
of the fuel cell and its manufacturing cost.

Accordingly, as one of the conventional methods for
improving the performance of the MEA and reducing the
amount of catalyst loadings, a method of forming a whisker
structure on a silicon substrate and attaching it to the surface
of the polymer electrolyte membrane using an adhesive has
been proposed. Using this method, it is possible to consider-
ably reduce the amount of catalyst loadings due to an
increased surface area when platinum catalyst is deposited on
the surface of the electrolyte membrane, as compared to the
conventional methods.

Further, attempts to improve the performance of the poly-
mer electrolyte membrane by directly modifying the surface
of the polymer electrolyte membrane using various methods
such as plasma, ion beam, or electron beam, have been made,
and efforts to increase the contact area between the polymer
electrolyte membrane and catalyst have continued to
progress. Moreover, it has been reported that, if the surface
area is increased, the amount of expensive catalyst can be
reduced and, further, the efficiency can be considerably
improved [M. Prassanna, E. A. Cho. H. J. Kim, T. H. Kim, et
al., J. Power Sources (2006): Korean Patent No. 0405671
(2002) to Ki Chun Lee at al., both incorporated by reference
in their entireties herein].

A method of increasing surface roughness using ion beams
has been recently employed, and a method of coating plati-
num catalyst-supported carbon black on the thus surface-
modified polymer electrolyte membrane by spray coating has
also been used. In a study aimed at utilizing low pressure and
high density argon (Ar) plasma [D. Ramdutt et al, Journal of
Power Sources 165 (2007) 41-48, incorporated by reference
in its entirety herein], a polymer electrolyte membrane was
exposed to argon plasma at a power of 50 W for 5 to 120
seconds; however, the surface had hydrophilic properties and
the shape of the surface was little changed, which resulted in
a deterioration of proton conductivity.

Accordingly, a study on surface treatment conditions,
which provides a method to increase surface area due to a
change in surface shape of the membrane electrode assembly
and, at the same time, to increase in hydrophobic nature of the
surface, is needed.

Research aimed at supporting platinum (Pt) as a catalyst
for delivering protons on the surface of a polymer electrolyte
membrane, i.e., an ion exchange membrane, has been carried
out. Further, in order to reduce the amount of platinum load-
ing, a method of supporting platinum particles on carbon
black and fabricating an ion exchange membrane by spray
coating, screen printing, or tape casting has been proposed.

Dual ion-beam assisted deposition and sputter deposition,
in which the surface of a polymer electrolyte membrane is
suitably modified and then platinum is directly deposited on
the surface of the membrane by sputtering, and electrodepo-
sition, electrospray, etc. have been proposed [J. H. Wee, K. Y.
Lee. S. H. Kim, Journal of Power Sources 165 (2007) 667-
677, incorporated by reference in its entirety herein].
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The above information disclosed in this Background sec-
tion is only for enhancement of understanding of the back-
ground of the invention and therefore it may contain infor-
mation that does not form the prior art that is already known
in this country to a person of ordinary skill in the art.

SUMMARY OF THE DISCLOSURE

In one aspect, the present invention provides a method of
forming a nanostructured surface (NSS) on a polymer elec-
trolyte membrane (PEM) of a membrane electrode assembly
(MEA) for a fuel cell, in which nano-sized surface patterns
are suitably formed on a polymer electrolyte membrane by
plasma-assisted chemical vapor deposition (PACVD) and
then platinum catalyst is directly deposited on the surface of
the polymer electrolyte membrane having the nanostructured
surface by sputtering, thus fabricating a membrane electrode
assembly for a fuel cell by a suitably simple process and
considerably reducing the amount of catalyst, compared to
existing methods.

In one aspect, the present invention provides a method of
suitably forming a nanostructured surface on a polymer elec-
trolyte membrane of a membrane electrode assembly for a
fuel cell, the method preferably comprising: forming a plu-
rality of nanostructures on a surface of a polymer electrolyte
membrane by performing plasma assisted etching on the sur-
face of the polymer electrolyte membrane placed in a plasma
assisted chemical vapor deposition (PACVD) chamber, main-
tained at a pressure of 1.0x1077 to 2.75x107> Pa, at a bias
voltage of =100 to —=50 kV for 1 second to 60 minutes during
the plasma assisted etching in the PACVD chamber; and
supporting or depositing the catalyst on the surface of the
polymer electrolyte membrane having the plurality of nano-
structures formed by the plasma treatment.

In a preferred embodiment, the nanostructure is suitably
formed into a nano-hair structure having a width of 1 to 1,000
nanometers and a length of 1 to 10,000 nanometers.

In another preferred embodiment, the nanostructure is suit-
ably formed into a nanohole structure.

In still another preferred embodiment, the nanostructure is
suitably formed by ion beam or etching methods in addition to
the PACVD.

In yet another preferred embodiment, the nanostructure is
suitably formed by using a gas for plasma treatment selected
from the group consisting of, but not limited to, argon, CF,,
oxygen, N,, and H,.

In still yet another preferred embodiment, the method fur-
ther comprises the step of forming a plurality of convex or
concave nanostructures on the surface of the polymer elec-
trolyte membrane by a method preferably selected from the
group consisting of, but not limited to, ion beam, reactive ion
etching (RIE), and sputtering in addition to the PACVD.

In a further preferred embodiment, the method further
comprises the step of changing an angle formed between the
plasma flow direction and the surface of the polymer electro-
lyte membrane, thus forming a plurality of nanostructures
suitably inclined at a specific angle in one direction on the
surface of the polymer electrolyte membrane.

In another further preferred embodiment, the step of sup-
porting or depositing catalyst on the surface of the polymer
electrolyte membrane having the plurality of nanostructures
is preferably performed by a method selected from the group
consisting of, but not limited to, spray coating, in which
platinum or platinum catalyst particles are suitably supported
on carbon black and then formed on an ion exchange mem-
brane, screen coating, tape casting, dual ion-beam assisted
deposition and sputter deposition, in which a surface of a
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polymer electrolyte membrane is suitably modified and then
platinum or a platinum alloy is directly deposited on the
surface of the polymer electrolyte membrane by sputtering,
electrodeposition, electrospray, supercritical deposition
using carbon aerogel, platinum sol, and a method of support-
ing platinum or a platinum alloy using carbon nanotubes,
amorphous supermicroporous carbons, or carbon aerogel
supports.

It is understood that the term “vehicle” or “vehicular” or
other similar term as used herein is inclusive of motor
vehicles in general such as passenger automobiles including
sports utility vehicles (SUV), buses, trucks, various commer-
cial vehicles, watercraft including a variety of boats and
ships, aircraft, and the like, and includes hybrid vehicles,
electric vehicles, plug-in hybrid electric vehicles, hydrogen-
powered vehicles and other alternative fuel vehicles (e.g.
fuels derived from resources other than petroleum).

As referred to herein, a hybrid vehicle is a vehicle that has
two or more sources of power, for example both gasoline-
powered and electric-powered.

The above features and advantages of the present invention
will be apparent from or are set forth in more detail in the
accompanying drawings, which are incorporated in and form
a part of this specification, and the following Detailed
Description, which together serve to explain by way of
example the principles of the present invention. The above
and other features of the invention are discussed infra.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other features of the present invention will
now be described in detail with reference to certain exem-
plary embodiments thereof illustrated with the accompanying
drawings which are given hereinbelow by way of illustration
only, and thus are not limitative of the present invention, and
wherein:

FIG. 1A is a schematic diagram of a plasma treatment
apparatus for forming a nanostructured surface on a polymer
electrolyte membrane in accordance with the present inven-
tion;

FIG. 1B is a diagram illustrating a structure of a membrane
electrode assembly for a fuel cell and a state in which nano-
hair structures are formed on the surface of a polymer elec-
trolyte membrane in accordance with the present invention;

FIG. 2 is a scanning electron micrograph (SEM) image
taken after performing surface treatment on a polymer elec-
trolyte membrane using argon plasma at a bias voltage of
-800V for 3 minutes and sputtering Pt catalyst;

FIG. 3A is a SEM image taken after sputtering Pt catalyst
on the surface of a polymer electrolyte membrane by argon
plasma treatment at a bias voltage of —600 V for 3 minutes;

FIG. 3B is a SEM image taken after sputtering Pt catalyst
on the surface of a polymer electrolyte membrane by argon
plasma treatment at a bias voltage of =800 V for 10 minutes;

FIG. 4A is a SEM image of the surface structure of a
polymer electrolyte membrane after oxygen plasma treat-
ment;

FIG. 4B is a SEM image of the surface structure of a
polymer electrolyte membrane after CF, plasma treatment,
taken after sputtering Pt catalyst;

FIG. 5 is a SEM image showing nanohole structures
formed on the surface of a polymer electrolyte membrane by
argon plasma treatment at a bias voltage of —800 V for 1
minute, taken after depositing Pt catalyst on the surface of
nanohole structures by sputtering;
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FIG. 6A is an optical image showing wetting behavior of a
pure water droplet on the surface of a polymer electrolyte
membrane before argon plasma surface treatment;

FIG. 6B an optical image showing wetting behavior of a
pure water droplet on the surface of a polymer electrolyte
membrane after argon plasma surface treatment;

FIG. 7A is a schematic diagram illustrating argon plasma
treatment performed on the surface of a polymer electrolyte
membrane at an oblique angle of 55°;

FIG. 7B is a SEM image of an inclined nanostructured
surface formed on a polymer electrolyte membrane;

FIG. 7C is an enlarged image of a red rectangular box of
FIG. 7B; and

FIG. 7D is an enlarged image of a portion of FIG. 7C.

Reference numerals set forth in the Drawings include ref-
erence to the following elements as further discussed below:

10: plasma treatment apparatus

20: chamber

30: polymer electrolyte membrane

40: nanostructure

It should be understood that the appended drawings are not
necessarily to scale, presenting a somewhat simplified repre-
sentation of various preferred features illustrative of the basic
principles of the invention. The specific design features of the
present invention as disclosed herein, including, for example,
specific dimensions, orientations, locations, and shapes will
be determined in part by the particular intended application
and use environment.

In the figures, reference numbers refer to the same or
equivalent parts of the present invention throughout the sev-
eral figures of the drawing.

DETAILED DESCRIPTION

As described herein, the present invention includes a
method of forming a nanostructured surface on a polymer
electrolyte membrane of a membrane electrode assembly for
a fuel cell, the method comprising forming a plurality of
nanostructures on a surface of a polymer electrolyte mem-
brane by performing plasma treatment on the surface of the
polymer electrolyte membrane placed in a plasma treatment
chamber, and supporting or depositing catalyst on the surface
of the polymer electrolyte membrane having the plurality of
nanostructures formed by the plasma treatment.

In one embodiment, the plasma treatment chamber is main-
tained at a pressure of 1.0x1077 to 2.75x107> Pa, at a bias
voltage of —100V to -50kV for 1 second to 60 minutes during
the plasma assisted etching in a plasma-assisted chemical
vapor deposition (PACVD) chamber.

In another embodiment, the nanostructure is formed into a
nano-hair structure having a width of 1 to 1,000 nanometers
and a length of 1 to 10,000 nanometers.

In still another further embodiment, the nanostructure is
formed into a nanohole structure.

In another embodiment, the nanostructure is formed by ion
beam or etching methods in addition to the PACVD.

In another embodiment, the nanostructure is formed by
using a gas for plasma treatment selected from the group
consisting of, but not limited to, argon, CF,, oxygen, N,, and
H,.

In other preferred embodiments, the method further com-
prises forming a plurality of convex or concave nanostruc-
tures on the surface of the polymer electrolyte membrane by
a method selected from the group consisting of, but not lim-
ited to, ion beam, reactive ion etching (RIE), and sputtering,
in addition to the PACVD.
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In other embodiments, the method further comprises
changing an angle formed between the plasma flow direction
and the surface of the polymer electrolyte membrane, thus
forming a plurality of nanostructures inclined at a specific
angle in one direction on the surface of the polymer electro-
lyte membrane.

In related embodiments, supporting or depositing catalyst
on the surface of the polymer electrolyte membrane having
the plurality of nanostructures is performed by a method
selected from the group consisting of, but not limited to, spray
coating, in which platinum or platinum catalyst particles are
supported on carbon black and then formed on an ion
exchange membrane, screen coating, tape casting, dual ion-
beam assisted deposition and sputter deposition, in which a
surface of a polymer electrolyte membrane is modified and
then platinum or a platinum alloy is directly deposited on the
surface of the polymer electrolyte membrane by sputtering,
electrodeposition, electrospray, supercritical deposition
using carbon aerogel, platinum sol, and a method of support-
ing platinum or a platinum alloy using carbon nanotubes,
amorphous supermicroporous carbons, or carbon aerogel
supports.

Hereinafter reference will now be made in detail to various
embodiments of the present invention, examples of which are
illustrated in the accompanying drawings and described
below. While the invention will be described in conjunction
with exemplary embodiments, it will be understood that
present description is not intended to limit the invention to
those exemplary embodiments. On the contrary, the invention
is intended to cover not only the exemplary embodiments, but
also various alternatives, modifications, equivalents and other
embodiments, which may be included within the spirit and
scope of the invention as defined by the appended claims.

In preferred embodiments, the present invention provides a
polymer electrolyte membrane, on which nano-sized struc-
tures (nanostructures) such as hair patterns having an aspect
ratio of 1:50 (width:height) are formed during the plasma
assisted etching in a plasma-assisted chemical vapor deposi-
tion (PACVD) chamber, the polymer electrolyte membrane
having a hydrophobic surface with respect to pure water.
Moreover, in further preferred embodiments the present
invention is directed to methods that suitably simplify the
fabricating process and reduce the amount of used platinum
by directly depositing a platinum (Pt) catalyst layer on the
polymer electrolyte membrane having a nanostructured sur-
face, thus achieving a considerable reduction in cost.

A method of fabricating a polymer electrolyte membrane
having a nanostructured surface, a method of depositing cata-
lyst particles or a catalyst layer in a nano-size on the thus
fabricated nanostructured surface, and an evaluation of wet-
ting behavior on the nanostructured surface will be described
in more detail with reference to the following examples.

EXAMPLES

The following examples illustrate preferred embodiments
of'the present invention and are not intended to limit the same.

(1) Plasma Surface Treatment

Plasma was formed using argon, oxygen, and CF, gases as
a precursor at 13.56 MH, during the plasma assisted etching
in a plasma-assisted chemical vapor deposition (PACVD)
chamber, and a polyperfluorosulfonate polymer electrolyte
membrane was preferably used as a substrate.

In exemplary embodiments, and as shown in FIG. 1A, the
substrate, i.e., the polyperfluorosulfonate polymer electrolyte
membrane 30, was preferably placed on an electrode (R.F
powered, water-cooled cathode) in a chamber 20 of a plasma
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treatment apparatus 10 so that plasma was suitably applied to
the substrate through an impedance matching circuit.

Preferably, the plasma surface treatment was suitably per-
formed at a pressure of 0.49 Pa and a bias voltage of -100V to
-50 kV for 1 second to 60 minutes using the gases (argon,
oxygen, and CF,) on the polymer electrolyte membrane 30.

(2) Catalyst Deposition

In further exemplary embodiments, platinum catalyst was
suitably deposited on the plasma surface-treated polymer
electrolyte membrane, i.e., the polymer electrolyte mem-
brane having nano-hair structures, preferably formed by a
simple sputtering method and, after the deposition, the poly-
mer electrolyte membrane having nano-hair structures was
taken out of the chamber 20 and preferably maintained at a
temperature of 20 to 25° C. and a humidity of 60 to 70%.

According to further preferred embodiments of the present
invention, the catalyst may be suitably deposited or supported
on the polymer electrolyte membrane by a method selected
from the group consisting of, but not limited to, spray coating,
in which platinum or platinum catalyst particles are suitably
supported on carbon black and then formed on an ion
exchange membrane, screen coating, tape casting, dual ion-
beam assisted deposition and sputter deposition, in which the
surface of a polymer electrolyte membrane is suitably modi-
fied and then platinum or a platinum alloy is directly depos-
ited on the surface of the membrane by sputtering, elec-
trodeposition, electrospray, supercritical deposition using
carbon aerogel, platinum sol, and a method of supporting
platinum or a platinum alloy using carbon nanotubes, amor-
phous supermicroporous carbons, or carbon aerogel supports.

(3) Surface Analysis

According to further preferred embodiments of the inven-
tion, the surfaces of the polymer electrolyte membrane before
and after the plasma treatment and the catalyst deposition
were observed using a scanning electron microscopy (SEM).

In further preferred embodiments, the contact angles
before and after the surface modification of the polymer elec-
trolyte membrane were preferably measured with distilled
water using an NRL contact angle goniometer for suitably
measuring wetting angle.

Preferably, a water droplet was gently placed onto the
surfaces of the polymer electrolyte membranes, of which base
lines were facing each other, the contact angles were suitably
measured using the NRL contact angle goniometer for mea-
suring wetting angle, and the wetting angles were suitably
photographed, preferably using a GBX goniometer.

(4) Surface Analysis Results

According to further exemplary embodiments, and as
shown in the right diagram of FIG. 1B, it can be observed that
nanostructures 40 such as hair patterns or wools were suitably
formed on the polyperfluorosulfonate polymer electrolyte
membrane 30 after the plasma surface treatment by plasma-
assisted chemical vapor deposition (PACVD).

The analysis results are described in more detail with ref-
erence to the accompanying drawings below.

As shown inthe SEM image of FIG. 2, in certain exemplary
embodiments, it can be observed that bundles of nanostruc-
tures (also called nano-hair patterns, nanofibers, nanowools,
etc.) having a width of 10 to 30 nanometers and a length 0of 0.2
to 2 micrometers are suitably distributed on the surface of the
polymer electrolyte membrane, which has been preferably
exposed to an argon gas plasma at a bias voltage of =800V for
3 minutes.

According to further exemplary embodiments, it can be
seen that a round structure having a diameter of about 100
nanometers is suitably formed at the tip of each of the nano-
structures.
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Further, it can be also seen that a platinum catalyst layer
having a thickness of several nanometers surrounds the nano-
structures, the platinum catalyst layer being suitably formed
by depositing platinum catalyst on the nanostructures by
sputtering.

According to other preferred embodiments, as shown in the
SEM image of FIG. 3A taken after sputtering Pt catalyst on
the surface of the polymer electrolyte membrane by argon
plasma treatment at a bias voltage of -600 V (relatively low
plasma energy) for 3 minutes, it can be observed that, while
the width of the nanostructures is kept suitably constant at 20
to 30 nanometers, the length thereofis 300 to 600 nanometers,
which is reduced compared to that of FIG. 2.

In still other embodiments, for example as shown in the
SEM of FIG. 3B, taken after sputtering Pt catalyst on the
surface of the polymer electrolyte membrane by argon plasma
treatment at a bias voltage of =800 V (relatively high plasma
energy) for 10 minutes, it can be observed that the bundles of
nanostructures are more clearly formed and their tips are
densely crowded compared to the bottoms, thus suitably
forming a conical shape.

When compared to the results using the argon plasma as
above, in certain preferred embodiments of the invention as
herein described, the nanostructures suitably formed after
oxygen plasma treatment at a bias voltage of -400 V for 60
minutes as shown in FIG. 4A and the nanostructures formed
after CF, plasma treatment at a bias voltage of =925V for 3
minutes as shown in FIG. 4B have the following features.

Accordingly, while the nanostructures suitably formed by
the oxygen plasma treatment have substantially the same
width and height as the nanostructures suitably formed by the
argon plasma treatment, a larger amount of etched regions
(corresponding to black regions of FIG. 4B) is observed in the
nanostructures suitably formed by the CF, plasma treatment
than in the nanostructures suitably formed by the oxygen
plasma treatment or the argon plasma treatment.

Further, in related embodiments, since a thin carbon coat-
ing layer is preferably formed on the nanostructures and the
membrane surface in the case of the CF, plasma treatment as
shown in the existing studies, it can be expected that the
carbon layer is suitably distributed on the surface of the
polymer electrolyte membrane.

According to further preferred embodiments of the inven-
tion and as shown in FIG. 5, FIG. 5 is a SEM image showing
nanohole structures suitably formed on the surface of the
polymer electrolyte membrane by argon plasma treatment at
a voltage of —800 V for 1 minute, taken after depositing Pt
catalyst on the surface of nanohole structures preferably by
sputtering.

As shown in FIG. 5, the nanohole structures are suitably
formed on the surface of the polymer electrolyte membrane,
instead of the nanostructures (also called nano-hair patterns,
nanofibers, nanowool, etc.). In preferred embodiments, the
nanohole structures may be suitably obtained when perform-
ing argon plasma treatment at energy of -800 eV for 1 minute,
and it can be seen that it is possible to suitably control the
conditions for forming such concave structures, which are
contrary to the convex nanostructures as shown in FIGS. 2 to
4.

In certain preferred embodiments, the nanohole structures
are formed when polymer chains of the polymer electrolyte
membrane are preferably etched from locally unstable
regions during the argon plasma treatment at energy of —800
V for 1 minute and thus the concave nanohole structures are
first formed. Accordingly, in further embodiments, the area of
the nanoholes is gradually increased as the plasma treatment
time increases and, at the same time, the nanoholes are suit-
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ably formed into the convex nanostructures (also called, for
example, but not limited to, nano-hair patterns, nanofibers,
nanowool, etc.) for example as shown in FIGS. 2 to 4 at the
regions where the nanoholes meet each other.

FIGS. 6A and 6B illustrate further exemplary embodi-
ments of the invention, and show the test results of the wet-
ness of the polymer electrolyte membrane in accordance with
preferred embodiments of the present invention.

For example, FIG. 6A is an optical image showing wetting
behavior of a pure water droplet on the surface of a polymer
electrolyte membrane before argon plasma surface treatment,
and FIG. 6B an optical image showing wetting behavior of a
pure water droplet on the surface of a polymer electrolyte
membrane after the argon plasma surface treatment.

Preferably, the wetting angle is changed from about 80°
before the argon plasma treatment as shown in FIG. 6A to
about 130° after the argon plasma treatment, for example as
shown in FIG. 6B, which shows that in certain preferred
embodiments the hydrophilic surface before the plasma treat-
ment is suitably changed into the hydrophobic surface after
the plasma treatment. Accordingly, it can be seen that the
hydrophobic properties are suitably increased by the nano-
structures (also called nano-hair patterns, nanofibers, nano-
wool, etc.) suitably formed on the surface of the polymer
electrolyte membrane in accordance with certain preferred
embodiments of the present invention.

Further, in other preferred embodiments, it can be seen
from the images of test results, for example as shown in
exemplary FIG. 7 that it is possible to suitably modify the
structure of nanostructures formed on the surface of the poly-
mer electrolyte membrane.

Exemplary FIG. 7A is a schematic diagram illustrating
argon plasma treatment suitably performed on the surface of
a polymer electrolyte membrane at an oblique angle of 55°,
and FIGS. 7B to 7D are SEM images showing an inclined (or
tilted) nanostructured surface suitably formed on the polymer
electrolyte membrane.

Preferably, the wetting angle of the inclined nanostruc-
tured surface may be suitably changed according to the tilting
direction of nano structured hair patterns. Preferably, since
the wetting angle to the inclined direction is greater than that
in the opposite direction, it is expected in certain embodi-
ments of the invention that it is possible to suitably form
nanostructures having characteristics in that water droplets
easily move in the inclined direction, and it is thus possible to
suitably control the discharge properties of water produced
during an electrochemical reaction in a fuel cell.

Thus, in certain preferred embodiments of the invention as
described herein, it is possible to suitably change the angle
that the nanostructured surface forms by adjusting the angle
formed between the argon plasma and the polymer electrolyte
membrane. Since the nanostructured surface capable of
changing its angle allows the water droplets to easily runin a
specific direction, it can be used as a structure that allows
water or water droplets on the surface of the polymer electro-
lyte membrane to move in a specific direction.

Accordingly, in certain embodiments of the present inven-
tion, it can be seen that the inclined nanostructures (also
called nano-hair patterns, nanofibers, nanowool, etc.) are
suitably formed on the surface of the polymer electrolyte
membrane by preferably performing the plasma treatment
having directionality by a bias voltage, and thus it is possible
to structurally change the nanostructures formed on the sur-
face of the polymer electrolyte membrane.

As described herein, it can be observed that convex nano-
structures (also called nano-hair patterns, nanofibers, nano-
wool, etc.) or concave nanohole structures having a consid-
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erably increased surface area are formed on the surface of the
polymer electrolyte membrane by plasma surface treatment
of argon, oxygen, or CF, gas at a bias voltage of -600 to -950
V for 1 to 20 minutes in accordance with preferred embodi-
ments of the present invention. Further, in preferred embodi-
ments of the invention as described herein, the surface area is
considerably increased by surface treatment of the polymer
electrolyte membrane by a suitable method in accordance
with the present invention and further the hydrophobic prop-
erties of the surface of the polymer electrolyte membrane are
suitably increased. Furthermore, as described here, it is pos-
sible to form nano-hair structures, which preferably form an
oblique angle in a specific direction, by obliquely irradiating
plasma to the surface of the polymer electrolyte membrane.

According to preferred embodiments of the present inven-
tion as described herein, it is possible to suitably increase the
surface area of the polymer electrolyte membrane and, at the
same time, suitably increase the hydrophobic properties of
the surface of the polymer electrolyte membrane by forming
nano-sized structures (nanostructures) such as nano-hair or
nanohole structures on the polyperfluorosulfonate polymer
electrolyte membrane during plasma assisted etching in the
plasma-assisted chemical vapor deposition (PACVD) cham-
ber.

Moreover, it is possible to easily fabricate the membrane
electrode assembly for a fuel cell by a simple process of
directing coating platinum (Pt) catalyst on the nanostructured
surface having increased surface area and hydrophobic prop-
erties by sputtering.

Accordingly, since the surface of the polymer electrolyte
membrane in accordance with the present invention com-
prises the nanostructures such as nano-hair patterns, its sur-
face area is suitably increased and, at the same time, the
hydrophobic properties with respect to water are suitably
increased. As aresult, itis possible to considerably reduce the
number of process of fabricating the membrane electrode
assembly for a fuel cell and further reduce the amount of
platinum catalyst.

The invention has been described in detail with reference to
preferred embodiments thereof. However, it will be appreci-
ated by those skilled in the art that changes may be made in
these embodiments without departing from the principles and
spirit of the invention, the scope of which is defined in the
appended claims and their equivalents.

What is claimed is:
1. A method of forming a nanostructured surface on a
polymer electrolyte membrane of a membrane electrode
assembly for a fuel cell, the method comprising:
forming a plurality of nano hair structures on a surface of a
polymer electrolyte membrane by performing plasma-
assisted etching on the surface ofthe polymer electrolyte
membrane placed in a plasma-assisted chemical vapor
deposition (PACVD) chamber, maintained at a pressure
of 1.0x1077 to —=2.75x10~* Pa, at a bias voltage of ~100V
to =50 kV for 1 second to 60 minutes during the plasma-
assisted etching in the PACVD chamber; and

supporting or depositing catalyst on the surface of the
polymer electrolyte membrane having the plurality of
nanostructures formed by the plasma treatment,

wherein the nanostructures are nano-hair structures having
a width of 1 to 1,000 namometers and a length of 1 to
10.000 nanometers, wherein the nano-hair structures
have aspect ratio of 1:50 (width:height).

2. The method of claim 1, wherein the nanostructure is
formed by using a gas for plasma treatment selected from the
group consisting of argon, CF,, oxygen, N,, and H,.
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3. The method of claim 1, further comprising changing an
angle formed between the plasma flow direction and the
surface of the polymer electrolyte membrane, thus forming a
plurality of nanostructures inclined at a specific angle in one
direction on the surface of the polymer electrolyte membrane.

4. The method of claim 1, wherein the step of supporting or
depositing catalyst on the surface of the polymer electrolyte
membrane having the plurality of nanostructures is per-
formed by a method selected from the group consisting of
spray coating, screen coating, tape casting, dual ion-beam
assisted deposition and sputter deposition, electrodeposition,
electrospray, supercritical deposition using carbon aerogel,
platinum sol, and using carbon nanotubes, amorphous super-
microporous carbons, or carbon aerogel supports to support
platinum or a platinum alloy.

5. A method of forming a nanostructured surface on a
polymer electrolyte membrane of a membrane electrode
assembly for a fuel cell, the method comprising:

forming a plurality of nano hair structures on a surface of a

polymer electrolyte membrane by performing plasma-
assisted etching on the surface of the polymer electrolyte
membrane placed in a plasma-assisted chemical vapor
deposition (PACVD) chamber, wherein the plasma
treatment chamber is maintained at a pressure of 1.0x
1077 t0 2.75x1073 Pa, at a bias voltage of —~100V to —-50
kV for 1 second to 60 minutes during the plasma-as-
sisted etching in the PACVD chamber; and

supporting or depositing catalyst on the surface of the

polymer electrolyte membrane having the plurality of
nanostructures formed by the plasma treatment wherein
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the nanostructure is a nano-hole structure, having an
aspect ratio of 1:50 (width:height).

6. The method of claim 5, wherein the nanostructure is
formed by using a gas for plasma treatment selected from the
group consisting of argon, CF,,, oxygen, N,, and H,.

7. The method of claim 5, further comprising changing an
angle formed between the plasma flow direction and the
surface of the polymer electrolyte membrane, thus forming a
plurality of nanostructures inclined at a specific angle in one
direction on the surface of the polymer electrolyte membrane.

8. The method of claim 5, wherein the step of supporting or
depositing catalyst on the surface of the polymer electrolyte
membrane having the plurality of nanostructures is per-
formed by a method selected from the group consisting of
spray coating, screen coating, tape casting, dual ion-beam
assisted deposition and sputter deposition, electrodeposition,
electrospray, supercritical deposition using carbon aerogel,
platinum sol, and using carbon nanotubes, amorphous super-
microporous carbons, or carbon aerogel supports to support
platinum or a platinum alloy.

9. The method of claim 4, wherein the spray coating is such
that platinum or platinum catalyst particles are supported on
carbon black and then formed on an ion exchange membrane.

10. The method of claim 4, wherein the dual ion-beam
assisted deposition and sputter deposition modifies a surface
of the polymer electrolyte membrane and then platinum or a
platinum alloy is directly deposited on the surface of the
polymer electrolyte membrane by sputtering.
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