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We have fabricated macroporous Pt wire electrodes via electroplating by using polycarbonate
membranes with the pores filled with polystyrene colloidal crystals. The macroporous structure of the
resulting Pt wire electrodes is the inverse replica of the colloidal crystal templates. Scanning electron
microscopy, Transmission electron microscopy, and X-ray diffraction analysis show the successful
formation of macroporous Pt wire electrodes. The catalytic activity of methanol electro-oxidation on the

resulting macroporous Pt-wire electrodes due to the three dimensional continuous porous structures is

21.0 mA/cm2 at 0.718 V, which is 3.8 times higher that of the dense Pt wire electrodes, 5.4 mA/cmz,
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Dif'/ect methanol fuel cells obtained without use of the colloidal crystals as templates. The chronoamperometry results demonstrate
Pt that the macroporous Pt wire electrodes exhibit superior catalytic stability as compared with the dense
Porous Pt wire electrode and the commercial Pt/C catalyst.
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1. Introduction

Direct methanol fuel cells (DMFCs) have received considerable
attention for use in high-power electronic devices because of
several advantages such as high energy density of methanol fuel,
relatively low operating temperatures, and easy storage [1—-3]. The
success of DMFCs is determined by the catalytic activity at the
anode, methanol penetration into the polymer electrolyte
membrane, and water management at the cathode [4]. Up to now,
much effort has been devoted to modify the structures of the
catalysts to enhance the catalytic activity at the anode for methanol
electro-oxidation by for instance using alloy-based binary, ternary,
and multiple catalysts [5,6], using catalyst nanoparticles supported
by C-based (GNFs, Vulcan XC-72, and CNT) or metal oxide-based
(RuOy, Sn0;, and CeO,) matrices [7—12], using one-dimensional
nanostructured catalysts such as nanowires [13,14]. Recently, one-
dimensional nanostructured catalysts receive growing attention
due to their unique electrochemical behaviors and better
mechanical and physical properties [14,15].

Pt is one of the most commonly used catalysts in DMFCs.
However, the commercial use of Pt as the catalyst for DMFCs is

* Corresponding author. Tel.: +82 02 9706622; fax: +82 02 9736657.
** Corresponding author.
E-mail addresses: hjahn@seoultech.ac.kr (H.-]. Ahn), dayang.wang@unisa.edu.au
(D. Wang).

1293-2558/$ — see front matter © 2011 Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.solidstatesciences.2011.06.011

largely limited by its high price and limited supply. The solution for
that is to enhance Pt utilization, namely, to reduce the loading
amount of Pt catalysts and, at the same time, increase their catalytic
activity. In this scenario, macroporous Pt wire electrodes should be
promising as the porous structures can not only lower the Pt
amount used but also increase the active surface area for catalysis.
Pt wire electrodes are usually produced by electrochemical depo-
sition using porous membranes as templates. Till now, however,
this strategy is mainly used to produce the dense (possibly micro-
porous in some cases) wires and tubes with tens of microns in
length and hundreds of nanometer in diameter [16—18]. Colloidal
crystals, three dimensional hexagonally closely packed arrays of
sub-or micron-sized beads spheres, have been extensively used as
templates to grow ordered macroporous materials. Herein, we
succeeded in fabrication of macroporous Pt wires by combining
porous membrane-assisted electroplating and colloidal crystal
templating growth of porous materials. Therefore, Pt wire elec-
trocatalysts having uniform diameter and ordered channel struc-
tures give superior catalytic activity due to increased surface area
and electrolyte/electrode contact area, leading to the improvement
of performance in DMFCs.

2. Experimental method

Fig. 1 schematically illustrates our strategy to fabricate macro-
porous Pt wire electrodes. Polycarbonate (PCTE) membranes
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Fig. 1. Schematic illustration of fabrication of macroporous Pt wire electrodes via electroplating by templating PCTE membranes with the pores filled with colloidal crystals.

(Whatman Inc.) containing cylindrical pores of 1 pm in diameter
were employed as the templates for Pt electroplating [18—21]. Ag
layers were deposited onto the branched side of PCTE membranes
to serve as the working electrode using resistance evaporation
systems (Edward Auto 306). PS beads (2 wt%) of ca. 200 nm in
diameter (Microparticles GmbH, Germany) were diluted to 0.2 wt%.
After Ag deposition, polystyrene (PS) beads of ca. 200 nm in
diameter were infiltrated into the pores of the PCTE membranes,
followed by ultrasonication for 1 h and heat treatment in
a convection oven at 65 °C for 2 h. Afterward, the PCTE membranes
filled with the PS beads were used as templates for Pt electroplating
by means of galvanostatic mode at —199 mC/cm? and at 50 °C. The
PCTE membranes filled with PS beads, Pt wires, and Ag/AgCl (sat.
KCl) electrodes were used as the working, counter, and reference
electrodes. The electroplating solutions contained 0.01 M H;PtClg
and 0.2 M H,SO04. After electroplating, the Ag layers were dissolved
by immersion of the membranes in 5 M HNOs. The decomposition
of the PCTE membranes and the PS beads by dichloromethane
yielded macroporous Pt wires. The dense Pt wires were fabricated
by using PCTE membranes without filling by PS beads as templates
for electroplating under the same condition. The resulting Pt wires
were immersed into aqua regia (33 wt%, HNOs:HCl = 1:3 in
a volume) for 15 min prior to further use.

Scanning electron microscopy (SEM) images were obtained
using a Gemini LEO 1550 instrument operated at 3 kV. Trans-
mission electron microscopy (TEM) images were obtained using
a TECHANI-F20 microscope (FEI COMPANY), operating at an
accelerating voltage of 200 kV. X-ray diffraction (XRD) analysis was
implemented using a Bruker D8 Advance diffractometer equipped
with a CuK, source.

Electrochemical activity measurements of all the samples
prepared were conducted by using a three-electrode system. The Pt
electrode, Ag/AgCl (in 3 M KCl), and glassy carbon (0.07 cm?) were
used as the counter, reference, and working electrodes, respec-
tively. Catalyst inks of equivalent weight (0.02 mgmeta; = 0.286
MEmetal cmfz) that contain the catalyst and Nafion (9 : 1 wt%) were
loaded onto the working electrode by micropipette, followed by
drying in an oven at 70 °C for 1 h. A mixture of aqueous solutions of
2 M CH30H and 0.5 M H,SO4 was used as an electrolyte. The test
cells were stirred constantly and purged continuously with

nitrogen gas for 1 h before electrochemical testing. The catalytic
activity of the electrodes was evaluated by a cyclic voltammetry
(AUTOLAB by Eco Chemie) at a scan rate of 50 mV s~ ! in the range
of —0.2 to 1.0 V. Chronoamperometry tests were examined in
a mixture of 2.0 M CH30H and 0.5 M H3SO4 at 0.5 V for 600 s. For
the comparison, the electrochemical measurements of the
commercial Pt/C catalyst (E-TEK, 20 wt%) were carried out under
the same experimental conditions.

3. Results and discussion

After electroplating, the consecutive removal of the Ag layers by
nitric acid and PCTE membranes and the PS beads by dichloro-
methane led to macroporous Pt wires. Distinct from those obtained
without use of PS colloidal crystals as templates (Fig. 2(a)), the Pt
wires obtained with the use of the PS colloidal crystals as templates
have a macroporous structure as shown in Fig. 2(b). Fig. 2(c) and (d)
shows that the pores with the sizes of ca. 175 nm, which were
calculated by using Lince software (Tu Damstadt, Germany), are
arranged in a hexoganol close-packing array and, at the same time,
they are connected by the small opening due to the complete
infiltration of Pt in the contact area of neighboring PS beads during
electrochemical deposition.

Fig. 3 shows that the TEM image further confirmed the macro-
porous structures of the Pt wires derived from the colloidal crystal
templating. The TEM image shows that relative bright contrast
regions having macroporous structures are uniformly dispersed
within relative dark contrast regions relative to Pt catalysts. All
these data confirm that the macroporous structure of the resulting
Pt wires is the inverted replica of the colloidal crystal template. In
addition, the XRD patterns of the macroporous Pt wires reveal two
characteristic diffraction peaks at 26 = 39.8 and 46.2° (the inset of
Fig. 3), which corresponding the (111) and (200) planes [JCPDS 04-
0802]. This implies that the macroporous Pt wire electrodes have
face-centered-cubic crystalline Pt with space group, fim3m. The
SEM, TEM, and XRD results are indicative of the successful forma-
tion of the macroporous Pt wire structure.

According to their hexagonal close-packing structural character,
the resulting macroporous Pt wires have the Pt volume fraction of
26% and the void volume fraction of 74%. That is, polystyrene
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Fig. 2. SEM images of dense Pt wires obtained without use of PS colloidal crystals as templates (a) and macroporous Pt wires obtained with the use of PS colloidal crystals as
templates (b). SEM image of the broken part (c) and the cross-section (d) of macroporous Pt wires.

Intensity (arb.unit)

Fig. 3. A TEM image obtained from macroporous Pt wires. A XRD pattern of macro-
porous Pt wires is shown in the inset.

colloidal crystals have close-packing fraction of about 74% into pores
of polycarbonate membranes. Because we grow Pt wires via elec-
troplating in void spaces besides colloidal crystals, the Pt volume
fraction is about 26% due to the inverse replica of the colloidal
crystals. This should provide the high catalytic active surface area for
the resulting macroporous Pt wires. Here we used them as anodes
for catalysis of methanol electro-oxidation. Methanol at the anode
can be hydrolyzed to carbon dioxide, 6 protons and 6 electrons based
on the reaction; CH30H + H,0 — CO, + 6H" + 6e™ [3]. As shown in
Fig. 4(a), the cyclic voltammograms (CVs) of the Pt catalysts for
methanol electro-oxidation show the typical two different current
peaks, the forward peak corresponds to the methanol oxidation and
the backward scan peak to reactions of intermediate species such as
CH,0H, CHO, HCOOH and CO. The forward peak is the anodic current
density, which represents the efficiency of the electro-oxidation of
methanol at the anode, namely, the high anodic current density
suggests a high efficiency. Fig. 4(a) shows that the macroporous Pt
wire electrodes have an anodic current density of 21.0 mA/cm? and
the dense Pt wire electrodes have an anodic current density of
5.4 mA/cm? at 0.718 V; the former is 3.8 times larger than the latter.
In addition, an anodic current density of the macroporous Pt wire
electrodes is higher than that of the commercial Pt/C catalysts (E-
TEK), which exhibit an anodic current density of 16.4 mA/cm? at
0.718 V. This underlines a high catalytic activity of macroporous Pt
wires as anodes for methanol electro-oxidation. This should arise
from the fact that the macroporous Pt wires have a higher surface
area as compared with the dense Pt wires. Here we measured the
electrochemically active surface (EAS) area of macroporous and
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Fig. 4. (a) CVs of the methanol electro-oxidation of macroporous Pt wires, dense Pt
wires, and the commercial Pt/C catalyst (E-TEK, 20 wt%). (b) Chronoamperomery on
the macroporous Pt wires, dense Pt wires, and the commercial Pt/C catalyst (E-TEK,
20 wt%) characterized at 0.5 V for 600 s in a mixture of aqueoues solution of 2 M
CH30H and 0.5 M H,S04.

dense Pt wire electrodes by cyclic voltammetry in a 0.5 M H2SO4
solution (not shown). The EAS area can be calculated from hydrogen
desorption peak as follows: Pt — H + OH — Pt + H,0 + e™. The area of
hydrogen desorption in the range of —0.2 to 0.0 V after the deduction
of the double layer region in the CV curves represents the amount of
the charge (Qy) required for hydrogen desorption. The EAS area
(Sgas) of the electro-catalysts can be calculated by using the Qg as
reported previously [22]. Thus, the Qg values of the macroporous
and dense Pt wire electrodes are 5.00 x 107 C and 2.05 x 1076 C,
respectively. The EAS areas of the macroporous and dense Pt wire
electrodes are calculated as 0.0238 cm? and 0.00976 cm?, namely,
EAS area of the macroporous Pt wires is 2.4 times as high as that of
dense Pt wires. To investigate stability of electrodes, we analyzed the
temporal evolution of the oxidation current at the macroporous Pt
wire, dense Pt wire, and the commercial Pt/C catalyst by chro-
noamperometry in a mixture of 2 M CH30H and 0.5 M H3SO4 solu-
tions at 0.5 V for 600 s (Fig. 4(b)). All the samples exhibit a current
decay during the methanol electro-oxidation. As compared with the
dense Pt wire and the commercial Pt/C catalyst, however, the mac-
roporous Pt wire electrodes show a much slower current decay. After

600 s, the oxidation current of the macroporous, the dense, and the
commercial electrode was reduced by 29%, 56%, and 62%, respec-
tively. This implies that slow current reduction over time underlines
the high catalytic activity of the macroporous Pt wire electrodes
during methanol electro-oxidation process. All these characters
make the present macroporous Pt wires promising candidates as
anodes for high performance DMFCs.

4. Conclusion

Macroporous Pt wire electrodes for DMFCs have been fabricated
by using PCTE membranes with the pores filled with PS colloidal
crystals as templates for electroplating. The macroporous structure
of the resulting Pt wires not only lowers the amount of Pt used for
catalysis but also dramatically increases the catalytically active
surface area. Among the macroporous wire, the dense wire, and the
commercial Pt/C catalyst, therefore, the resulting macroporous Pt
wire electrodes showed a best electrocatalytic activity for methanol
electro-oxidation with 21.0 mA/cm? at 0.718 V and superior cata-
lytic stability at 0.5 V for 600 s. The results indicate that the mac-
roporous Pt wire electrode could effectively improve the catalytic
activity, leading to the fabrication of high-performance DMFCs.
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