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NANO CNTS AND MICRO ELLIPTICAL HOLES SUPPORTED Pt CATALYST
FOR HIGH PERFORMANCE µDMFC
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Abstract: This paper proposes a novel reaction device for µDMFC with the combination of micro and nano
structures for the enhancement of reaction area. The device combined micro porous Si thin film by DRIE with
the growth of vertically-aligned CNTs (VACNTs) on the surfaces of micro holes to further increase the
reaction area by 2~3 orders of magnitude. SEM clearly showed well controlled 50~80-μm-deep micro holes
with CNTs growth on the sidewalls with the diameters of 80~100 nm and lengths of 5~12 μm. Pt particles
deposited on CNTs by chemical reduction method can dramatically increase active sites of methanol
oxidation in anodic half-cell system. It is demonstrated that the reaction performance is also improved
dramatically when both the micro structures and CNTs are combined together.
Key words: reaction device, VACNTs, chemical reduction, anodic half-cell
(1) to (4). The surface area of a single micro hole with
vertical sidewall (As) can be expressed as
(1)
A s = 2ld + 2πrd.
where l , d, and 2r are the length, depth, and width
of a micro hole, respectively. The total surface area of
the reaction device was compared with a plane with
the same projection area, and the surface area ratio (Rs)
is calculated as
(2ld + 2πrd) × n
Rs =
,
(2)
A
A=L×W,
(3)
n = [L/(2r + l)] × (W/2r).
(4)
where A is the area of the projection plane.

1. INTRODUCTION
In DMFC, carbon-based electrodes were
commonly employed as catalyst supports for reactions
[1-3]. To increase reaction area as well as reduce
catalyst loading and prevent corrosion, nano-catalysts
were deposited on CNTs [4-6] grown on carbon
paper/cloth, or graphite surface instead of the
employment of Pt thin film. However, the fabrication
of these conventional electrodes is not compatible with
MEMS for µDMFC, since the loaded CNTs can only
appear on the top surfaces of graphite, posing a longer
pathway for methanol diffusion inside the structures of
carbon-based electrodes thus greatly deteriorating the
loading and reaction efficiency of catalysts. Therefore,
we proposed a novel design to combine micro and
nano structures for catalyst support and the fabricated
device can be easily coupled in µDMFC.

2. EXPERIMENTAL
2.1 Design and fabrication of reaction device
We proposed a 3D design of micro reaction device
for µDMFC and the devices were fabricated on a 4” Si
wafer, as shown in Fig. 1 (a), which may utilize microholes coupled with CNTs (form of the diverging micro
holes) to easily vent CO2 gas produced during an
oxidation of methanol in the anode [7], and the
combination of micro and nano structures would
enhance the transportation path and increase the
reaction area of methanol to improve the efficiency [8].
The proposed micro reaction device is drawn in
Fig. 1 (b). The increment of reaction area by micro
holes with vertical sidewalls can be estimated by Eqs.

Fig. 1 schematic diagram of the micro devices and SEM
micrographs of micro elliptical holes with vertical sidewalls

61

Proceedings of PowerMEMS 2008+ microEMS 2008, Sendai, Japan, November 9-12, (2008)

glycol solution [10]. Then, Pt supported on CNTs,
denoted as Pt/CNTs, was obtained and Pt loading on
CNTs was confirmed by inductively coupled plasmamass spectrometer (ICP-MS, Perkin Elmer，SCIEX
ELAN 5000). Finally, the micro-nano structures were
characterized by SEM (Hitachi-S4800 FE-SEM), and
TEM (JEOL JEM-2010, LaB6).

Given d, the relationship between surface area
ratio and hole width can be calculated: the smaller
width of the holes the larger surface area could be
obtained. However, the resolution of micro fabrication
and the volume required for the accommodation of
CNTs as well proton exchange membrane would keep
the hole size in micro scale. When the width of holes is
reduced to 40 μm, the surface area ratio can approach
2.15 (d=80 μm). The fabrication process of the device
is illustrated in Fig. 2, starting with the elliptical wells
by two steps of deep Si RIE. The lithography is
operated on a bare (100) Si wafer, and the fabrication
process of the device is depicted as follows: the PR
was patterned on the backside of a Si wafer for the first
DRIE etching to release the micro porous film as the
backbone structure of the reaction device (a) and (b).
Then, front side DRIE etching was performed to form
micro holes with vertical sidewalls (c). The thickness
of the porous Si thin film was fabricated about 50~80
μm (d) and the fabricated micro holes are shown in Fig.
1 (c) and (d).

B

2.4 Electrochemical evaluation
All electrochemical measurements were performed
in a three-electrode electrochemical cell at room
temperature and the related setup is shown in Fig. 3
[11]. For the preparation of working electrodes, the
reaction area of the Pt/CNTs/Si-based plate and porous
catalysts were defined as 1 cm2 and 0.25 cm2,
respectively. A Pt mesh and a saturated calomel
electrode (SCE) were used as the counter and the
reference electrodes, respectively. N2 gas was purged
for the removal of dissolved oxygen in the electrolytes
before the experiment started. First, the characteristics
of the two electrodes were measured by CV (cyclic
voltammetry, potential scan range: -0.25 to 1.0 V,
electrolyte: 0.5 M H2SO4 aqueous solution, and scan
rate: 50 mV/s). In this paper, all voltammograms refer
to the features in the fifth cycle, where steady-state
response was obtained.

Fig. 2 fabrication process of the micro device

2.2 CNTs synthesis and characterization
The catalyst film was deposited by sputter on the
plane surface and inside the holes of the micro device.
In this case, Ni/Al/Ti thin films were respectively
deposited as the catalyst/electron conduction/adhesion
layers for CNTs growth on both bare Si plate and
porous substrates. The CNTs were synthesized via
thermal CVD by introducing a mixture of ammonia
(NH3) and ethylene (C2H4) at 800 °C at atmospheric
pressure, and thus the CNTs/Ni/Al/Ti/bare Si
(CNTs/Si-based) plate and porous electrodes can be
obtained [9]. Then, the morphology and detailed micro
structure with CNTs were investigated by SEM (JEOL
JSM-6380).

Fig. 3 image of the electrochemical measurement system.
Inset: Pt/CNTs/Si-based electrodes [11]

For the performance analysis of anodic half-cell,
the CV (potential scan range: -0.2 to 0.9 V, and scan
rate: 20 mV/s) and potentiostatic method for 1 M
CH3OH + 0.5 M H2SO4 aqueous solutions was used to
measure electrocatalytic properties of Pt catalysts and
specific activity from the oxidation of methanol can be
characterized. All experiments were carried out at
room temperature at atmospheric pressure. The
reaction area was defined and covered by anticorrosive tape on the border for electrochemical test,
as shown in Fig. 3 inset.

2.3 Pretreatment and preparation of CNTssupported Pt catalysts
After the CNTs growth, the hydrophilic treatment
of CNTs was conducted in 6 M H2SO4 at 80 °C for 1 h.
The synthesis of Pt colloid was carried out in ethylene

3. RESULTS AND DISCUSSION
3.1 Preparation of nano- and micro-nano structures
Two different electrodes were prepared: one with
Pt/CNTs on flat Si substrate (Pt/CNTs/Si-based plate),
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and the other with Pt/CNTs inside porous Si substrate
(Pt/CNTs/Si-based porous). In Fig. 4 (a), the width and
length of the fabricated reaction holes with vertical
sidewalls by DRIE were 40 μm and 160 μm and
followed by sputtering deposition of Ni/Al/Ti layers
respectively on the micro porous substrate. After
thermal CVD, dense CNTs can be observed on the
plane surface (c) and the sidewalls of the micro holes
(d). The length and diameter of the CNTs inside the
holes can be measured with a diameter of 80~100 nm,
length of 5~12 μm, and density of 1010~1011/cm2,
respectively. In addition, the CNTs inside the micro
hole from top to bottom had a gradient distribution of
length to form a diverging micro reaction hole, as
shown in Fig. 4 (b).

electrosorpion voltammetric profiles for the (a)Pt/CNTs/Sibased plate (blue line), and (b)Pt/CNTs/Si-based porous
catalysts (red line).

3.3 Half-cell performance analysis
Fig. 5 shows the CV measurements for the two
different electrocatalysts, Pt/CNTs/Si-based plate and
porous catalysts, respectively. The peak potential/peak
current density for methanol oxidation on the plate and
porous catalysts are respectively 0.660 V/56.2 mA/cm2
and 0.624 V/250.4 mA/cm2, demonstrating 4.5 times
higher current density (specific activity) achieved on
the combination of CNTs with Si micro wells for Pt
support. Based on the volume of catalyst deposited
onto the surface of CNTs with the same projection area
of 0.25 cm2, the Pt loading on the Pt/CNTs/Si-based
plate and porous catalysts were respectively measured
to be 0.025 mg/cm2 and 0.117 mg/cm2 by ICP-MS,
exhibiting 4.7 times higher Pt catalyst loading resulted
from much more active Pt surface area on the micro Si
porous device with CNTs. On the other hand, the mass
activity of Pt for the Pt/CNTs/Si-based plate and
porous catalysts are similar through the calculations of
current density represented by mass: 0.561 A/mg and
0.534 A/mg, respectively, suggesting the mass
catalytic activity on different electrodes for the
electrooxidation of CH3OH is almost the same.
3.4 Particle size and distribution of Pt on CNTs
The Pt nanoscale details on the surface of the
catalyst-supported CNTs for the Pt/CNTs/Si-based
plate and Pt/CNTs/Si-based porous catalysts were
respectively investigated in Fig. 6(a) and Fig. 7(a)
using TEM and EDS. From the low magnification
TEM images, it is visible that the deposited Pt
nanoparticles, which can provide reaction sites for the
electrooxidation of methanol, were distributed on the
entire surface from top to base ends of the CNTs. The
size distributions of Pt particles on CNTs for the plate
and porous electrodes were also obtained by direct
measuring over 100 particles from high magnification
TEM micrographs, and the corresponding histograms
of which were shown in Fig. 6(b) and Fig. 7(b),
respectively. These results showed that the particle
size distribution of the most spherical Pt particles
deposited on CNTs for the plate and porous electrodes
were similar. The mean size of Pt nanoparticles was
estimated to be 4~5 nm for the two Pt/CNTs/Si-based
catalysts.

Fig. 4 SEM details of the micro device with CNTs growth
inside the holes: (a)top view, (b)cross sectional view of the
micro holes, (c)the CNTs growth on the plane surface and
(d)on the sidewall of the micro hole.

3.2 Electrosorption of hydrogen on Platinum
Pt particles were successfully deposited on the
CNTs/Si-based electrodes by chemical reduction. The
voltammograms shown in Fig. 5 inset are similar to
that of a polycrystalline Pt electrode reported by
Vielstich [12]. Peaks for the hydrogen redox reaction
in the negative potential region and the redox reactions
of oxygen-like species on Pt surface in the positive
potential region can be clearly seen.

Fig. 5 The comparisons of peak potential and peak current
density for the two different electrodes. Inset: Hydrogen
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device without CNTs was about 2 times higher than
that of a plate substrate. The vertically-aligned CNTs
were directly grown on the plane surfaces and
sidewalls of the fabricated micro holes by thermal
CVD. For the preparation of electrocatalysts, Pt
particles were deposited on the entire surface of the
CNTs for the CNTs/Si-based electrodes by chemical
reduction. The CV results showed that the porous
catalyst had higher electrocatalytic activity, which can
achieve 4.5 times higher than that of the plate catalyst
[13]. Furthermore, the Pt/CNTs/Si-based porous
catalyst using a low catalyst loading of 0.117 mg/cm2
performed as a superior anode from excellent
electrochemical activity of methanol oxidation [14].
The higher catalytic performance of the porous catalyst
is attributable to much more active surface area of Pt
resulted from higher catalyst loading compared to the
plate catalyst. From the experimental results, the
Pt/CNTs/Si-based porous catalyst is suitable not only
in methanol electrooxidation but also as an anode
electrode in µDMFCs.
Fig. 6(a)TEM and EDS analysis of Pt particles deposited on
CNTs/Si-based plate electrode, and (b) the corresponding
histogram of the size distribution of Pt particle.
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