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Abstract

Characterisation of a direct methanol fuel cell using an anode fabricated by thermal decomposition from Pt–Ru
chloro-complex on Ti mesh is described. The polarisation characteristic of the resultant membrane electrode
assembly is compared with that of a conventional MEA with an anode, consisting of a catalyst layer, a microporous
layer and a wet-proof-treated carbon paper. Electrode characterisation was carried out using XRD, SEM and EDX
analyses. In 1 M methanol solution, the MEA with the catalysed Ti mesh anode gave a power performance
comparable with that of the conventional anode at 90 �C. However, in 0.5 M methanol solution the former showed
much higher power density than the latter, indicating high utilisation of methanol fuel.

1. Introduction

The direct methanol fuel cell (DMFC) based on the
proton exchange membrane (PEM) has been developed
as a potential power source, not only for vehicular
traction and static power, but also for portable elec-
tronics due to its simplicity of design. The use of a liquid
fuel is attractive due to the convenience of storage,
transport and supply. However, during methanol oxi-
dation, an anode catalyst layer releases a large volume
of carbon dioxide which needs to be removed effectively
through a gas diffusion-backing layer (GDL). The
conventional structure of the anode consists of succes-
sive layers of catalyst layer, microporous layer and
either non-woven carbon paper or woven carbon cloth
impregnated with carbon black and hydrophobic poly-
mer. This structure is not ideal for gas transport and
release from the electrode surface.
In previous work [1], as a result of a flow visualisation

study on the DMFC anode, it was confirmed that this
conventional structure was not suitable for the transport
and release of carbon oxide gas from the anode and
resulted in considerable hydrodynamic and mass trans-
port limitations for methanol at the anode. These
phenomena have been encountered in many electro-
chemical applications, e.g. water electrolysers, chloro-
alkali membrane reactors and so on. To circumvent
these problems using an electrode providing high mass
transport limiting current, an expanded metal mesh
electrode has been adopted as the substrate material in
many electrochemical reactions and has been extensively
studied [2–4].

Based on earlier studies [1, 5–7], a fine metal mesh was
used as a substitute for the conventional GDL in the
anode because its unique open structure is likely to
mitigate problems related to gas bubbles inside the
conventional anode. It has been reported from a series
of half cell tests [8] that a Ti mesh anode catalysed by
thermal decomposition showed lower anode overpoten-
tial than that of the conventional electrode of carbon
supported Pt–Ru based on wet-proof-treated carbon
cloth. In previous work, the characteristics of Ti mesh-
supported Pt–Ru and Pt–Ru–Sn anodes have been
the subject of preliminary investigations using voltam-
metry and electrochemical impedance spectroscopy
(L.X. Yang et al., submitted for publication).
In the present work, polarisation characteristic of the

MEA involving an anode fabricated by thermally
catalysing Ti mesh is investigated and compared with
that of a conventional anode prepared by coating a
commercial Pt–Ru unsupported catalyst onto a carbon
paper GDL.

2. Experimental details

A thermal decomposition method was used to directly
deposit a Pt–Ru catalyst layer on Ti mesh for an anode
and a spray coating technique to a cathode catalyst layer
on microporous layer-coated carbon paper. As a refer-
ence, a conventional anode was fabricated also by using
the spray coating technique. For both the conventional
anode and the cathode, a microporous layer consisting
Vulcan XC72R (Cabot) carbon black and Teflon
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(33 wt% emulsion, Fluon) was coated onto a commer-
cial 20 wt% wet-proofed carbon paper (Toray 090,
E-Tek) by a gap-adjustable knife-blade, followed by
drying at 100 �C and sintering at 360 �C in an air
atmosphere for 30 min.
An ink for the cathode catalyst layer was made by

dispersing Pt catalyst supported on carbon (60 wt.% Pt
on Vulcan XC72, E-Tek) into a mixture of an appro-
priate amount of the Nafion solution (5 wt.% Nafion,
EW: 1100, Aldrich Chemical) and isopropyl alcohol by
ball-milling with zirconia beads, followed by spraying
onto the microporous layer-coated carbon paper using
an airbrush (Model 100 LG, Badger). This was followed
by drying at 80 �C in an atmospheric air oven. The
conventional anode was prepared by the same procedure
as mentioned above using unsupported Pt–Ru black
(HiSPEC 6000, Pt:Ru = 1:1 atomic ratio, Alfa Aesar).
The Ti mesh-based anode was fabricated by the

thermal decomposition method. Firstly, a thin Ti mesh
(MicroGrid, Delker Corp.) was etched in 20 wt.% HCl
solution at 80 �C for 1 min, followed by washing in
deionised water and drying at room temperature. The
mesh was dipped into isopropyl alcohol mixture con-
taining 0.2 M hydrogen hexachloroplatinate (IV) hy-
drate and 0.2 M ruthenium(III) chloride hydrate at
room temperature, followed by drying at 150 �C. The
coating procedure was repeated 5 or 6 times until the
final weight gain reached a loading of 2 mg cm)2. The
mesh coated with chloro-complex precursors was then
thermally decomposed at 400 �C for 1 h in air atmo-
sphere. The thermal-decomposed Pt–Ru/Ti mesh elec-
trode was dipped once into the Nafion solution prior to
forming a MEA.
A Nafion 117 membrane (EW 1100, Dupont) was

treated to a cleaning procedure consisting of soaking in
3 wt% H2O2 for 1 h at 80 �C, immersing in high purity
deionised water, protonating in 1 M H2SO4 for 1 h at
80 �C, and finally immersing again in deionised water.
In order to fabricate a MEA, firstly, the cathode was
positioned on one side of the membrane and then hot-
pressed at 125 �C for 3 min. After that, the mesh anode
was positioned on the other side of the membrane and
hot-pressed to complete the MEA. The MEA was
installed into a single cell fixture (consisting of graphite
plates with an active area of 9 cm2) having straight
parallel flow channels with a width of 1.0 mm and a
depth of 1.0 mm for both the anode and cathode. A
dilute methanol solution was fed to the anode inlet at a
flow rate of 12 cm3 min)1 by a peristaltic pump (101U/
R, Watson) without pre-heating and back-pressurisa-
tion. Non-humidified, room temperature air was fed to
the cathode inlet at a flow rate of 1 dm3 min)1 without
pre-heating and back-pressurisation.
Before measuring a polarisation curve, the MEA was

preliminarily conditioned in the single cell by circulating
1 M methanol solution into the anodic compartment
and, at the same time, deionised water into the cathodic
compartment for 24 h (C. Lim et al., submitted for
publication). The latter helped enhance the reproduc-

ibility of the polarisation behaviour of the MEA by
ensuring good hydration of Nafion particles inside the
cathode catalyst layer. After circulating the methanol
fuel for a week, the cell current showed a variation less
than 10%. A polarisation curve was obtained by
measuring cell voltages which were stabilised at least
for 1 min after applying currents in the galvanostatic
mode. Anode polarisation behaviour, involving ohmic
voltage drops through the electrodes and the membrane,
was measured in the single cell with respect to a
hydrogen-evolving cathode acting as a dynamic hydro-
gen electrode (DHE).

3. Results and discussion

To illustrate macroscopic structural differences between
a conventional electrode based on a carbon paper GDL
and a Ti-mesh electrode used in this study, micrographs
of the cross-section of the conventional electrode and
the surface of the Ti-mesh electrode are shown in
Figure 1(a) and (b), respectively. The conventional
electrode in Figure 1(a) consists of a 260 lm-thick
carbon paper, a 10 lm-thick microporous layer and a
30 lm-thick catalyst layer, whereas the developmental
anode in Figure 1(b) has a thermal-decomposed catalyst
layer deposited directly on a Ti mesh.
As the catalyst layer is coated repeatedly on the Ti

mesh by thermal decomposition, it is observed that the
catalyst layer partly covers the mesh opening and also
contains numerous cracks which are probably intro-
duced due to a large shrinkage in volume resulting from

Fig. 1. SEM micrographs of macroscopic view of fuel cell anodes: (a)

Pt–Ru black catalyst-coated GDL (microporous layer/Toray 090), (b)

thermal-decomposed Pt–Ru on Ti mesh.
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the decomposition of chlorine compounds during the
period of thermal treatment. When the electrodes were
used as anode for methanol oxidation in a direct
methanol fuel cell, the methanol transport to the
catalyst layer would be much easier in the Ti-mesh
electrode as compared to the conventional electrode.
Figure 2 shows X-ray diffraction patterns (XRD)

obtained from the conventional electrode (Pt–Ru black
catalyst layer/microporous layer/carbon paper), ther-
mal-decomposed Pt–Ru on the Ti mesh and a blank Ti
mesh, heat-treated at 350 �C in air atmosphere, as a
reference pattern from the Ti substrate. In Figure 2(a),
except for the peaks at 26� and 53� in 2h originating
from graphite fibres constituting the carbon paper, the
XRD pattern from the conventional electrode repre-
sented peaks of the Pt–Ru black commercial catalyst
powder [9] at 40.8�, 46.7�, 69.3�, 83.4� and 87.1� in 2h,
confirming that the commercial catalyst has composed
mostly of bimetallic Pt–Ru alloy particles having crys-
talline face-centered cubic (fcc) structure. A mean
particle size was evaluated to about 4 nm from the line
broadening of the (2 2 0) peaks by using the Scherrer
formula [10, 11].
The thermal-decomposed catalyst layer on the Ti

mesh in Figure 2(b), on the other hand, shows typical
peaks of the bimetallic Pt–Ru alloy phase at 40.3�, 46.7�,
67.7�, 82.5� and 87.4� in 2h, and interestingly peaks of
b-PtO2 and/or RuO2 mainly represented by the peak
positions at 28.2� and 35.2� in 2h. The thermal-decom-
posed catalyst layer presented the peaks (2 2 0) and
(3 1 1) at lower 2h angles than the conventional Pt–Ru
black catalyst layer, implying that the former has a
larger lattice parameter and hence less Ru content than
the latter according to Vegard’s law [12]. The mean
particle sizes of the Pt–Ru alloy and the oxide phase
were estimated to about 5 and 34 nm by using the
(2 2 0) peak of Pt–Ru alloy and the peak of oxide at
28.2�, respectively. As the peak positions of b-PtO2 and

RuO2 are almost the same, it was not possible to discern
whether the additional peaks come from b-PtO2 or
RuO2. It might be expected that thermally decomposed
Pt–Ru would have some degree of oxidation, as shown
by the data.
To examine the microstructure of the catalyst layers, a

cross-sectional micrograph of the conventional catalyst
layer and a surface micrograph of the thermal-decom-
posed Pt–Ru on Ti mesh is presented in Figure 3(a) and
(b), respectively. In Figure 3(a), the catalyst layer is
observed on top of the microporous layer, consisting of
flakes of agglomerates of Pt–Ru black which were
formed by the mechanical deformation introduced
during the ball milling of the catalyst ink and are
reported to improve the power performance of MEA in
DMFC operation (C. Lim et al., submitted for publi-
cation).
On the other hand, the thermally decomposed catalyst

layer in Figure 3(b) shows a very non-homogeneous
microstructure, consisting of a cracked thin film region
of nano-sized particles (A), micron-sized particles (B) on
top of the films, and submicron-sized particles (C)
underneath the films. Considering that, in the SEM
micrograph, the micron-sized particles (B) and the
submicron-sized particles (C) are shown brighter than
the nano-sized particles (A) in the thin film region, it is
thought the particles on top of and underneath the films
contain more oxides than the thin film region does,
thereby giving less electron conductivity.
To determine compositional differences between the

thin film region (A) and the micron-sized particles (B),
energy dispersive X-ray (EDX) analyses were carried out
and the results are shown in Figure 4. Although the
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Fig. 2. XRD patterns obtained from (a) Pt–Ru black catalyst-coated

GDL, (b) thermal-decomposed Pt–Ru on Ti mesh, (c) heat-treated

blank Ti mesh. The A1 peaks were from a sample stage due to the open

structure of Ti mesh.

Fig. 3. SEM micrographs of anode catalyst layers prepared by (a)

conventional spray coating method from ball-milled Pt–Ru black in

isopropyl alcohol, (b) thermal-decomposed Pt–Ru on Ti mesh.
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peak position of RuLa1 (2.56 keV) is located near the
peak position of ClKa1 (2.62 keV), qualitatively, it is
clearly seen, from the peaks of RuMa1 (250 eV) and
OKa1 (525 eV), that the thin film region (A) is a Pt-rich,
Ru and oxide deficient phase whereas the micron-sized
particles (B) has more Ru and oxide species than the film
region (A). As a result, it is thought that Ru atoms
inside the thin films preferentially diffuses out of the thin
film region during the heat-treatment for the thermal
decomposition process, forming the micron-sized RuO2

particles on top of the thin films as shown in Fig-
ure 3(b). The submicron-sized particles (C) underneath
the thin films had almost the same Pt and Ru content as
those of the thin film, except for a slightly higher oxygen
content.
Cell polarisation and corresponding anode polarisa-

tion curves of the MEAs involving the carbon paper-
based conventional anode or the catalysed Ti-mesh
anode were evaluated in 1 M methanol solution and are
presented in Figure 5. The MEA using Ti-mesh anode
gives a current density of 320 mA cm)2 at a cell voltage
of 0.3 V, comparable to that of the conventional anode
(350 mA cm)2) at the same cell voltage and the similar
catalyst loading of 2 mg cm)2. The anode polarisation
vs. a dynamic hydrogen reference electrode confirmed
that the MEA with the Ti mesh had a higher anode
overpotential to methanol oxidation than that with the
conventional electrode. This is understandable, consid-
ering that the mesh structure presents much less
apparent electrode area in contact with the membrane
due to the opening area of the mesh, although it is partly
covered by the catalyst layer after several deposition
cycles as shown in Figure 1(b). Although from XRD
analysis the thermal-decomposed catalyst layer has
larger particle size and less Ru content than the
commercial Pt–Ru black, the mesh-based anode per-
formed well because its open structure allows gaseous
carbon dioxide to diffuse out easily from the catalyst
layer and hence retains high catalyst utilisation during
cell operation.

The effect of methanol concentration on the cell
polarisation curves of MEAs, involving the conven-
tional and Ti-mesh anodes are shown in Figure 6. Very
interestingly, the MEA with the Ti-mesh anode main-
tained a performance, observed previously in 1 M

methanol solution, even in 0.5 M methanol solution.
At the same time, the MEA with the conventional anode
was subjected to a diffusion limiting current density
around 160 mA cm)2 much earlier than that with the
developmental anode. On the other hand, in 2 M

methanol solution the MEA with the developmental
anode showed much lower cell voltages in the whole
current regime than that with the conventional anode,
indicating that the former is more vulnerable to meth-
anol crossover than the latter.
In conclusion, the Ti-mesh anode enabled us to

operate the DMFC in low molarity methanol solution
without appreciable loss of performance due to its open
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structure allowing easy access of methanol to the
catalyst layer. Besides the simplicity of the fabrication
method of the electrode, i.e. direct formation of the
catalyst layer on metal mesh by thermal decomposition,
this may open up the possibility of consuming methanol
efficiently in low methanol concentrations, which can
reduce the methanol crossover rate through the proton
conducting membrane significantly, without sacrificing
performance. However, a more detailed study for
methanol crossover in this new MEA configuration
needs to be carried out to attain the high cell perfor-
mance and fuel utilisation at the same time.

4. Conclusions

An anode for the direct methanol fuel cell has been
fabricated by thermally decomposing Pt–Ru chloro-
complex on Ti mesh, and the polarisation characteristics
of its membrane electrode assembly have been studied in
comparison with that of a conventional anode in which
a catalyst layer was formed on a microporous layer-
coated carbon paper by spray coating. From XRD,
SEM and EDX analyses, it is believed that the thermally
decomposed Pt–Ru catalyst layer on the Ti mesh
consisted of partially oxidised bi-metallic Pt–Ru alloy
particles and oxidised Ru-rich particles. The MEA with
the Ti-mesh anode catalysed by thermal decomposition
presented a power performance comparable to that with
the conventional anode at 90 �C in 1 M methanol
solution. The former outperformed the latter as the
methanol concentration was decreased to 0.5 M because
of the more open structure of the Ti-mesh-based anode,
allowing easier methanol access to its catalyst layer than
with the conventional anode.
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