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Novel anode structure for the direct methanol fuel cell�
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Abstract

Pt–Ru catalysts have been made by a thermal decomposition and electrodeposition method onto a titanium mesh for the electrooxidation of
methanol. Galvanostatic polarisations were used to assess and compare the relative activities of the electrodes. SEM and XRD are employed
to study the morphology and structure of the catalyst layers. The performance of the anodes in fuel cell assemblies is also discussed. We can
see that the mesh perform well in half and full cell tests despite significant apparent physical differences, which are yet to be explored.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

Solid polymer electrolyte direct methanol fuel cells are
resently under active development. Based on a solid poly-
er electrolyte (SPE) in the form of a proton conducting
embrane, direct methanol fuel cells (DMFCs) have the at-

raction of no liquid acidic or alkaline electrolyte and have
hown improved performance in recent years particularly for
pplications in transport and various portable electronic de-
ices[1]. Methanol is a liquid fuel that has substantial elec-
roactivity and can be oxidised directly to carbon dioxide and
ater on catalytically active anodes in a DMFC.
At low temperature, liquid feed DMFCs are promising

andidates for sources of portable and stationary power and
n electric vehicular applications given the relatively simple
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system design and cell operation. However, obstacles
as low activity of methanol electrooxidation catalysts
prevent their widespread commercial applications[2,3]. Fur-
thermore, carbon dioxide gas management is problemat
impedes further improvements to cell performance.

In operation, the DMFC oxidizes an aqueous solutio
methanol forming carbon dioxide gas and protons. The
bon dioxide is then released into the anode structure:

CH3OH + H2O

→ CO2 + 6H+ + 6e− (Ea = 0.02 V versus RHE) (1

Protons generated at the anode pass through the solid po
electrolyte membrane where they simultaneously com
with electrons and the oxidant (air or oxygen) reducin
water:

3/2O2 + 6H+ + 6e−

→ 3H2O (Ec = 1.23 V versus RHE) (2
yundai Automotive Group, Seoul, Republic of Korea. Tel.: +82 31 728
480; fax: +82 31 728 1411.
2 Present address: Shape Transfer Processes, Integrated Manufacturing
echnologies Institute, Room 240-1, 800 Collip Circle, London, Ont.,
anada N6G 4X8. Tel.: +1 519 430 7133; fax: +1 519 430 7064.

The overall cell reaction in a DMFC is the production of
carbon dioxide and water as

CH3OH + 3O2 → CO2 + 2H2O (Ecell = 1.21 V) (3)
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The typical structure of the DMFC anodes used in the DMFC
is essentially successive layers of supported/unsupported cat-
alyst bonded with Nafion resin, Teflon-bonded carbon black
diffusion layer (GDL), and a carbon cloth or paper diffusion
layer. This structure is far from suitable for the transport and
release of carbon dioxide gas from the anode, resulting poten-
tially in considerably high hydrodynamic and mass transport
limitations for methanol at the anode. As a result, a gradual
deterioration in electrical performance can occur.

We have shown in previous work at Newcastle[3] that the
removal of carbon dioxide produced can be improved by us-
ing stainless steel mesh at the anode. While the results showed
promising behaviour in terms of gas removal characteristics
and electrical performance, the standard carbon supported
MEA construction was still used in the work. Based on these
results, recent efforts have been made to utilise mesh with the
electrocatalysts deposited directly onto the surface.

The use of titanium metal substrates, either plate or large
aperture mesh, is common in the electrochemical indus-
try. There are many documented catalyst synthesis meth-
ods, including chemical reduction, colloids, electrodeposi-
tion, sol–gel and thermal decomposition[4]. The chlor-alkli
industry makes extensive use of a thin catalyst layer prepared
on titanium mesh by thermal decomposition. The technique,
producing highly promising properties of the oxides of plat-
inum group metals, was disclosed by Beer[5] in the early
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achieved. The final decomposition was performed in air at
430◦C for 1 h. The electrodes fabricated in this way are
designated Pt–RuO2/Ti (Pt:Ru = 1:1 in atomic ratio). For
electrodeposition, the mesh was placed in a divided cell in
a 0.004 M H2PtCl6·6H2O + 0.004 RuCl3·xH2O/1 M H2SO4
plating solution. The counter electrode used during the depo-
sition was a 25 mm× 25 mm platinum mesh and deposition
was carried out at a polarised current of 4 mA cm−2 for 1 h.

2.2. Anode electrochemical measurements

Electrochemical measurements were performed using a
Gill AC potentiostat (ACM Instruments), controlled with
ACM Sequencing Software, version 5. All experiments were
conducted in a N2-deaerated, three-electrode cell. The work-
ing electrodes were lacquered (Miccroshield, Hi-Tek Prod-
ucts Ltd.), leaving a window of 1 cm2 exposed. The counter
electrode was a platinum mesh measuring 25 mm× 25 mm
and the reference electrode was a mercury sulphate (MMS)
(Hg/Hg2SO4/0.5 M (0.680 V, RHE). Unless otherwise spec-
ified, electrode potentials are referenced against the re-
versible hydrogen electrode (RHE). The electrolyte solu-
tion used in the electrochemical characterisation was of
0.5 M H2SO4/xM CH3OH solution, which was prepared with
reagent grade chemicals and deionised water.

It was observed that the electrochemical behaviour of the
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960s, and is presently known as the route to produc
ensionally stable anodes (DSAs).
This publication will report the progress of integrating i

uel cells the Pt–Ru catalyst layers prepared via two ro
hermal decomposition and electrodeposition. Electroch
cal characterisation of such electrodes for the oxidatio

ethanol has been carried out and is reported. This is a
inuation in our research to develop titanium mini-mesh
lytic electrodes which can be directly hot pressed on
olid polymer electrolyte membrane and used in a fuel
6,7,9,11].

. Experimental details

.1. Mesh catalyst layer preparation

Catalyst coatings on the titanium mesh were prepare
ng thermal decomposition and electrodeposition. Before
lying the catalyst layer the titanium mesh was first etc

n boiling hydrochloric acid (35%) for about 30 s to remo
he well-adhered surface oxide layers. This etching pro
lso provides a rough surface onto which the electro

yst can be more securely anchored[8]. This was followed
y a thorough distilled water rinse. The preparation met
sed for thermal decomposition and electrodeposition
een described elsewhere[9,10]. In summary, for thermal de
omposition the mesh was dipped multiple times into a
ursor solution (e.g. 0.2 M H2PtCl6·6H2O in ethanol + 0.2 M
uCl3·xH2O in isopropanol) until the desired loading w
ewly prepared anode changes in its early life, due to
alled “hydration” or “wetting effects”, or a maturation p
ess[11]. The anodes were therefore conditioned by imm
ng and cycling between 0 and 900 mV in 0.5 M H2SO4 until
stable state of the electrode was reached. The electroc
al measurements were then carried out. Potential-time
ients were recorded at constant current densities (galv
atic polarisation). The anode potential was allowed to s
ize for up to 3 min before collecting data.

.3. Fuel cell assembly

In this study, fuel cells were assembled using the stan
ewcastle small-scale DMFC flow bed design and man
rrangement[12]. A simple schematic of the fuel cell asse
ly can be seen inFig. 1.

The cathode in the membrane electrode assembly (M
as constructed by first forming the gas diffusion la

GDL). An appropriate amount of Ketjenblack (EC 300J)
5 wt.% Teflon (33%, Fluon) was dispersed in isoprop

Fig. 1. Fuel cell system schematic.
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and ultrasonicated until evenly dispersed. A spray gun (Model
100 LG, Badger) was then used to evenly distribute the dis-
persion onto a commercial 20 wt.% wet-proofed carbon paper
(Toray 090, E-Tek) to form a ca. 1 mg cm−2 GDL. The ink
for the cathode catalyst layer was made by dispersing sup-
ported platinum (60 wt.% Pt/C XC72, E-Tek) with an appro-
priate amount of Nafion solution (5 wt.%, EW: 1100 Aldrich)
to make a 1 mg Pt cm−2 catalyst layer with 15 wt.% Nafion.
This ink was then sprayed on top of the GDL. Prior to fuel
cell assembly, a 1 mg cm−2 layer of Nafion diluted with iso-
propanol was sprayed on top of the catalyst layer and allowed
to dry in air.

The conventional anode was fabricated in a similar manner
to the cathode, although the GDL was not utilised. The ink for
the anode catalyst layer was made by dispersing supported
platinum–ruthenium (60 wt.% Pt–Ru/C XC72, 1:1 at.% E-
Tek) with an appropriate amount of Nafion solution (5 wt.%,
EW: 1100 Aldrich) to make a 1 mg Pt–Ru cm−2 catalyst layer
with 15 wt.% Nafion. This ink was then sprayed on top of the
GDL. Prior to fuel cell assembly, a 1 mg cm−2 layer of Nafion
diluted with isopropanol was sprayed on top of the catalyst
layer and allowed to dry in air.

The mesh anodes were fabricated as discussed above, al-
though for fuel cell testing the mesh was dipped into the
dilute Nafion solution and dried, achieving a loading of
0.8–1 mg cm−2 to aid electronic activity.
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XRD data was carried out using Philips Xpert High Score.
Diffraction peaks were attributed following the Joint Com-
mittee of Powder Diffraction Standards (JCPDS) cards. The
selected 2θ range was from 20◦ to 70◦ scanning at a step of
0.03◦. The surface and cross-sectional morphologies of the
anode catalyst layers were surveyed by a Jeol 6300 scan-
ning electron microscope (SEM), equipped with computer-
ized digital image software.

3. Results and discussion

3.1. Morphological observation

SEM was employed to view the differences in the mor-
phology and structure of the two types of mesh catalyst coat-
ings. Shown inFig. 2 are the images of the Pt–Ru catalyst
layers prepared by electrodeposition, and inFig. 3images of
the layers prepared by thermal decomposition. The thermal
decomposed coatings have been discussed in more detail in
a previous publication[6,7,9,11].

On a macroscopic level (Figs. 2a and 3a), both coating
types exhibit a rough surface which should allow increased
access of methanol to the catalyst, leading to enhanced cat-
alytic activity. The thermal coating can be seen to have dried
between the mesh strands and covers the mesh openings. It
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Each MEA was composed of a pre-treated Nafion
embrane (EW 1100, Dupont), the cathode as prep
bove, and the desired anode. The loading of the catalys
n the mesh anodes used in the fuel cell was ca. 1 mg−2

1:1 at.% Pt:Ru). The MEA was then hot-pressed at 12◦C
nd 50 kg cm−2 for 3 min, cooled and then placed into the s
le cell 9 cm2 active area for galvanostatic investigation. T
ell was composed of two high-density graphite blocks,
regnated with phenolic resin, into which parallel gas/liq
ow channels (width and depth 1 mm) are machined.
idges between the channels provide electrical conta
he MEA. Flexible electrical heaters (Watson Marlow) w
ounted at the rear of the graphite blocks to maintain th

ired cell temperature, which was controlled through a
erature controller and monitored by a thermocouple p

ioned inside one of the two graphite blocks. Electrical c
act was made using gold-plated metallic bolts screwed
he blocks. During operation, a 1.0 M solution of aque
ethanol was fed to the anode at a rate of ca. 12 cm3 min−1.
nheated and non-humidified air was supplied to the c
de at a flow rate of 1.0 mL min−1, without back pressur
or anode polarisations, H2 was supplied to the catho
ide.

.4. Physical analysis

X-ray diffraction data for the anode catalyst powder
lectrode were obtained using Philips Xpert Pro diffracto

er operating at 40 kV accelerating voltage and 40 mA
eam current, and using Cu K�1 radiation. Analysis of th
ontains numerous cracks which were likely formed du
he decomposition of chlorine compounds and evaporati
ater. The electrodeposited catalyst layer sticks more cl

o the mesh strands and is quite rough in morphology,
o the porosity induced by gas evolution while electrop
ng.

At higher magnification, the electrodeposited layer ca
een (Fig. 2b and c) to be an agglomeration of submicr
ized particles. EDX analysis suggests that the coating
ogeneous in composition, being a Pt–Ru mixture of
roximately 60% Pt and 40% Ru. The thermal coating sh
ariation in coating morphology and EDX reveals inhom
eneity in its composition. As shown inFig. 3b and c, the
icrostructure is composed of a cracked thin film regio
ano-sized particles with micron-sized particles on top o
lm and submicron-sized particles underneath the film.
esolution of the SEM machine is not sufficient to furt
nvestigate the finer structure. EDX analysis shows tha
lm is mainly composed of Pt and Ru whereas the p
les on top of the film are Ru and oxide rich. It seems lik
hat the Ru atoms inside the thin film diffuse out during
hermal treatment, forming RuO2 particles on top of the thi
lm.

.1.1. X-ray diffraction analysis (XRD)
XRD analysis was collected to help further characte

he coatings and highlight areas of similarity and differe
etween thermally decomposed, electrodeposited and
entional catalyst layers (Fig. 4). Shown inFig. 5 is the
-ray diffraction data for the plain mesh, a typical therm
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Fig. 2. (a–c) SEM images of the Pt–Ru catalysts as electrodeposited on Ti mesh support.

and electroplated coated mesh, and Etek 60% Pt–Ru (1:1)
catalyst powder. Typical peaks of the crystalline face cen-
tred cubic (fcc) Pt(1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2)
planes as well as the Ti substrate are clearly visible. The
diffraction peak at 25◦ is the (0 0 2) plane of the hexagonal
structure of the Vulcan XC-72 carbon support of the com-
mercial catalyst. The mean particle size of the agglomer-
ates was evaluated from the line broadening of the (2 2 0)
peak using the Scherrer formula. It was estimated to be
about 5 nm for both the electroplated and the thermally de-
composed mesh coatings. This is larger than commonly re-

ported for powder catalysts (Etek = 2 nm). The presence of
oxide peaks, likely corresponding to RuO2 (JCPDS-ICC#40-
1290) appears only on the thermally decomposed samples.
Using the 28.2◦ the oxide size was estimated to be about
34 nm.

If one compares the position of the Pt(2 2 0) and (3 1 1)
peaks on the two mesh coatings (Fig. 6) a clear difference
between the locations of the peaks is evident. From Vegards
law, it is assumed that peak position shifts to higher angles
(i.e. lower lattice parameter) of this nature correlates to the
formation of a solid solution of Pt–Ru as the Pt lattice con-

Fig. 3. (a–c) SEM images of the Pt–Ru catalysts as thermally decomposed on Ti mesh support.
Fig. 4. XRD: (a) Ti base; (b) thermally decomposed; (
c) electrodeposited; (d) Etek 60% Pt–Ru/C (1:1 at.%).
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Fig. 5. Close up XRD: (a) Pt black; (b) thermally decomposed; (c) electrodeposited; (d) Pt–Ru black (1:1 at.%).

tracts due to the replacement of some Pt atoms by the smaller
Ru atoms (rRu = 0.133 nm and rPt = 0.138 nm[13]).The peak
positions of the thermal decomposed coincide directly with
those of Pt black. This indicates no alloying of Ru to the Pt in

the layer. Comparing the electrodeposited peak positions to
that of unsupported Pt–Ru (Johnson Matthey), we see good
correlation. This suggests a similar degree of Pt–Ru alloying.
Lattice parameters can be evaluated from the angular position

Fig. 6. Galvanostatic performance in 2 M CH3OH/0.5 M H2SO4 (60◦C) for: (a) conventional anode; (b) thermally decomposed; (c) electrodeposited on Ti
support.

F
e

ig. 7. Methanol oxidation inxM CH3OH/0.5 M H2SO4: (a) 2 M; (b) 1 M; (c) 0.5
lectrode potential at (a) 2, (b) 1, (c) 0.5 and (d) 0.2 M.
M; (d) 0.2 M. The inset shows the logarithmic plots of current densities vs.
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of the peak maxima:

afcc = λκα1

2

√
h2 + k2 + l2

sin θmax
(4)

yielding an average of 0.3865 nm for the electrodeposited
samples and 0.3909 nm for the thermal decomposed samples.
Using the relationship provided in literature between lattice
parameters and atomic pt fractions[14] this suggests com-
positions as shown inTable 1. It can be seen that they differ
from those obtained by EDX, although these values should be
taken with a note of caution, as the authors[15,16]have esti-
mated a degree of error of 0.5% in their correlation. However,
the difference does support the conclusion that the compo-
sition of the thermal decomposed coating is inhomogeneous
in nature, likely due to the mixed oxides on the surface. XPS
analysis will help to clarify the coating composition and will
be reported in future publications.

3.2. Methanol oxidation

3.2.1. Comparison of mesh-supported to conventional
catalysts

Galvanostatic measurements were carried out from 0.0
to 200 mA cm−2, to further compare their electrochemical
performance and are shown inFig. 6. After polarising there
w ment
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is due to catalyst poisoning by the formation of stable adsor-
bent species such as carbon oxides.

It can be seen that there is virtually no difference between
the three anode types under the test conditions used. This
is surprising, given the porosity of the conventional catalyst
compared to the mesh-supported catalysts. It is expected that
future research will investigate the mesh coatings further in
an effort to explain the mesh activity despite comparatively
lower porosity.

3.2.2. Comparison between mesh coating types
To explore the effect of methanol concentration on

the mesh anodes, galvanostatic polarisations withxM
CH3OH/0.5 M CH3OH at various temperatures is shown
in Fig. 7. The inset shows the logarithmic plots of cur-
rent densities versus electrode potential at (a) 2, (b) 1, (c)
0.5 and (d) 0.2 M. The inset shows the logarithmic plots
of current densities versus electrode potential at the same
concentrations.

To explore the effect of temperature on the anodes, the
galvanostatic polarisations with 2 M CH3OH/0.5 M CH3OH
at (a) 25, (b) 60 and (c) 90◦C is shown inFig. 8. The inset
shows the logarithmic plots of current densities versus elec-
trode potential at the same temperatures. In both the cases,
the thermal decomposed and the electroplated anodes dis-
p en 25
a nce
w
l .5 M
m

afel
p
T s
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p into
t n
r

F
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as an initial transient, possible due to the establish
f adsorption equilibrium. At higher currents (say, ab
00 mA cm−2) slow potential increases were observed. T

able 1
oating composition in at.%

oating type EDX XRD
Pt Ru Pt Ru

hermally decomposed 48 52 85
lectrodeposited 66 34 51 4
ig. 8. Methanol oxidation in 2 M CH3OH/0.5 M H2SO4: (a) 90◦C; (b) 60◦C; (c) 2 trode
otential at (a) 90, (b) 60 and (c) 25◦C.
lay the same characteristics. The improvement betwe
nd 60◦C is marked, with a slight increase in performa
hen the temperature is further elevated to 90◦C. A similar

arge increase in performance can be seen from 0.2 to 0
ethanol concentration.
Estimations of the Tafel slopes obtained from the T

lots in the insets ofFigs. 7 and 8are displayed inTable 2.
he variation of the slope at 60◦C at 1 and 2 M indicate

hat the methanol oxidation mechanism is modified by t
erature as commonly reported. All observed values fall

ypical range of 90–120 mV dec−1 for the methanol oxidatio
eaction[16,17].

5◦C. The inset shows the logarithmic plots of current densities vs. elec
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Fig. 9. Fuel cell polarisation of MEA using various anodes measured at 90◦C in 1 M CH3OH; cathode catalyst layer: 1 mg cm−2 60 wt.% Pt/C; electroplated
anode catalyst layer 1 mg cm−2. Air feed, 0 bar back pressure. The anodes are (a) conventional anode, (b) thermally decomposed and (c) electrodeposited on
Ti support.

Table 2
Tafel slopes for mesh electrodes

CH3OH conc. (M) T (◦C) Tafel slope

2
25 118
60 100
90 120

0.2

60

118
0.5 118
1 100
2 100

3.3. Fuel cell

Fig. 9 shows the preliminary direct methanol fuel cell
(DMFC) results of mesh-based anodes compared to the con-
ventional structure. Consistent with half cell polarisations
shown inFig. 6, it can be seen that the mesh coatings formed
by thermal decomposition (b) and electrodeposition (c) dis-
play comparable performance to each other and conventional
anodes (a). Additionally, MEAs operating with a mesh an-
ode compare favourably with recently published DMFC work
[18,19] under comparable operating conditions. For exam-
ple, at 225 mA cm−2, the cell voltage reported in Ref.[18]
is approximately 210 mV and the power density is about
600 mW cm−2 while that of the mesh MEA is 310 mV and the
power density is 700 mV cm−2. The increased cell operating
temperature and, most frequently pressure, in other reported
work, such as[19] make numerical comparison difficult.

In the reported mesh MEAs, the DMFC anode is sand-
wiched directly between the graphite flow channels and the
Nafion membrane of the MEA. This design appears to al-
low effective gas release from the catalyst surface with little
detrimental effect on the fuel cell overpotential. Although
from XRD analysis the thermal decomposed catalyst layer
has larger particle size and less Ru content than the com-
mercial Pt–Ru black, the mesh-based anode performed 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.

This concept defines the strategy of our laboratory in
searching for new anodes for the DMFC. The new anode
possesses a superior methanol activity to the carbon pow-
der supported catalysts used previously[2] and further work
will allow comparison of the conventional, thermally decom-
posed, and electrodeposited anodes to be made. Overall, our
results indicate that significant increases in the catalytic ac-
tivity for methanol oxidation may be achieved in the future
by optimisation of both the mesh anode and the overall MEA
construction.

4. Conclusions

This work has discussed the use of fabricated Pt-based
electrocatalysts deposited on titanium mesh by thermal de-
composition and electrodeposition of metal salt precursors.
The electrodes were successfully used for the oxidation of
methanol in acidic methanol electrolytes and preliminary re-
sults suggest that the catalysed titanium mesh is a promis-
ing alternative candidate to carbon-supported catalysts for
methanol oxidation. Further investigation of the mesh coat-
ings is required as the differences between the structures cre-
a need
t hys-
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im-
p e the
t and
t udied
b tion-
a help
t flow
v will
b

ted using thermal decomposition and electrodeposition
o be understood to further explain catalytic activity and p
cal differences.

Future publications will report progress in a number of
ortant areas related to this project. To further compar

wo coating methods the effect of methanol concentration
emperature on the polarisation behaviour has been st
y electrochemical impedance spectroscopy (EIS). Addi
lly, XPS analysis of the mesh coatings is ongoing. To

o characterise the mesh in fuel cell situations, fuel cell
isualizations and detailed fuel cell parametric studies
e conducted.
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Overall, our results indicate that increases in the catalytic
activity for methanol oxidation may be achieved in the future
by optimization of both the mesh anode and the overall MEA
construction.
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