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bstract

A novel tubular cell structure for a direct methanol fuel cell (DMFC) is proposed based on a tubular Ti mesh and a Ti mesh anode. A dip coating
ethod has been developed to fabricate the cell. The characterization of the tubular MEA has been analyzed by scanning electron microscopy
SEM), energy dispersive X-ray (EDX), half cell and single cell testing. The tubular DMFC single cell comprises: a Ti mesh, a cathode diffusion
ayer and catalyst layer, a Nafion recast membrane and a PtRuOx/Ti anode. Half cell tests show that the optimum catalyst loading, Ru/(Ru + Pt)
tomic ratio and the Nafion loading of a PtRuOx/Ti mesh anode are: 4 mg cm−2, 38% and 0.6 mg cm−2, respectively. Single cell tests show that the
afion loading of the recast Nafion membrane and the concentration of the methanol in the electrolyte have a major influence on cell performance.
2006 Elsevier B.V. All rights reserved.
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. Introduction

With the development of information technology, the power
onsumption of portable electronic devices such as cellular
hones, portable computers, digital cameras, and so on, is
ncreasing. Because of its characteristics such as simple con-
truction, easy operation, liquid fuel and high efficiency, the
irect methanol fuel cell (DMFC) is considered a promising
andidate for the power supply of portable equipment [1–3].
o far, many planar type DMFCs for portable applications have
een developed [4–6]. However, compared with a tubular type
MFC, the planar type fuel cells have some disadvantages, for

xample: (1) a small electrode surface to volume ratio and (2) a
ower flexibility in shape. Up to now, little research on tubular
MFC has been reported except that Okada et al. [7] reported
prototype of a DMFC utilizing tubular polymer electrolyte
embranes. Nevertheless, it is difficult to coat the catalyst layer

n the inside of a tubular polymer electrolyte membrane.

Ti mesh anodes prepared by deposition of the catalyst directly

n the Ti mesh have been used in a DMFC [8,9]. Compared with
he conventional structure of the anode, the mesh anode has many
dvantages, e.g.: (i) simplicity; (ii) easily produced on a mass
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cale; (iii) low cost; (iv) allowing flexibility in terms of shape;
v) collects current easily. Following on our previous work, a
ew design of a small-scale DMFC implementing a tubular type
i mesh is further developed. In this design, a tubular Ti mesh is
sed as the backing layer of the cathode, and a Ti mesh is coated
ith a PtRuOx catalyst as the anode.

. Experimental

.1. Preparation of the anode

Following on from the work of Scott and co-workers on Ti
esh anodes [8], hydrophilic anodes were prepared by direct

eposition of a PtRuOx catalyst onto titanium mesh using a
hermal decomposition method. The procedure was as follows:
rstly, Ti mesh was immersed in 10% oxalic acid at 80 ◦C for
h then, rinsed with De-ionized (Millipore) water (18 M� cm).
he mesh was then dipped into the catalyst precursor solution
nd allowed to dry in air. This process was repeated several
imes until the desired catalyst loading was achieved. The pre-
ursor solution was a mixture of H2PtCl6 and RuCl3 (0.2 M)

n isopropanol. Afterwards, calcination was performed in air at
50 ◦C in a ceramic tube furnace for 1 h. Finally, the electrode
as allowed to cool down to room temperature and weighted.
he electrodes so prepared are denoted as PtRuOx/Ti.

mailto:zhgshao@dicp.ac.cn
dx.doi.org/10.1016/j.jpowsour.2006.02.047
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3.1. Microscopic structure of the tubular MEA

An image of a tubular DMFC single cell is shown in Fig. 2.
Scanning electron microscopy (SEM) photographs of the cross-
004 Z.-G. Shao et al. / Journal of Po

.2. Preparation of the cathode

The cathodes were prepared by a dip coating method. A tubu-
ar Ti mesh pre-coated with carbon was used as the diffusion
ayer. The procedure for carbon coating on Ti mesh was as fol-
ows: a tubular Ti mesh (Ø 3 mm, provided by Heggemann)
as dipped into the mixture of the uncatalysed carbon (Vulcan
C-72), PTFE and isopropanol, and then dried in the air. This
rocess was repeated several times until 3.5 mg cm−2 carbon
oading was reached. The weight ratio of the uncatalysed carbon
nd PTFE was 1:1. After that, a mixture including Pt/C catalysts
50% Pt, Johnson Matthey), 30 wt.% Nafion® was dipped on the
utside surface of the diffusion layer as the catalyst layer. The
t catalyst loading of the cathode was about 3.5 mg cm−2.

.3. Fabrication of the membrane electrode assembly
MEA)

The tubular cathode supported inside with a stainless steel rod
as dipped into a 20% Nafion solution (Aldrich) and dried in

he air. This process was repeated several times until the desired
afion loading (dry weight) was achieved. The electrode was
ried at 120 ◦C for 30 min and so a cathode with a Nafion recast
embrane was completed. Finally, a 5 wt.% Nafion solution

EW 1100) was sprayed onto the PtRuOx/Ti anode, equivalent to
dry Nafion loading of about 0.6 mg cm−2. The membrane elec-

rode assembly was prepared by wrapping a PtRuOx/Ti anode
n the outside surface of the recast membrane, and the anode
as connected by spot-welding.

.4. Half cell testing

Half cell testing was performed in a conventional three-
lectrode cell at room temperature. The reference electrode was
silver/silver chloride (Ag/AgCl) electrode in saturated KCl,
hich was connected to the cell via a glass capillary. In this
aper, unless otherwise specified, all electrode potentials are
uoted versus the Ag/AgCl reference electrode. Its potential
ersus RHE is 0.199 V at room temperature. The counter elec-
rode was a 2.5 cm × 2.5 cm Pt foil. The working electrode was a
cm × 0.5 cm PtRuOx/Ti. The instrument used to control poten-

ial/current was a Voltlab PGZ301 Dynamic-EIS.
Firstly, cyclic voltammetry was carried out on all of the

nodes in N2-de-aerated electrolyte containing 0.5 M H2SO4 at
oom temperature (20 ◦C). The electrodes were cycled between
0.2 and 0.7 V at a scan rate of 50 mV s−1 until a stable

tate of the electrode was reached. Linear sweep voltammetry
LSV) was performed on the anodes in N2-de-aerated electrolyte
ontaining 0.5 M H2SO4 + 0.5 M CH3OH at room temperature
etween −0.2 and 0.5 V at a scan rate of 1 mV s−1.

.5. Single cell testing
Fig. 1 shows a schematic diagram of the apparatus for sin-
le cell testing. A mixture of 0.5 M H2SO4 and the methanol
ater solution was used as the electrolyte. Room temperature

nd atmospheric air was fed to the cathode inlet at a flow rate of
Fig. 1. Schematic diagram of the apparatus for single cell testing.

00 ml min−1 without pre-heating and humidification. The tem-
erature was controlled by the water bath at 50 ◦C. The active
rea of all the electrodes was ca. 5 cm2.

.6. Physico-chemical characterization

A Jeol JSM-5300LV scanning electron microscope (SEM)
as employed to investigate the structures and morphology of

he MEA. Energy dispersive X-ray (EDX) spectroscopy was also
mployed for the characterisation of the anode electrodes using
RONTEC spectrometer (made in Germany).

. Results and discussion
Fig. 2. A photograph of a tubular DMFC single cell.
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F e assembly (MEA) and PtRuOx/Ti anode: (a) top view of MEA, magnification ×15;
( t membrane, (C) the cathode diffusion layer and catalyst layer and (D) Ti mesh; (c)
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ig. 3. SEM analysis of the cross-section view of the tubular membrane electrod
b) part of MEA, magnification ×200: (A) PtRuOx/Ti anode, (B) Nafion recas
tRuOx/Ti anode: (I) PtRuOx catalyst layer and (II) Ti mesh.

ection of the new tubular DMFC are shown in Fig. 3a and b. It is
een from Fig. 3a that the diameter of the Ti mesh, which is used
s the backing layer of the cathode, is about 3 mm. Fig. 3b shows
hat the tubular DMFC single cell comprises a Ti mesh, the cath-
de diffusion layer and catalyst layer, Nafion recast membrane,
nd PtRuOx/Ti anode from inside to outside in the radial direc-
ion. A cross-sectional view of the PtRuOx/Ti anode is shown in
ig. 3c; it is observed that the PtRuOx layer is a ca. 5 �m coating
n top of the ∼50 �m Ti mesh. The PtRuOx catalyst layer was
ound to adhere well to the Ti mesh.

.2. Half cell tests

Fig. 4 shows the effect of the catalyst loading on the activity
f the anodes for the methanol oxidation. It is seen, the optimum

atalyst loading was 4 mg cm−2. This can be explained by that
he specific surface area of the electrodes decreases with the cat-
lyst loading increases. Thus, the catalyst loading of the tubular
node is chosen as 4 mg cm−2.

Fig. 4. Linear sweep voltammetry (LSV) for PtRuOx/Ti with different cata-
lyst loadings in 0.5 M H2SO4 + 0.5 M CH3OH at room temperature (30 at.%
Ru); scan rate: 1 mV s−1: (a) 0.6 mg cm−2; (b) 1.2 mg cm−2; (c) 2 mg cm−2; (d)
4 mg cm−2; (e) 6 mg cm−2.
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The resistance of the recast membrane will increase with its
thickness. Thus, a thin membrane is of benefit to improve the
performance of a tubular DMFC. However, a thin membrane
will cause serious methanol crossover problems from the anode
ig. 5. Activity of PtRuOx/Ti anodes as a function of the Ru/(Pt + Ru) atomic
atio, taken from LSVs (scan rate: 1 mV s−1; 2 mg PtRuOx cm−2; 0.5 M

2SO4 + 0.5 M CH3OH; room temperature).

It is well known that the ratio of Pt to Ru has a dramatic
ffect on the performance of the catalyst for methanol oxida-
ion. Fig. 5 shows current densities of methanol oxidation at
arious potentials during linear sweep voltammetry measure-
ents on the PtRuOx/Ti mesh anodes with 2 mg cm−2 catalyst

s a function of Ru/(Ru + Pt) atomic ratio. The atomic ratio of
u and Ru + Pt on the PtRuOx/Ti mesh anode is from the EDX
easurements. The potentials 0.2, 0.3 and 0.4 V were chosen

ecause these covered the practical DMFC operating range. As
ay be seen in Fig. 5, the optimum Ru/(Pt + Ru) atomic ratio

t room temperature was 38% with the highest output current
ensities of 11.1, 43.1 and 89.8 mA cm−2 at 0.2, 0.3 and 0.4 V,
espectively. This is consistent with the report by Arico et al.
10], who found the optimum surface composition to be ca.
0 at.% Ru for an unsupported PtRu alloy as the anode cata-
yst in a DMFC. However, Iwasita et al. [11] showed that the
ctivity of smooth Pt–Ru electrodes with Ru contents between
0 and 40 at.% was similar. Gasteiger et al. [12] reported an
ptimum surface composition was near 10 at.% Ru on the basis
f the need for having three sites on Pt for methanol adsorption.
hu and Gilman [13] reported a maximum in activity for 50 at.%
u in the bulk between 25 and 65 ◦C in the presence of sulfuric
cid. This can be explained by the fact that the conditions of
atalyst preparation and the electrolyte are different, as pointed
ut by Arico et al. [10]. In our work, the composition of the
tRuOx/Ti anodes for the tubular cell is 38 at.% Ru.

In order to increase the triple phase reaction area in the MEA
f the DMFC, it is usual to coat a Nafion solution onto the cat-
lyst layer surface of the anode. Fig. 6 shows that the effect of
he Nafion loading on the mesh anode on the current density
f methanol oxidation got from the LSV measurement at 0.2 V
otential. As shown, a current density decay with a Nafion load-
ng is observed. In the PtRuOx/Ti anodes, the catalyst is coated

n both two sides of the mesh (see Fig. 3c). The Nafion coat-
ng layer on the catalyst surface can block the mass transport
f the methanol from the electrolyte to the catalytic site, which
esults in poor performance of the anode. In our experiments,

F
i
0

ig. 6. Activity of PtRuOx/Ti anodes as a function of the Nafion loading on the
esh anode, taken from LSVs (scan rate: 1 mV s−1; 4 mg PtRuOx cm−2; 38 at.%
u; 0.5 M H2SO4 + 0.5 M CH3OH; room temperature) at 0.2 V vs. Ag/AgCl.

he Nafion loading on the PtRuOx/Ti anode for tubular DMFC
s 0.6 mg cm−2.

.3. Single cell performance

The performance comparison of a tubular MEA with different
afion loadings is shown in Fig. 7. The open circuit potential
f the cell with 40 mg cm−2 of Nafion is higher than that with
0 mg cm−2 Nafion, but the performance of the latter is higher
han that of the former. It may be caused by the difference of
he membrane resistance. Fig. 8 shows the SEM analysis results
f cross-section view of a part of the tubular cathode coating
ith recast Nafion membrane with different Nafion loadings. As

hown, the thickness of the recast Nafion membranes with 40
nd 10 mg cm−2 Nafion loading are 150 and 30 �m, respectively.
ig. 7. The performance comparison of tubular cell with different Nafion loading
n the recast membrane, at 50 ◦C with atmospheric air feed at the cathode and
.5 M methanol at the anode.
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F ting with recast Nafion membrane including: (a) 40 mg Nafion cm−2 and (b) 10 mg
N

t
i

e
a
o
e
w
w
e
p

s
0
t
a
d
h
t

F
t

ig. 8. SEM analysis of cross-section view of a part of the tubular cathode coa
afion cm−2.

o the cathode. In our experiment, 10 mg cm−2 Nafion was used
n the recast membrane of a tubular MEA.

Fig. 9 shows the effect of the methanol concentration in the
lectrolyte on the performance of a tubular DMFC at 50 ◦C with
tmospheric air as the cathode feed. As shown in Fig. 9, the
ptimum concentration of the methanol is 0.5 M. This can be
xplained by the fact that a higher concentration of methanol
ill cause serious methanol crossover, and a lower concentration
ill cause mass transport problems for the methanol from the

lectrolyte to the active sites of the catalyst, which will result in
oor cell performance.

Fig. 10 shows a short-term stability test of a tubular DMFC
ingle cell at 50 ◦C with an atmospheric air feed to the cathode in
.5 M methanol. From Fig. 10, it is seen that the performance of
he tubular cell decreased a little at the higher current densities

fter running for 72 h, while it kept stable at the lower current
ensities. It is considered that this decline in performance at
igher current densities may be mainly due to the change of
he cell structure which was caused by its immersion in the

ig. 9. The effect of the methanol concentration on the performance of the
ubular DMFC single cell at 50 ◦C with atmospheric air feed at the cathode.
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ig. 10. A short-term stability test of a tubular DMFC single cell at 50 ◦C with
tmospheric air feed at the cathode and 0.5 M methanol at the anode.

.5 M H2SO4 + 0.5 M CH3OH solution. It may also be due to the
nsufficient removal of water produced in the cathode. However,
he tubular cell provides a new structure to develop DMFC for
he portable applications.

. Conclusions

A new tubular cell structure has been successfully developed
or a low temperature DMFC. In this structure, the tubular cell
s composed of: a Ti mesh, a cathode diffusion layer and cat-
lyst layer, a Nafion recast membrane and a PtRuOx/Ti anode.
or the PtRuOx/Ti mesh anode, the optimum catalyst loading,
u/(Ru + Pt) atomic ratio and the Nafion loading are 4 mg cm−2,
8% and 0.6 mg cm−2, respectively. In addition, the Nafion load-
ng of the recast Nafion membrane and the concentration of the
ethanol in the electrolyte have a major influence on the tubu-
ar cell performance. After running for 72 h, the performance
f the tubular cell only decreased a little at the higher current
ensities.
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