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Abstract

PtRu and PtRuSn catalysts have been made by thermal decomposition of chloride precursors on different types of and combinations of
titanium mesh for the electro-oxidation of methanol. The catalytic activity of the electrodes is determined by galvanostatic polarization
measurement and SEM is employed to study their morphology and structure. The electrochemical performance of the catalysts thermally
deposited on a double layer titanium mesh shows a large increase in catalytic activity for methanol electro-oxidation, compared to other
electrodes. Such an electrode, with a different anode structure to that of carbon supported catalyst, possesses good electrochemical performanc
and may be a promising alternative anode for direct methanol fuel cells (DMFCs).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction simply more CO tolerant, by alloying platinum with other
metals. Among the binary systems, the Pt-Ru combination
Direct methanol fuel cells (DMFCs) have received great has proved to be the most successful at enhancing electro-
attention due to their potential use as low temperature powercatalytic activity. Other platinum combinations, such as tin
sourceg1]. A major challenge for the successful applica- [4], molybdenuni5] and tungstef6,7] have been tried suc-
tion of the DMFCs is the enhancement in catalytic activity of cessfully. Ternary systems, such as Pt-Ru-W and Pt-Ru-Sn
platinum-based anode catalysts towards the electro-oxidationhave also been studied and it is claimed that the addition of
of methanol. It is well known that the addition of Ru- to Pt- W and Mo to the binary Pt-Ru catalyst improves electrocat-
based catalysts significantly lowers the overpotential for the alytic activity towards ethanol oxidatid8]. While the main
methanol oxidation reactions through a so-called bifunctional approach discussed above is to change the catalyst compo-
mechanisnj2,3], in which the atoms of different metals act sition and, hence change the mixed electrical configuration,
independently and perform different functions. Methanol ad- attempts have been made to increase the catalytic activity
sorption and decomposition takes place on platinum, while by preventing the main catalyst particles from growing. The
the alternative metal (Ru) atoms provide preferred sites to methods included, using different methods to prepare the car-
bind OH species. Attempts have been made to develop catabon supported Pt-based catalysts in the presence of higher
lysts that either enhance the oxidation of CO and/or that are metal loading$8] or to directly use finer carbon powders to
- increase the dispersion of the catalysts particles on the carbon
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thatthe characteristics of electrochemical methanol oxidation Table 1
on catalysed titanium mesh are comparable to those achieved/easured geometric parameters of the titanium mesh (Dexmet Corporation)

with carbon-supported PtRu catalyfs10]. With the aim of Parameters Type 1 Type 2 Type 4

further improving the electrochemical performance, combi- Opening sizémm)

nations of different types of titanium mesh are also employed LWD 128 1 0.52

as supports. It is shown that the catalytic activity of the cat- SWP 0.72 0.64 0.36

alysts supported on such a combination is further improved Strand width(mm)

and may be a promising alternative anode for DMFCs. SwW 0.14 0.18 0.08
Measured mesh thickness (mm) 0.2 0.35 0.1

2. Experimental
Images of the mesh and catalysts were taken with a JEOL

A thermal decomposition method was used to prepare 6300 SEM, equipped with a computer with digital image
electrocatalyst on a titanium mesh support. The method software. Electrochemical measurements were performed,
mainly consists of etching titanium mesh in 10% oxalic acid using a Gill AC potentiostat (ACM Instruments), controlled
at 80°C for 1 h; rinsing with distilled water under agitation by a Windows Personal Computer loaded with ACM
in an ultrasonic water bath; applying the catalyst layer to the Sequencing Software. All experiments were conducted in an
etched substrate by dipping in a precursor (e.g. 0.2 M metal N2-de-airated three-electrode cell. The working electrodes
chloride in isopropanol) and finally firing the sample in an were lacquered (Miccroshield, Hi-Tek Products Ltd.), leav-
atmosphere at 40 for 1 h. The electrodes fabricated in ing a window of 1 cmd exposed; the counter electrode was a
this way were designated PtRu/Ti and PtRuSn/Ti (Pt:Ru = platinum mesh measuring 25 mx25 mm and the reference
0.5:0.5 in atomic ratio; Pt:Ru:Sn = 0.5:0.4:0.1). The catalyst electrode was a mercury sulfate (MMS) (Hg4%§4/0.5 M
loading was measured by weighing the sample before and(0.617V, RHE). In this paper all electrode potentials are
after catalyst application, using a digital balance accurate toreported versus the reversible hydrogen electrode (RHE).
within 0.01 mg. Electrolytes of 0.5 mol dm? (M) H2SQO4 + xM CH3OH were

Different types of Ti mesh supplied Dexmet were used in prepared with reagent grade chemicals and deionised water.
this study Fig. 1) and their measured geometric parameters  The data from galvanostatic electrochemical measure-
are listed as imable 1 ments was collected after 3-min polarisations. These

| LWD |

" 500 um

Fig. 1. SEM Image of PtRu catalysts thermally deposited on Ti mesh, showing the morphologies of the different mesh types.
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Fig. 2. Galvanostatic polarisation plots in 2M @BH + 0.5M H,SOy
(60°C) on PtRu/Ti and PtRuSn/Ti catalysts thermally formed at “4D0
in air and argon respectively (Ti mesh is Type 1).
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3.2. Effect of titanium mesh type

To increase the catalytic activity, different types of tita-
nium mesh are used as supports to thermally deposit the PtRu
catalystsFig. 5shows the galvanostatic performance on the
different electrodes in 2M C{OH + 0.5 M H,SO4 (60°C).

The PtRu catalyst, thermally formed on Type 2 mesh pos-
sesses the highest catalytic activity with a polarisation po-
tential 460 mV at a current density of 80 mA mglt This
value is 550 and 490 mV, for the Type 1 and Type 4, respec-
tively. The above results can be attributed to the different
opening areas of the mesh supports, as showrabie 1
This data indicates that an increase in the catalytic activity
can be achieved by employing different catalyst supports due
to the variation in available mesh (and thus catalyst) surface
area.

3.3. Effect of different combinations of the titanium
mesh as supports

measurements were obtained after the anodes were condi-

tioned by immersing and cycling, between 0.0 and 900 mV
in 0.5 M H,SO, until a stable electrode state was reached.

3. Results
The methanol oxidation activities on the Pt-based mixed

oxide catalysts, thermally formed on the titanium mesh sup-
ports, were mainly determined from potential-time transients

To further improve the catalytic activity, different combi-
nations of titanium mesh and carbon paper have been used as
the catalyst supporkig. 6shows the electrochemical perfor-
mance on the PtRu catalysts thermally deposited on a double
layer structure of titanium—titanium (Ti—Ti structure) as well
asonatriple layer support of titanium—carbon paper—titanium
(Ti—C—Ti). Prior to applying the catalysts the two mesh layers
were connected by spot welding.

A significant increase in catalytic activity has been

recorded at different constant current densities. The data ob-aCh'(ra]VecLW'th the catalysts <Ijelpc1(5|;ed on lthe doublg layer
tained is presented as potential-current plots. To investigate™MeSh- The measured potential of the catalyst deposited on

the effect of Ru and Sn additives on the Pt catalytic activ-
ity for methanol electro-oxidation, the monitored currents

were normalized for the Pt mass and are, hence referred to
(mAmg Pt1) in the associated figures. This allows for more

direct comparison of the anode catalytic activity between the
different electrodes.

3.1. Effect of Sn addition

Fig. 2 shows the catalytic activity obtained from gal-
vanostatic polarisation measurements in 2M ;OH +
0.5M HSO; (60°C) on thermally formed PtRu/Ti and

single mesh (Type 4) is about 490 mV at a current density
of 80mAmgPt! (Fig. 5 Type 4). This value on the double
layer mesh is approximately 350 mV, some 140 mV lower
than on the single mesh. The onset potential for the two elec-
trodes is also significantly different:; a value of about 200 mV
on the double layerHig. 6) and approximately 270 mV on
the single layerKig. 5. Thus, such an electrode, with a dif-
ferent anode structure to that of carbon supported catalysts,
possesses an exceptional good catalytic activity for methanol
oxidation and may be a promising alternative electrode for
fuel cells.

The catalytic activity on the triple layer structure
(Ti—C-Ti) is lower than that of double layer. The measured

PtRuSn/Ti electrodes. The polarised potentials at a current ofpotential on the electrode at 100 mAtis only 380 mV

80 mAmgPt! on PtRu/Ti and PtRuSn/Ti thermally formed
in air are 550 and 510 mV, respectively. This shows that the
addition of Sn increased the catalytic activity of the PtRu
mixed oxide. The value on the PtRuSn/Ti electrodes ther-
mally formed in argon is about 480 mV, showing a further
improvement of the catalytic activitigig. 2also gives the cat-
alytic activity of a carbon-supported PtRu catalysts (1.5mg
loading with a 1:0.5 atomic ratio of Pt:R{]1] for a com-
parison. It shows that the activity of the PtRuSn catalysts
thermally formed on the titanium mesh in argon is compara-
ble to one of the most active carbon supported catalysts.

(Fig. 6). It is evident that different combinations of the opti-
mized catalysts (e.g. PtRuSn) and different support structure
are very important to increase the catalytic activity and need
to be further investigated.

4. Discussion
Generally, two models are described to explain the mech-

anism affecting the catalytic activity by additives: either to
provide sites for water adsorption in a bi-functional model
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Fig. 3. SEM images on the different electrodes as thermally formed in argon at different temperatutetfa+ai at 500 C; b—4: PtRuSn/Ti at 500C and
c—c: PtRuSNn/Ti at 400C). The magnification of images a, b and c isu¥@ and of 4 b and ¢ is 500 nm.

or to modify the electronic properties of Pt by contributing while the particle size for the PtRuSn electrode thermally
d-electron density in an electronic mogER]. Itis likely that formed at 400C (Fig. 3¢’) was of 50nm, a much bigger
the addition of Sn and Ru to the Pt increases the activity of size (ca. 120 nm) was obtained with the electrode formed
oxidation of methanol in both ways by forming the mixed at 500°C (Fig. 3), indicating a significant firing tempera-
oxide catalysts. ture effect. The addition of Sn also significantly reduces the
SEM was employed to look at morphology and structure particle size of Pt-based oxide catalyst; a particle size of ap-
of the catalysts. The SEM images of the thermally formed proximately 200 nm for the PtRu electrodes was observed
catalysts on titanium mesh at different temperatures and in(Fig. 3a), compared to 120 nm for the PtRuSn electrodes
different atmospheres are showrHig. 3. At low magnifica- (Fig. 20).
tion the morphologies appear similar with a uniform distribu- The surface areas of the catalysts can be roughly
tion of small cracksKig. 3a—c). However, close inspection of estimated according to the following equation, assum-
the electrodes at high magnification reveals that the catalystsng homogeneously distributed and spherical particles
consist of ultra-fine particles both in the flat planes and in the [6]:
microscopically visible cracks{g. 3a—c). In particular, the
particle size dependents on the firing condition, such as heat, i 1)
treatment temperature and firing atmosphere. For example,” ~ rp
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Fig. 4. Galvanostatic polarisation plots in 2M g@BH + 0.5M H,SO, (60°C) on PtRu/Ti and PtRuSn/Ti catalysts thermally formed in argon at different
temperatures, showing the correlation of the particle size (from SEM images, insertion) and catalytic activity (Ti mesh is Type 1).

wherer is the particle radius and the density of either the

diameter estimated from SEM images, thealues are calcu-
lated, using the atomic percentages of Pt (af) 9%Ru (at. %)
and Sn (at.%r) as well as the Pld), RuU (ory) @and Sn psp)
densities of 21.45, 12.41 and 7.31 gchj13], respectively,

using the following equation:

p=>_pix(at%)

where i represents Pt, Ru or Sn.

600

500 -

400 |

E /mV vs. RHE

300

-8 PtRu on Mesh Type 4
—o—PtRu on Mesh Type 2
—& PtRu on Mesh Type 1

200 +——r—

T T T T

60 80

j /mA mgp{1

Fig. 5. Galvanostatic polarisation plots in 2M @BH + 0.5M H,SOy

at 400°C in air for 1 h.
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The surface areas, thus calculated are: 1.7, 3.0 and
PtRu or PtRuSn alloy. While the particle radius is assumed 7.3 n? g1, for PtRu thermally formed at 50@ and PtRuSn

to be equivalent to one half of the average PtRu and PtRuSnformed at 500 and 40TC, respectively. Therefore, a signifi-
cantincrease of the surface area by the addition of Sn to PtRu
is observed. This is evidently one reason why the electro-
chemical activity of the mixed oxide PtRuSn, with a nominal
tin content about 10 mol%, can be increaddd. 4shows that
there is some correlation between the catalyst morphology
and microstructure and the electrode electrochemical activ-
ity, if itis assumed that the mechanism of methanol oxidation
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Fig. 6. Galvanostatic polarisation plots in 2M @BH + 0.5M H,SOy
(60°C) of the PtRu catalysts thermally formed at 4@in air on differ-
(60°C) of the PtRu catalysts thermally deposited on the different mesh types ent structure support (Ti:Ti is titanium Type 4). (Ti-C-Ti: Ti is titanium

Type 4 and C is carbon paper).
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is the same on both types of electrodes. The decrease in parti- In addition, ruthenium dioxide essentially exhibits metal-
cle size by the addition of Sn to the catalysts was also reportedlic behaviour with a resistivity of about 5 10~>ohmcm
in other system§gl4,15] [18]. This high conductivity explains its use as an electrode.
It should again be noted that the calculation of these sur- Most importantly, a metastable solid solution of RU0O,,
face area is only approximate and the values obtained need twr even an extremely fine mixture of the two components,
be used with caution. It has been frequently reported that thecan be formed at temperatures between 300 andGQDI],
incorporation of ruthenium or tin into the platinum crystal which is the temperature range employed in this study. The
lattice can be evidenced from XRD. A lower lattice constant electronic interaction between Ru and Ti by forming a mixed
of fee Pt lattice due to ruthenium incorporation was observed RuGQ,/TiO2 layer between the catalyst layer and titanium sub-
[6,8] and a higher lattice constant in the case of&h The strate could significantly decrease the ohmic effect due to
lattice changes are usually indications of an alloy formation. formation of TiG oxide on the titanium substrate.
However, evidence from XPS has also showed that not all of
the Ru phase or tin phase is incorporated into the Pt lattice
[6]. Therefore, the assumption of the formation of an alloy, 5. Summary
usingEq. (1)to calculate catalyst surface areas unavoidably
causes errors.
It is also noted that the calculated surface areas of the

PtRu and PtRuSn catalysts have been thermally deposited
on various types of titanium mesh structures. The resul-

PtRu catalysts prepared in this study is only approximately tar_1t ca_ltalytic performance of suc_:h e_:l_ectrodes for the electro-
one 10th of that of the PtRu catalyst supported on carbon poW_OX|d§1t|on of methanol shows a S|g_n_|f|cant improvement over
ders prepared, using a chemical reduction route, commonlyPrevious electrodef®,10]. The addition of Sn decreases the
used for the preparation of fuel cell catalyf8s It is there- particle size of the mixed catalysts and, hence increases the
fore, obvious that the area factor is not the only reason for catalytic activity for electro-oxidation of methanol. The most

such low catalyst surface area of the PtRu catalysts thermallySignificant improvement has been obtained on the catalysts
prepared on titanium mesh having a comparable catalytic ac-thermally deposited onto double layer Ti mesh.

tivity to that of the carbon-supported catalysty, 2). While The electrochemical data so far collected for the catalysts
the catalytic surface area plays an important role for the cat- 0ated on Ti mesh are interesting, but not fully representa-
alysts thermally prepared on titanium mesh, their electronic tive of the electrodes employed in real DMFC. The catalytic

properties may make significant contributions to their elec- Performance of the catalysts in the DMFC will be signifi-
trochemical performance. cantly affected by the potential absence of electrolyte in the

The catalysts prepared thermally at the temperature rangemethano_l solution (for polymer electrolyte cells), diffusion
employed in this work are actually composed of metal ox- process in the membrane, cathode performance and methanol

ides, such as RuCand SnQ [14-16] It is known that Ru@ cross-over, etc. The studies on the cell performance of the cat-
and SnQ both have a tetragonal rutile structure and the ionic 2!YSts prepared by different methods are under progress.

radius of the two metals differs only by 5%. They have the
same valence and satisfy the Hume-Rothery conditions for
the formation of a substitutional solid solutifi#]. In turn, at

the temperature employed for the thermal preparation, the Ru  gpgrc supported L.X. Yang, R.G. Allen this work. The

or Sn is more likely incorporated into the Pt lattice to partly \1op supported the work through the Joint Grant Scheme No
form the PtRuSn ternary alloy, as opposed to the carbon sup-3.5/826. The work was performed in research facilities pro-
ported catalyst prepared at the lower temperature used in th jgeq through an EPSRC/HEFCE Joint Infrastructure Fund

chemicalroutine. Thus, the bifunctional mechanismmay play anard No. JIF4ANESCEQ. Titanium Mesh was supplied by
a more important role in promoting the Pt catalytic activity paymet Corporation, USA.

with the addition of Ru and Sn. Additionally, it is reported

that catalysts for ethanol oxidation have found increased per-

formancg with thg addition of Sn to the Pth, which can References
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