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Abstract. We report the new strategy by investigating the novel Tip7Mop 30, material can just as
easily be used as a conductive support for PtRu for DMFCs to prevent not only the carbon corrosion
but also improved activity of catalyst due to some functional advantages of novel Tiyp7Mog30;
support. The Tip7Mo0p30, nanoparticle have good crystallinity with well-defined fringes
corresponding to the 3.45 A spacing value of the {101} plane of anatase TiO,, which were good
according to the XRD pattern. The BET surface area measurements showed that the Tiy;Mog 30,
possessed 125 m? g'l Fig. 3 shows the TEM measurement of Tip7Mo 30, nanoparticle and
Pt/Tip7Mo0 30, it can be observed that spherical PtRu alloy particles with an average particle size
of 2-4 nm were uniformly anchored on the surface of Tiyp7Mo0y30, support. More importantly, we
found that there has a strong metal support interaction (SMSI) between the PtRu noble metal and
the Tip7Mo0030, support material - resulting in facile electron donation from the Tip7Mo0g30;
support to PtRu metal with an ultimate drastic decrease in the d-band vacancy of Pt. Thus, the
unique structural features of the Tip7Mog30; support and the PtRu/Tiy7Mog30; catalyst appear to
provide a suitable combination favoring that promise for the high performance of methanol
oxidation, CO-tolerance in DMFCs.

Introduction

Direct methanol fuel cell (DMFC) has recently attracted much attention and has been expected as
a promising candidate to compete with conventional batteries for powering portable electronic
devices [1]. In DMFC, the metal catalysts for direct methanol oxidation are usually Pt or PtRu
nanoparticles deposited on carbon nanosupports [2-4]. However, it is found that this system is
intrinsically limited in terms of life span, and the catalytic surface area of the electrode may
decrease and catalytic activity may be inactive with time due to the corrosion of carbon support and
the poisoning of CO intermediate species [1, 5-7]. Hence the selection of a support for the Pt or
PtRu catalyst is of critical importance to both the catalytic activity and durability [1, 8]. To address
these issues, the searching of alternative catalyst support can prevent the degradation of the lifetime
used in fuel cells is currently an interesting area of research and remain the challegens [8-16].
Titanium oxide (TiO,) is one of few materials which can be stable material over the pH-potential
range of interest and are structurally and chemically stable in acidic and oxidative environments
[17]. Thus, TiO, meets the stability criterion to be used as attractive, alternative catalyst support.
Unfortunately, its low electrical conductivity prevents in its use in fuel cell [15]. The conductivity
of TiO, must be enhanced by doping, such as by cation substitution or oxygen vacancies [18].
Molybdenum oxide (MoOy) is a conductive material that has been found with unusually
characteristic about the physical and chemical properties. The nonstoichiometric lower valence
molybdenum oxide contains five distinct phases, namely the Magneli phases with different
compositions between MoO; and MoQO,. These mixed-valence molybdenum oxides have a rutile-
type structure with short metal-metal bond distance along the direction of edge sharing, which
accounts for their high electronic conductivity. Besides their high electronic conductivities, mixed-
valence molybdenum oxides are relatively stable in acid solution and have specific catalytic activity
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[19, 20]. The combination of these excellent properties of the oxides makes it is a very attractive
support material for DMFCs due to the fact it would solve most of if not all of the aforementioned
problems. Here, we report the new strategy by investigating the novel Tip7Mo¢ 30, material can just
as easily be used as a conductive support for PtRu to prevent not only the issue of carbon corrosion
but also improved activity of catalyst due to some functional advantages of novel Tiyp7Mo30;
support.

Experimental

Materials. Na;Mo0O4.2H,O (99.99%), TiCls (99.9%). H,PtCle.6HO (99.9%, 38-40% Pt),
RuClyxH,0 (35-40% Ru), ethylene glycol (99.5%), CH30H (99.99%) purchased from Acros were
used in the experiments. HySO4 (95-97%) was from Scharlau, and Vulcan XC-72R carbon black
(particle size 50 nm) was from Cabot corporation. Nafion 117 solution (5%) was obtained from
Aldrich. The commercial catalysts, 20 wt% Pt/C (E-TEK), and 20 wt% Pt-10 wt% Ru/C (JM) were
purchased from Alfa Aesar. Deionized water was used all through.

Synthesis of Tiyp7Moy30, Nanoparticles. Tij;Mo(30, nanoparticles were prepared by a mild
hydrothermal process [21]. An aqueous solution containing 12 mM Na,MoO4 and 28 mM TiCly
precursors solution (with Mo:Ti = 3:7 atomic ratio) was prepared. The precursor solution was then
transferred to a Teflon-lined autoclave with a stainless steel shell, and heated to 200 °C at 10 °C
min™ in an oven. The sample was kept at 200 °C for 2 hrs in the oven and then cooled to room
temperature. Tip ;Mo 30, was washed with water and collected by centrifugation several times until
the washings showed a pH 7. The precipitates were dried in a vacuum oven overnight (> 8 hrs) at
room temperature for the electrochemical and textural analyses.

Preparation of 20 wt% Pt-10 wt% Ru/Tip7Mo0930; Nanoparticles by Microwave Enhanced
Ethylene Glycol (EG) Method. The synthesis was carried out with the aid of a domestic
microwave oven (LG MG-5021MW1, 300 W, 2450 MHz). Platinum (intake 20 wt%) was deposited
as follows: 2.56 mL of 50 mM hexachloroplatinic acid in ethylene glycol and 0.0205 g RuCl;.xH,O
were added to 20 mL of EG to produce a yellowish solution. Tip7Moy 30, (0.10 g) was mixed with
the solution containing hexachloroplatinic acid and ruthenium cholorua, ultrasonicated for 30 min,
followed by the addition of sodium hydroxide (0.8 M) to adjust the pH to 11.0. The suspension was
exposed in the middle of a microwave oven for 1 hr at 200 W (180 °C). When the reaction was
complete, the sample was cooled in air, and the black precipitate was collected by repeated
centrifugation and washings with acetone and deionized water. The resulting PtRu/Tip7Mog 30, was
dried at 80 °C in a vacuum oven overnight for further use.

XRD, HRTEM, EDXA, BET Measurements. Powder X-ray diffraction (XRD) patterns of
Tip7Mo0¢ 302, PtRu/Tip7Mo0( 30, nanocatalysts were obtained with XRD- Rigaku Dmax-B, Japan
measurements using Cu K, radiation and Ni as filter at voltage 40 kV and current 100mA. The data
were collected from 20° to 90° in 26 scale with a scan rate of 2°min . The particle size of the as-
prepared Tip7Mog 30, and Pt/Tip7;Moy30, nanoparticles was evaluated by transmission electron
microscopy (TEM) using an FEI-TEM-2000 microscope operated at an accelerating voltage of 3800
kV. Specimens were prepared by ultrasonically suspending the nanoparticles in ethanol, which were
then applied to a copper grid and dried in an oven.

The average composition of the Tiyp7Mo00 30, support and the elemental mapping of the 30 wt%
PtRu/Tip7Mo0( 30, catalyst were obtained through an energy-dispersive spectroscope (EDS-JSM
6500F, JEOL) with an accelerating voltage of 15 KV. The BET surface area of the Tip7Mo( 30,
support was obtained from N, adsorption isotherms at 77 K (Porous Materials, BET-202A). The
material was degassed/dried at 250 °C for 3 hrs before the BET measurement in order to completely
vaporize the water molecules adsorbed in the meso/micropores of the oxide. Accordingly, the BET
data shown here correspond to the annealed samples.

XAS Measurements and Data Analysis. X-ray absorption spectra (XAS) were recorded at the
National Synchrotron Radiation Research Centre (NSRRC) of Taiwan, Beam Line 01 C, following
the procedure described in detail elsewhere [22, 23]. Experimental details, such as instrument
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specifications, cell configuration, sample treatment for proper measurement, etc were the same as
before. Measurements were made at room temperature with solid samples. Mo foil and MoO,,
MoO; were used as reference for Mo K-edge measurements, and it was a Pt foil for Pt Ly-edge
measurements, Ru foil, RuO, reference for Ru K-edge. The control of parameters for EXAFS
measurements, data collection modes, and calculation of errors were all done as per the guidelines
set by the International XAFS Society Standards and Criteria Committee [22, 23].

Results and Discussions

X-ray diffraction (XRD) patterns of the Tip7Moy30; and the PtRu/Tip7Mo 30, are shown in
Fig. 1. The experimentally observed XRD peaks for the Tip7Mo0¢30; at 20 positions 25.1°, 38.1°,
47.5°, 54.4°, 62.5° can be indexed to unit cell, shifted slightly from that of pure anatase-TiO,
(JCPDS file 84-1286) due to the MoO; doping. No phase separation of Molybdenum oxide and
Titanium oxide in Tip7Mo30; can be inferred, and the entire support material is principally a
single-phase solid solution. The composition of Ti, Mo binary oxide was evaluated by the EDS
mapping and the EDS spectra (Fig. 2), indicating a Ti:Mo atomic ratio 68.26:31.74 (Fig. 2 (B)),
which agrees closely with the expected atomic ratio of 70:30 for Tip7Moy 30, and the Ti and Mo is
distributed uniformly. (Fig. 2 (A)).
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Fig. 1 X-ray diffraction pattern of PtRu/Ti7Mo0, 30, catalyst. Inset in Fig. is X-ray diffraction
patterns of PtRu/Tip7Mog 30, and Tip7Mo0030;.
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Fig. 2 (A) The EDS mappin

g and (B) the EDS spectra of Tip7Mo0¢ 30,

The Tip7Mo 30, nanoparticle have good crystallinity with well-defined fringes corresponding to
the 3.45 A spacing value of the {101} plane of anatase TiO,, which were good according to the
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XRD pattern. The BET surface area measurements showed that the Tip7Mog30;, possessed
125 m* g'1 Fig. 3 shows the TEM measurement of Tip7Mo¢ 30, nanoparticle and Pt/Tip7Mo(30,, it
can be observed that spherical PtRu alloy particles with an average particle size of 2-4 nm were
uniformly anchored on the surface of Tiy ;Mo 30, support.

3 .
s L L LS o
e Jak A0

Fig. 3 (A) TEM of Tiy-Mog30; and (B) TEM of PtRu/Tiy-Moy3O; catalyst.

The composition of PtRu was evalued through EDS measurement. (Fig. 4) The real amount of Pt
and Ru was found 18.54 % wt. Pt: 8.92 % wt. Ru, which is closed to the 20 %wt. Pt: 10% wt. Ru.
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Fig. 4 The EDS spectra of PtRu/Tip7Mog 30, catalyst.

To probe the electronic properties of Pt in the PtRu/Tip;Mo(30, catalyst, the as-prepared
PtRu/Tip7Mo0y 30, sample was monitored by recording XANES spectrum at the Pt Ly-edge
(Fig. 5A). The inset in Fig. 1 shows the XRD of the Tip7Mo0¢ 30, and the 30 wt% PtRu/Tiy7Mo0¢ 30,
samples. The formation of crystalline PtRu nanoparticles was confirmed by the Pt(111) with an fcc
structure (JCPDS file:04-0802), in addition the to the strong reflections corresponding to
Tip7Mo0o 30, support. The PtRu/Tip7Mo30; was further characterized by transmission electron
microscopy

Similar spectra obtained for the reference Pt foil and commercial PtRu/C catalysts are also
included in to this figure. It can be seen that the inset in Fig. 5(A) shows enlarged region of peaks of
Pt Ljj-edge XANES white line in which intensity of the white line, whose magnitude is a direct
measure of d-band vacancy [22, 23], is of the order Pt foil > PtRu/C (JM) > PtRu/Tiy7Moy 30, with
the PtRu/Tip7Mo0 30, showing lowest intensity. Note that the changes in white line intensity in
principle could be caused by the size effect and/or the electronic effect [17, 18]. In case, the particle
sizes of PtRu/Tip7Mop 30, and PtRu/C (JM) were similar (data not show here). Thus, the particle
sizes being of similar dimension, the changes in the white line intensity for these catalyst samples
are primarily a manifestation of electronic effect, inducing changes in the d-band vacancy of Pt. The
decreased intensity for PtRu/C (JM) and PtRu/Tiy;Moy 30, catalysts compared to Pt foil can be
easily understood as due to an electron transfer from Ru to Pt leading to a high electron density
around Pt atoms and hence a decrease in the Pt d-band vacancy [22, 23]. However, it is interesting
to find that the intensity of PtRu/Tiyp7Mo0y30; is much lower than PtRu/C (JM), indicating the
decreased intensity of PtRu/Tip7Moy 30, was not only affected by the PtRu alloy structure but also
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contributed by another factor. This can be assigned to arise from a different origin - a strong metal
support interaction (SMSI) [19, 20] between the Pt noble metal and the Tip7Mo¢30, support
material - resulting in facile electron donation from the Tiyp7Mo 30, support to Pt metal with an
ultimate drastic decrease in the d-band vacancy of Pt. In order to provide a quantitative estimate of
these effects, the number of unfilled d states in the sample (41s) was calculated, following the
procedure suggested in our earlier work [22, 23]. The calculated /s values for various samples are
presented in Fig. 5B. Noticeable, the unfilled d-states (hr) for PtRu/Tip ;Mo 30; is obtained to 1.43,
it is so worthy value, which is lower than that of commercial PtRu/C (hys = 1.55) and Pt foil (hys =
1.60). Due to the intensity of white line transition decrease with the decrease of d-band vacancy
(hts) [17, 18]. This noticeable feature is a good evidence to confirm the excellent strong interaction
between Pt and Tip7Mop30,, which could also enhance the activity and stability of
PtRu/Tip7Mo0( 30, catalyst compared to PtRu/C (JM), as will be shown subsequently. Thus, the
unique structural features of the Tip7Mog30; support and the PtRu/Tiy7Mog30; catalyst appear to
provide a suitable combination favoring the high performance of methanol oxidation, CO-tolerance
for DMFC application as discussed below.
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Fig. 5 (A) Pt Li;-edge XANES spectra, and (B) variation in unfilled d-states for Pt foil and different

catalyst samples (denoted in the figure). Inset in (A) shows enlarged region of peaks of Pt Lj-edge
XANES white line.

Conclusion

In summary, we have developed a robust non-carbon Tiyp7;Mo0¢30, support for PtRu noble
catalyst that demonstrates very high activity and durability for the MOR compared with
commercial Pt/C (E-TEK) and PtRu/C (JM) catalyst. Our results suggest this enhancement is a
result of both the electronic structure change of Pt upon its synergistic interaction with Tig7Mo0g30;
support and the improved mass transport kinetics of PtRu/Tip7Mo0y 30, compared to carbon support
Pt or PtRu, which biases the reaction toward completion. The PtRu/Tip7Mo0¢30; also shows the
high CO-tolerance due to the strong interaction between metal and support making the weak CO
bond strength, thus inhibiting the self-poisoning of catalysts. Hence, above findings undoubtedly
show that the suggested approach for design of the robust non-carbon catalyst is effective. The
PtRu/Tip7Mog 30, electrocatalyst can be considered as promising candidate to improve catalytic
activity and durability for DMFC. The results of this work also indicate strategies suitable for using
of other dopants in TiO; as well as other oxide hots such for alternative catalyst support.
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