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Abstract Low-Pt content (5%) carbon-supported Pt—Ni—
TiO, nanotube electrocatalysts were prepared via a micro-
wave-assisted polyol strategy. Physical and morphological
properties of these electrocatalysts were characterized by
X-ray diffraction (XRD), high resolution transmission
electron microscope (HRTEM), and energy dispersive
X-ray spectroscopy (EDX). Cyclic voltammetry and
chronoamperometry studies clearly suggested that the
Pt(5%)-Ni(10%)-TiO, nanotube (10%) supported by
Vulcan XC-72 is better than the commercial 20% Pt/C
electrocatalyst for methanol electro-oxidation in direct
methanol fuel cells (DMFCs).
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1 Introduction

Direct methanol fuel cells (DMFCs) have potential appli-
cations as portable power source because of their numerous
advantages, such as high energy density, low cost, and
easiness in transportation and storage [1, 2]. Extensive
efforts have focused on the development of better DMFCs,
while their performance is still limited by poor anode
kinetics [3] and catalytic instability [4]. In particular, the
intermediates formed on the surfaces of Pt electrocatalysts
can lower the catalytic activities by blocking the active
catalytic sites [4]. One solution for this problem may come
from the well-known alloy effects [4, 5]. It has been shown
that the addition of Ru into these catalysts can greatly
alleviate this effect [4]. However, the loadings of Pt in
these catalysts are usually quite high and Ru is also a noble
metal, which may result in an increase of the preparation
costs. Hence, it is essential to find less expensive alterna-
tives. Recently, Ni was added as alloy metal to the Pt-based
catalysts, and the resulting catalysts were found to exhibit
better catalytic stability and activity for methanol electro-
oxidation than commercial Pt catalysts [6—10]. In this
paper, we report an improvement of these Pt—Ni alloy
catalysts by introduction of a new oxide component.

TiO, has been exhaustively investigated in the past
because of its special photoelectric and electric properties
[11]. One specific feature of TiO, relevant to this study is that
TiO, can act as catalyst supports and change the electronic
property of the supported metal nanoparticles [11]. The
strong interaction between TiO, and Pt has been found to
favor the catalytic activities for methanol electro-oxidation
[12-14]. In addition, the forms of TiO, supports were shown
to greatly affect this interaction: usually the TiO, support in
nanotube form can yield better catalytic properties than those
in nanoparticle form [15-17]. For instance, Pd catalyst
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supported on TiO, nanotube, developed by Wang et al. for
methanol electro-oxidation, exhibited excellent catalytic
properties compared with pure Pd and Pd supported by TiO,
nanoparticles [17]. Our previous studies have also shown
that TiO, nanotube can be a successful support for CoTMPP
for oxygen reduction reaction [18], and for Pt for methanol
electro-oxidation [13].

In this work, carbon-supported Pt—-Ni—-TiO, nanotube
electrocatalysts (abbr. Pt-Ni-TiO,NT/C, contained 5 wt.%
Pt, 10 wt.% Ni, and 10 wt.% TiO, nanotube) were devel-
oped as anode materials for methanol electro-oxidation.
Their catalytic performance was evaluated and compared
to those of Pt—Ni (1:2) catalysts and commercial 20% Pt/C
catalysts. A combination of analytical techniques including
XRD, TEM, and EDX was employed to characterize these
catalysts. A detailed description of our acquired results is
shown below.

2 Experimental
2.1 Preparation of the Pt-Ni-TiO,NT/C

Pt-Ni-TiO,NT/C electrocatalysts were prepared via
microwave-assisted polyol method. The weight rate of Pt,
Ni, and TiO, nanotube was 1:2:2 and the content of Pt was
5%. Appropriate amounts of chloroplatinic acid, nickelous
acetate, TiO, nanotube [19, 20], and carbon Vulcan XC-72
(Cabot Corp.) were added into the flask. Then, ethylene
glycol was introduced into this mixture. The pH (>9) of
solution was maintained with the use of 0.5 M NaOH. The
mixed solution was then suspended in the microwave
reactor over 60 s after being ultrasonically stirred about
30 min. The filtered products was aged for 12 h, washed by
distilled water and dried at 60 °C in a vacuum oven
overnight. The same procedures were followed during the
synthesis of Pt—Ni (5%Pt, Pt:Ni is 1:2) catalyst.

2.2 Characterization of the Pt-Ni-TiO,NT/C

Pt-Ni-TiO,NT/C electrocatalyst was characterized by
XRD on a Rigaku diffractometer with Cu-Ka radiation
(A = 1.54056 A). The morphology and the distributions of
the Pt nanoparticle and TiO, nanotube were examined by
HRTEM on a JEOL JEM-2100F (Instrumental Center of
Shanghai Jiao Tong University) at an accelerating voltage
of 200 kV. The surface composition of the Pt-Ni—-TiO,NT/C
catalyst was measured by EDX.

2.3 Electrochemical Measurement

Electrochemical measurements were carried out on a CHI
750 electrochemical workstation (CH Instrument). The

performance of the Pt—-Ni-TiO,NT/C catalyst and com-
mercial 20% Pt/C catalyst (Johnson Matthey) were
measured in a conventional three-electrode cell with 3 mm
diameter glassy carbon (GC) as working electrode. A Pt
wire and a saturated calomel electrode (SCE) were
employed as a counter electrode and a reference electrode,
respectively. All electrode potentials were measured
against the SCE and later converted to against a reversible
hydrogen electrode (RHE). The catalyst inks used in these
measurements contained 4 mg catalyst, 1 mL double dis-
tilled water, and 50 puL. Nafion solution, and were
pretreated with 30 min of sonication. Ten pL of these
catalyst inks were then pipetted on the surface of the GC
and dried. Before the electrochemical measurements, the
electrolyte of 0.5 M H,SO,4 and 0.5 M H,SO, containing
0.5 M CH;0H were de-aerated by bubbling pure nitrogen
gas for 30 min. All of these voltammograms data were
obtained under steady state.

3 Results and Discussion
3.1 Electrochemical Performances

Figure 1 shows the CVs of the commercial 20% Pt/C, 5%
Pt-Ni/C, and 5% Pt-Ni-TiO,NT/C catalysts in 0.5 M
H,SO, solution at room temperature. The scan rate was
50 mV S™'. All curves have obvious hydrogen adsorption-
desorption region (0-0.3 V). Figure 2 shows the typical
CVs of the above catalysts in N, saturated 0.5 M H,SO,4
containing 0.5 M CH30H solutions. The results clearly
suggest that the TiO, nanotube catalyst with only
0.032 mg cm 2 content of Pt exhibits significantly better
performance than that of the Pt-Ni catalyst with same
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Fig. 1 CVs of commercial 20% Pt/C (a), 5% Pt-10% Ni/C (b), and
5% Pt-10% Ni-10% TiO,NT/C (c) in 0.5 M H,SO, solution at room
temperature, with a scan rate of 50 mV/s
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Fig. 2 CVs of commercial 20% Pt/C (a), 5% Pt-10% Ni/C (b), and

5% Pt-10% Ni-10% TiO,NT/C (c) in 0.5 M H,SO4 + 0.5 M CH;0H
solution at room temperature, with a scan rate of 50 mV/s

N
o
|

—_
o
1

Current density (mA/cmz)
o

0.0 ‘ 0.2 ' 0f4 ' 0?6 ’ 0!8 ' 1.0 1.2
Potential vs RHE (V)

Fig. 3 CO-stripping voltammograms of commercial 20% Pt/C (a),
5%Pt-10% Ni/C (b), and 5% Pt-10% Ni-10% TiO,NT/C (c) in 0.5 M
H,SO, at room temperature, with a scan rate of 50 mV/s

amount (5%) of Pt loading and of the commercial catalyst
with 20% Pt loading (0.16 mg cm ™). The onset potential
corresponding to a current rise for methanol electro-oxi-
dation is earlier in the case of Pt—Ni—TiO,NT/C catalyst
than the cases of the other two catalysts. The addition of
TiO, nanotube might activate the water to form OH radical
which oxidizes the intermediate [21], so the onset potential
of the electrocatalyst has some shift. Ongoing work will
continue to explore it. The peak potentials of the three
catalysts are similar, between 0.88 and 0.89 V, but the peak
current density of the Pt—Ni-TiO,NT/C catalyst is the
highest one, which is about 43.74 mA cm~? (vs. 25.5 mA
cm ™2 of commercial Pt/C catalyst).
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Fig. 4 Chronoamperometric curves of commercial 20% Pt/C (a) and
5%Pt-10% Ni-10% TiO,NT/C (b) for methanol electro-oxidation in
0.5 M H,SO,4 + 0.5 M CH;0H at room temperature

Figure 3 compares the first positive scans of the com-
mercial Pt/C, Pt-Ni/C, and Pt—-Ni-TiO,NT/C catalysts for
CO electro-oxidation. The peak potential of the Pt—Ni—
TiO,NT/C is lower than these of the commercial Pt/C and
Pt-Ni/C catalysts, which is in well accordance with the
trend seen for the methanol electro-oxidation (Fig. 2). In
fact similar results have also been acquired by Hogarth
et al., in which they found that the catalytic activity of Pt
electrodes supported by TiO,_, is comparable to that of the
best commercial alloy catalyst for methanol oxidation [22].
The origin for the strongest oxidation capacity seen in the
Pt—Ni—TiO,NT/C catalyst will be discussed below.

A short durability test (Fig. 4) of the Pt-Ni—-TiO,NT/C
and commercial Pt/C catalysts was carried out at
E =0.58 V in 0.5 M H,SO,4 with 0.5 M CH;0H at room
temperature. The initial high currents mainly originate from
a double-layer charging. In both cases, the currents were
found to decay within ~200 s, thus the stabilities of the two
catalysts for methanol electro-oxidation are fairly similar.

3.2 Characterization of Pt—Ni-TiO,NT/C

The XRD data acquired for Pt-Ni/C and Pt—Ni-TiO,NT/C
catalysts were shown in Fig. 5. It is obvious that in both
spectra there are two diffraction peaks at 39° and 20-25°,
corresponding to the Pt (111) planes and to the (002)
reflection of the hexagonal structure of Vulcan XC-72
carbon, respectively. While one small but reproducible
peak can be seen at around 36° only in the XRD patterns
acquired for the catalysts with TiO, nanotube; this should
correspond to the (004) diffraction peak of anatase TiO,
(Fig. 5, inset panel). Because the content of TiO, nanotube
is lower, there are no other obvious peaks of anatase TiO,
nanotube.
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Fig. 5 XRD data acquired for electrocatalysts of 5%Pt-10%Ni (a),
and 5%Pt-10%Ni-10%TiO,NT/C (b)

Fig. 6 HRTEM images of 5%Pt-10%Ni-10%TiO,NT/C electrocatalyst

Figure 6 shows the HRTEM image of the Pt—Ni—TiO,/C
catalyst. The results suggest that both Pt and TiO, nanotube
can be highly dispersed on the support, and that the catalyst
prepared by us is remarkably uniform. Note that some of
the Pt nanoparticles can indeed be found on the surface of
TiO, nanotube. The interaction among Pt, TiO, nanotube
and Vulcan XC-72 carbon might explain the good elect-
rocatalytic activity for methanol oxidation on the low-Pt
content carbon-supported Pt—Ni—TiO,/C electrocatalysts.

Finally, the composition of this Pt-Ni-TiO,NT/C cata-
lyst was also measured by EDX (Fig. 7). The content of Pt
was 4.22%, but the contents of Ni and Ti had some

Spectrum 1

Full Scale 828 cts Cursor: 0.000 keV ke

Fig. 7 EDX spectrum of 5%Pt-10%Ni-10%TiO,NT/C electrocatalyst

deviation from the nominal values. It might be indicative of
the inhomogeneous distribution of the Ni and TiO, species
on the surface of the carbon support.

3.3 Discussion

From the results shown above, it can be concluded that the
Pt-Ni-TiO,NT/C catalyst prepared by us possess better
catalytic activity for methanol electro-oxidation than Pt—
Ni/C and commercial Pt/C catalysts. It is not surprising that
Pt/C catalyst is the least active among the three catalysts
examined in our study [6-8]. It has been proposed that the
introduction of Ni into Pt-based catalysts may increase the
5d-band vacancy of platinum, thus enhancing the methanol
tolerance of those catalysts [6]. While the origin of the
catalytic improvement seen after the introduction of TiO,
nanotube is quite difficult to assess. TiO, as a catalytic
support has been widely investigated for many metal cat-
alysts [11], in particular for the gold [23-25]. The much
more improved catalytic activity for methanol electro-
oxidation seen here can be attributed to either highly dis-
persed Pt phases, or to a strong metal-support interaction
(SMSI), in analogy to what has been frequently seen for
CO hydrogenation on oxide-supported Pt catalysts [26, 27].
The presence of the interface between Pt phase and TiO,
phase can indeed be evidenced by our HRTEM image
(Fig. 6). But it also cannot be excluded that the formation
of carbon deposit during the methanol oxidation can be
inhibited by the presence of contacting TiO, phase, thus
delaying the poisoning of Pt active site [14]. Overall
speaking, our interpretation on this observed improvement
is still quite preliminary, and further mechanistic investi-
gation is still under way in our research group.

4 Conclusions

In summary, the addition of TiO, nanotube into Pt-based
catalyst can significantly improve the performance of the
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electrocatalysts for methanol electro-oxidation. The low-Pt
content of Pt-Ni—TiO,NT/C catalyst (5% Pt, 10% Ni, and
10% TiO, nanotube) has a better activity than that of
commercial 20% Pt/C catalyst, as evidenced by the lower
onset potential corresponding to a current rise and by the
higher peak current density seen for methanol electro-
oxidation, and the current density is enhanced about 72%
vs. that of commercial Pt/C catalyst. The presence of TiO,
nanotube might be important for the preventing catalyst
deactivation owing to a SMSI effect or by inhibiting the
formation of carbon residues on Pt surface sites.
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