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Abstract

Pd/titanium dioxide nanotubes (Pd/TiO,-NTs) catalysts were prepared by a simple reduction method using TiO,-NTs as support. The structure
and morphology of the resulting Pd/TiO,-NTs were characterized by transmission electron microscopy and X-ray diffraction. The results showed
that Pd nanoparticles with a size range from 6 to 13 nm were well-dispersed on the surface of TiO,-NTs. The electrocatalytic properties of
Pd/TiO,-NTs catalysts for hydrazine oxidation were also investigated by cyclic voltammetry. Compared to that of pure Pd particles and Pd/TiO,
particles, Pd/TiO,-NTs catalyst showed much higher electrochemical activity. This may be attributed to the uniform dispersion of Pd nanoparticles
on TiO,-NTs, smaller particle size and unique properties of TiO,-NTs support. In addition, the mechanism of hydrazine electrochemical oxidation
catalyzed by Pd/TiO,-NTs are also investigated. The oxidation of hydrazine was an irreversible process, which might be controlled by diffusion

process of hydrazine.
© 2007 Published by Elsevier B.V.
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1. Introduction

The fabrication and electrocatalytic properties of metal
catalysts deposited on nanomaterials have been intensely inves-
tigated in recent years, motivated by the desire to improve the
performance of fuel cells [1-10]. Among many possible combi-
nations of metal catalyst and inert support, palladium (Pd) and
palladium group metals-based nanocomposites are one of the
most widely employed catalysts for the electrochemical reac-
tions in fuel cells operating with acid or alkaline electrolytes
[5,6,8]. Employing inert nanomaterials as catalyst support can
potentially introduce the unique properties of support materials,
such as high surface area, chemical stability, to metal catalysts,
thus increase the efficiency of metal catalysts [11-14]. Suffredini
et al. [15] have found that the good electrocatalytic properties
for the oxidation of ethanol were obtained on Pt—RuO,/C elec-
trode. Bai et al. [16] reported that Pt—ZrO,/C had higher peak
current density and lower peak potential than Pt/C. TiO,-NTs
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have also been paid significant attention due to their features
related to large surface area, non-toxicity, chemical stability
and low production cost, which makes them valuable functional
materials in many areas [17-19]. The introduction of TiO>-NTs
can also enhance the overall reactivity of the catalytic centers
and help to obtain good interaction between the support and
metal particles because of the abundant hydroxyl on the sur-
face of TiO,-NTs [20]. It is also found that certain metal oxides
are able to stabilize and disperse adequately a number of active
phases and increase CO tolerance based upon the bi-functional
mechanism [21] and the electronic effect [22]. All of these show
that TiO,-NTs are ideal choice of supporting materials for high
performance catalysts.

TiO,-NTs have been adopted as chemical catalysts support
for water treatment and methanol oxidation [23,24]. And good
catalytic results were obtained. Hydrazine (NoH4-H>O) is an
important high-performance fuel in energy storage and con-
version for aero and space fields, which also have promising
application in fuel cells. However, the oxidation of hydrazine on
Pd/TiO,-NTs catalysts have been seldom reported. So it is very
meaningful to study the catalytic mechanisms of hydrazine on
Pd/TiO,-NTs.
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In present work, we synthesized well-dispersed Pd nanopar-
ticles catalysts with TiO,-NTs as supporting materials. The
electrocatalytic activity of as-synthesized Pd/TiO,-NTs for
hydrazine oxidation was investigated by cyclic voltammetry
(CV). Compared to Pd particles and Pd/TiO; particles, Pd/TiO,-
NTs show much higher catalytic activity to electro-oxidation of
hydrazine. Additionally, the dependence of the electrocatalytic
performance on the properties of Pd/TiO>-NTs as well as the
reaction mechanism of hydrazine oxidation will be discussed.

2. Experimental
2.1. Preparation of TiO2-NTs

The rutile TiO, powders can be converted to anatase TiO»-
NTs through the hydrothermal process. Therefore, the rutile
TiO, powders synthesized according to our previous work [25]
were used to prepare pure anatase TiO,-NTs by the following
hydrothermal process. In a typical synthesis, 100 mg rutile TiO»
powders were added into a teflon-lined stainless steel autoclave
with 10 M NaOH solution (45 ml). The sealed autoclave was
heated to 110 °C in 2 h and maintained for 20 h, then cooled to
room temperature in air. The obtained TiO,-NTs were firstly
filtered and washed with deionized water for neutral, then dis-
persed in 0.1 M HNOj solution by ultrasonication for 30 mins.
The acid-treated TiO,-NTs were washed continually with deion-
ized water to pH 7. Finally, the samples were dried in vacuum
overnight at 80 °C.

FT-1IR spectra of TiO>-NTs used in our work were collected
using a Nicolet Nexus 670 Fourier transform infrared spectrom-
eter. The result is shown in Fig. 1. The peak value of hydroxyl
groups is at 3350.84 cm~! and the intensity is very strong, which
indicates large amount of hydroxyl groups appear on the surface
of TiO»-NTs. And the peak values of 1629.61 and 1337.01 cm ™!
correspond to TiO,-NTs. The hydroxyl groups on TiO»-NTs can
help the conjunction and dispersion of metal particles.

2.2. Preparation of Pd/TiO>-NTs catalysts

The typical procedure used to prepare Pd/TiO,-NTs cata-
lysts was shown schematically in Fig. 2. Firstly, the aqueous
palladium chloride solution was heated in 50 °C water bath
in order to avoid precipitation of palladium black. Then
TiO,-NTs were added to the palladium chloride solution
under vigorous stirring. After the solution was stirring for
1h, which allowed ion exchange between palladium chlo-
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Fig. 1. FT-IR spectra of TiO,-NTs.

ride and the protons of hydroxyl on TiO,-NTs [26]. Formol,
as a reducing agent, was added to the system under vig-
orous stirring. The resulting solution was further stirred for
3h at 50°C, followed by washing with deionized water and
drying in vacuum at 80°C for 12h. In order to study the
effect of temperature on the morphology of the catalyst, the
reductive reaction was also performed under 20 and 80 °C,
respectively. The colors of Pd/TiO,-NTs catalysts obtained
under different temperatures changed from white to orange-
brown with the increasing of the temperature. For comparison,
Pd/TiO; particles and unsupported Pd particles have also been
synthesized at 50 °C respectively under the same reaction con-
ditions.

2.3. Characterization of Pd/TiO,-NTs catalysts

Electrochemical measurements were performed by CHI600
electrochemical workstation (Chenhua, Shanghai) with a con-
ventional three-electrode electrochemical cell. To prepare the
working electrode, Pd/TiO,-NTs catalysts were firstly dispersed
in Nafion ethanol solution and sonicated for 5 min. Then the
well-mixed catalysts solution was deposited on the surface of
the glassy carbon (GC) electrode with the geometric area of
0.07 cm?. The Pd loading on the electrode was controlled at
0.5mgcem™2. A platinum foil was served as counter electrode
and a saturated calomel electrode (SCE) was used as refer-
ence electrode. All potentials were measured and reported with
respect to SCE in this paper. CV scans were recorded from O to
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Fig. 2. A schematic diagram showing the steps for the synthesis of Pd/TiO,-NTs catalysts.
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0.6 V. For the exact comparison, all CV curves in our work are
collected under steady-state conditions.

The structure of TiO>-NTs and Pd/TiO,-NTs catalysts
was characterized by X-ray diffraction (XRD) using a
Rigaku/DMAX 2400 diffractometer (Japan) with Cu Ka radi-
ation (A=1.54178 A) monochromated radiation operating at
40.0kV and 60.0 mA. XRD data were collected in the 26 ranges
from 10° to 90°.

Transmission electron microscope (TEM, Hitachi 600,
Japan) was used to examine the morphology of the samples.
The samples were prepared by dropping the ethanol solution of
TiO,-NTs and Pd/TiO,-NTs catalysts on the Cu grids and were
observed at 100kV.

3. Results and discussion
3.1. TEM analysis of TiO>-NTs and Pd/TiO,-NTs catalysts

The TEM images of TiO,-NTs are shown in Fig. 3. It can
be seen that TiO2-NTs are made of mutilayered sheets with the
outer diameter in the range of 10-15 nm. The mechanisms for
the formation of TiO,-NTs may be as follows: firstly, Ti-O—Na
bonds exist on the surface of TiO, owing to the action of NaOH.
When the samples are treated with distilled water, Ti-O-Na
bond is gradually converted into a Ti-OH bond which may form
a sheet on TiO; surface. After the sample is treated by acid, the
Ti—O-Ti bonds or Ti-O—H---O-Ti hydrogen bonds are gener-
ated. This significantly decreases bond distance between Ti—O,
thus leads to the folding of the sheet to a tube structure [20].

The direct evidence of the formation of Pd nanoparticles
on the surface of TiO>-NTs is given by Fig. 4. It can be seen
from Fig. 4b that Pd nanoparticles on TiO,-NTs surface reduced
at 50°C are spherical and slightly flattened with sizes in the
range of 6-13nm. Compared to the particles reduced at 20
and 80 °C, Pd particles on TiO,-NTs synthesized at 50 °C are
more uniform. At 20°C only small amounts of Pd particles
exist on TiO,-NTs, while obvious aggregation of Pd particles
on TiO,-NTs are observed at 80 °C. The non-uniform disper-
sion of Pd particles on TiO>-NTs may be generally attributed
to many factors such as the stucture and surface energy of sup-
porting materials, the rapid reaction, vigorous stirring and slow
addition of reducing agent [27-29]. In our work, the reductive
reaction may not be complete at low temperature (20 °C) and
thus few Pd particles were anchored onto TiO,-NTs. However,
at high temperature (80 °C) the reaction rate is so fast that leads
to the aggregation of Pd particles on TiO>-NTs, which might
reduce the active points of metal catalysts. Therefore, control-
ling the temperature of reductive reaction at 50 °C can help to
get good dispersion of Pd particles and more catalytic active
particles on the surface of TiO,-NTs. Higher electrocatalytic
activity of Pd/TiO,-NTs catalysts synthesized at 50 °C might be
expected.

3.2. XRD pattern of TiO2-NTs and Pd/TiO,-NTs catalysts

The typical powder XRD patterns of TiO»-NTs and Pd/TiO;-
NTs catalysts are shown in Fig. 5a and b, respectively. All

Fig. 3. The TEM images of TiO,-NTs with low magnification (a) and with high
magnification (b).

peaks of Fig. 5a can be indexed to pure anatase TiO,, which
is in good agreement with the standard spectrum (JCPDS, card
no.: 21-1272). The diffraction planes of anatase (Fig. 5a) are
sharp indicating good crystallization of TiO,-NTs. As shown in
Fig. 5b, all diffraction peaks of TiO,-NTs are observed. Actually,
other three peaks have the same positions in the X-axis in Fig. 5a
(47.12°,68.65° and 82.47° assigned to (200), (220)and 31 1)
reflection of Pd, which were coincided well with the diffraction
(200), (116) and (224) planes of anatase TiO3, respectively).
Furthermore, the major diffraction peaks of Pd nanoparticles can
also be clearly observed. The peaks at 40.40° can be assigned to
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Fig. 4. The TEM images of Pd/TiO,-NTs synthesized at different temperatures: (a) 20 °C, (b) 50 °C and (c) 80°C.

(1 11) reflection of Pd, which are a little broad due to the small
size of Pd nanoparticles.

3.3. Electrochemical performance of Pd/TiO>-NTs catalysts

The electro-oxidation of hydrazine was performed on GC
electrode modified with all kinds of Pd catalysts by CV. Fig. 6
shows the CV curves of pure TiO,-NTs, Pd/TiO; particles,
unsupported Pd and Pd/TiO,-NTs synthesized at 50 °C in solu-
tion of 10mM N>H4-HyO in 0.1 M K,SOy4. It is clear that
hydrazine cannot be electro-oxidized on pure TiO,-NTs mod-
ified GC electrode, whereas for Pd/TiO,-NTs, hydrazine is

electro-oxidized at 0.323 V with the current of 3.6 mA cm™2,
which is in good agreement with literature reports [30,31]. No
peak appears on the negative potential scan, which implies
that the electro-oxidation of hydrazine may be an irreversible
process. However, for Pd/TiO, particles and unsupported Pd,
the hydrazine is able to be electro-oxidized at more posi-
tive potential with smaller current, which indicates that the
two catalysts have worse catalytic activity than Pd/TiO,-NTs.
The reason may be that the dispersion and size of Pd par-
ticles are different among the three catalysts. The TiO,-NTs
have larger surface area than TiO, particles and therefore
Pd nanoparticles can better disperse on the surface of TiO;-
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Fig. 5. XRD patterns for TiO»-NTs (a) and Pd/TiO,-NTs catalysts (b).

NTs. The unsupported Pd particles synthesized have larger
size and more aggregation than Pd nanoparticles on the sup-
porting materials, which results into fewer catalytic activity
points.

The CV curves of electro-oxidation of hydrazine catalyzed by
Pd/TiO,-NTs synthesized at different temperatures 20 °C (curve
a), 80 °C (curve b), 50 °C (curve c¢) are shown in Fig. 7. Signifi-
cant difference at hydrazine oxidation potential and peak current
are observed. Pd/TiO,-NTs synthesized at 50 °C show the most
negative oxidation potential and the highest peak current, which
imply that the samples at 50 °C have better catalytic activity for
hydrazine electro-oxidation. This is consistent with the results
of TEM. The reasons can be concluded as following: the pal-
ladium chloride may not be reduced completely at 20 °C and
only few amounts of Pd nanoparticles are formed on TiO,-NTs,
which results bad catalytic effect. However, the much rapid reac-
tion rate at 80 °C easily causes aggregation of Pd nanoparticles
on the surface of TiO,-NTs, which reduces the amounts of cat-
alytic activity points exposed on the surface of the electrode.
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Fig. 6. Cyclic voltammograms of 10 mM N;H4-H>O in 0.1 M K,SOy4 solution
at TiO,-NTs, Pd/TiO;, unsupported Pd and Pd/TiO,-NTs electrode. Scan rate:
50mVs!
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Fig. 7. Cyclic voltammograms of 10 mM N;Hy-H>0 in 0.1 M K;SO4 solution
at Pd/TiO,-NTs electrode synthesized at different temperatures: (a) 20 °C, (b)
50°C and (c) 80°C. Scan rate: 50mV s~!.

Hence, the further electrochemistry measurement will be carried
out on the electrode modified with Pd/TiO,-NTs synthesized at
50°C.

Fig. 8 shows CV curves of 10mM NH4-H,O in 0.1 M
K>SOy solution at Pd/TiO,-NTs (50 °C) electrode at different
scan rate (v) 30, 50, 70, 100, 150 mV s~L. It can be seen that
the oxidation potential and peak current for hydrazine oxidation
become larger with the increasing of scan rate. Fig. 9 is a depen-
dence curve of the peak currents on the square root of scan rates.
The linear relationship is observed. It can be concluded that the
electrocatalytic oxidation hydrazine on Pd/TiO>-NTs may be
controlled by a diffusion process [30,32].

The peak potential (E},) increases with increased of v, and
a linear relationship can be obtained between E}, and log(v),
as shown in Fig. 10. This linear relationship is similar with the
previous report [30], indicating that the oxidation of hydrazine is
an irreversible electrode process. The electron transfer numbers
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Fig. 8. Cyclic voltammograms of 10 mM NyHy-H>0 in 0.1 M K;SO4 solution
at Pd/TiO,-NTs (50 °C) electrode (scan rate: 30, 50, 70, 100, 150 mV s~! from
inner to outer).
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Fig. 9. I, vs. v!”2 plot of cyclic voltammograms of Pd/TiO,-NTs (50 °C) elec-
trode (scan rate: 30, 50, 70, 100, 150 mV s‘l).
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Fig. 10. E, vs. logv plot of cyclic voltammograms of Pd/TiO>-NTs (50 °C)
electrode (scan rate: 30, 50, 70, 100, 150 mV s’l).

n=4 can be calculated, and the overall oxidation reaction of
hydrazine can be written as NHyNH3* — N, + 5H* +4e [30].
The high stability of N> molecule explains why no peak appeared
on the negative potential scan.

4. Conclusion

In this work, Pd/TiO,-NTs catalysts with high activity are
successfully prepared by simple reduction method. TEM images
reveal that the well-dispersed, spherical Pd nanoparticles are
anchored onto TiO,-NTs, which may be attributed to excel-
lent structure and reactive hydroxyl of TiO,-NTs. The cyclic
voltammetry measurements for hydrazine oxidation showed that
Pd/TiO,-NTs have better catalytic activity than Pd/TiO, par-
ticles and unsupported Pd particles. Further study show that
hydrazine oxidation catalyzed by Pd/TiO,-NTs is an irreversible
process, which might be controlled by diffusion process of

hydrazine. These results imply that TiO,-NTs are one of most
promising supporting materials for noble metals catalysts.
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