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The Magnéli phase TigO;5 nanowires (NWs) have been grown
directly on Ti substrate by a facile one-step evaporation-
deposition synthesis method in hydrogen atmosphere. The
TigO;5 NWs exhibit outstanding electrical conductivity at
room temperature. The electrical conductivity of a single
TigO5 nanowire is 20.6 S/cm at 300 K. Theoretical
calculations manifest that the existence of a large number of
oxygen vacancies changes the band structure, resulting in the
reduction of the electronic resistance. The Magnéli phase
TigO15 nanowires have been used as conductive carbon-free
support to load Pt nanoparticles for direct methanol
oxidation reaction (MOR). The Pt/TigO;5 NWs show an
enhanced activity and extremely high durability compared
with commercial Pt/C catalyst.

Introduction

Magnéli phases of titanium oxides, also called reduced titanium
oxides or black titanium oxides, comprise a series of different
compounds having the generic formula Ti,Ozn_; (3<n<10).13
These materials have been generally used as visible light-
absorptive catalysts, catalyst support and battery electrode
materials owning to their high electrical conductivity and
unique composition and structures.*®

Traditionally, the Magnéli phase TigOgs is synthesized by the
thermal reduction of TiO, powders at high temperature with H,
gas or other reductants.>**? This two steps synthesis strategy
inevitably leads to the agglomeration of nanoparticles.*® Han et
al. prepared Magnéli phase titanium oxides nanowires by
heating H,TizO7 nanorods at 800-1050 °C under a hydrogen
atmosphere.** However, the nanostructure of the precursor was
partially destroyed by the high-temperature treatment. Recently,
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Tominaka et al. successfully synthesized Ti,O3; nanoparticles
by reducing TiO, nanopaticles in CaH,, a strong reducing
agent, at 350 °C for 15 days.® The Ti,O; nanoparticles
maintained the same particle size as the parent TiO,. The bad
news is this method requires harsh experimental conditions and
long reaction times, and is not suitable for other nanostructure
synthesis.

The limited durability of the carbon-supported catalysts has
been realized mainly due to the electrochemical corrosion of
the carbon supporting material. ®* Many progressive works have
been achieved on the exploration of carbon-free supporting
materials in the past decades, including nitride,*® carbide,'®*’
mesoporous silicas,*® and as well as metal oxides.*?? Due to
the superior chemical stability under reducing and oxidizing
conditions, TiO, has been considered as potential support of the
precious metal nanoparticles.’®?®* However, the use of these
metal oxides as electrocatalyst supporting materials is limited
since their intrinsic low electrical conductivity.? In this paper,
we demonstrate a facile one-step evaporation-deposition
synthesis method to produce conductive well-defined Ti O,
(n=8) nanowires (NWSs). The as-prepared TigO;5 NWs exhibited
a very high electrical conductivity at room temperature (20.6
S/cm). The conductive TigO;5 NWSs is a potential supporting
material to load metal nanoparticles for alcohol oxidation. The
Pt-/TigO;5 NWs showed significantly enhanced electrocatalytic
performance and extremely high durability for methanol
oxidation.

Experimental section

Synthesis of TigO;5 nanowires.
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Synthesis of TigO;5 nanowires was carried out in a conventional
tube furnace (figure S1A). Commercial Ti (Grade 1, purity
99.5%) foil sized 2.5cmx 3.0cmx 0.5mm (widthx length x
thickness) were used as substrate.The Ti foil chemically
polished with HF:HNO3:H,0(1:3:6) solution for 5s to remove
the native surface oxide layer and then ultrasonically cleaned in
acetone, ethanol and deionized water for 10 min, respectively.
A quartz boat loaded pure TiO, powders (99.0%, 5-10nm, 2 g)
was placed at the center of the tube and the Ti
substrate located 6 cm from the boat .The reaction system was
flushed with N, several times to remove residual oxygen and
moisture and then heated at a rate of 8°C min~* to 1050 °C and
kept for 2 h with hydrogen gas flow rate 20ml min™*. Then, the
furnace was cooled at a rate of 5°C min™* to room temperature.
Finally, a layer of black material was observed on the surface of
the Ti substrate (figure S1B).

Preparation of Pt/TigO.5 NWs electrocatalysts.

The Pt/TigO;5 NWSs electrocatalyst was prepared by pulsed
electrodeposition with a three-electrode electrochemical cell.
The Pt nanoparticles were electrodeposited on the TigO;5 NWs
(acted as working electrode) via a pulse-mode potentiostatic
approach in a thermostat-controlled standard three-electrode
cell at 30 °C, with a saturated calomel electrode (SCE) as the
reference electrode, a piece of platinum plate electrode (1x1
cm™) as the counter electrode. For the electrodeposition of Pt,
0.2 mM H,PtClg were formulated in aqueous citric acid (CA)
solutions (0.15 M) as precursors. The pH values of all
deposition electrolytes were controlled between 1.9 and 2.2.
The deposition electrolyte was saturated with argon gas during
the deposition processes under magnetic stirring. The Pt
nanoparticles were electrodeposited at a fixed holding time of
0.2 s at high potential (OV vs. SCE) and 2.5 s at low potential (-
1.2V vs. SCE) for 120 cycles. After that, the Pt/TigO5 NWs
was thoroughly rinsed with deionized water. Pt/TiO, was also
prepared by the some method for comparison

Materials Characterizations.

X-ray diffraction (XRD) analysis was performed on a D8
ADVANCE powder X-ray diffractometer (Cu Ka, 30 kV, 30
mA). X-ray photoelectron spectroscopy (XPS) was done with a
Thermo VG Scientific Sigma Probe spectrometer. Scanning
electron microscope (SEM) were carried out on thermal field
emission environmental SEM-ED-EBSD (Quanta 400F, FEl,
Oxford, HKL Ltd.). The high-resolution transmission electron
microscope (HRTEM) and High-angle annular dark-field
scanning transmission electron microscopy-energy dispersive
spectroscopy HAADF-STEM-EDS elements mapping were
performed using a Tecnai G2 F30 (FEI) operating at 300 kV.
The X-ray photoelectron spectroscopy (XPS) measurements
were carried out on a XPS apparatus (ESCALAB 250, Thermo-
VG Scientific Ltd.). The loadings of Pt were measured by an
inductively coupled plasma-atomic emission spectrometry,
ICP-AES (IRIS(HR), USA).

2| J. Name., 2012, 00, 1-3

Electrochemical measurements.

An Bio-logic VMP3 electrochemical work station (France) was
employed to perform the electrochemical measurements in a
thermostat-controlled standard three-electrode cell at 30 °C
with a saturated calomel electrode (SCE) as the reference
electrode, a platinum foil (1.0x1.0 cm™) as the counter
electrode. The methanol oxidation reaction (MOR) of the
Pt/TigO.5 NWSs electrocatalyst was carried out in an nitrogen -
saturated 0.5 mol L™ H,50,+1.0 mol L*CH;OH solution. The
cyclic voltammograms (CVs) were test at the scan rate of 0.02
V s within the potential window of -0.2 to 0.95 V vs. SCE.
The durability of the Pt/TigO.;5 NWs for MOR was measured by
performing CVs of Pt/TigO,5 NWs over 6,000 cycles using the
the scan rate of 0.1 V s™* from -0.2 VV t0 0.95 V.

The 46.7 wt% platinum on carbon catalyst (Pt/C from TKK,
Japan) was measured for comparison. The catalyst ink was
prepared as follows. Pt/C (5.0 mg) and 0.5 mL Nafion solution
(0.05 wt %, DuPont, USA) solution were dispersed in 0.5 ml of
ethanol by sonication for an hour to form a well-dispersed ink.
A certain amount of the ink was transferred onto the surface of
the glassy carbon electrode. After dried under infrared lamp for
5 min, a catalyst thin film was obtained. Other experimental
conditions were the same as for the Pt/TigO.5 NWs catalyst.

The measured loadings of the Pt on the prepared Pt/TigO;5
NWs electrode was 0.067 mg cm 2. And we kept the same
loadings on Pt/C electrode.

Results and discussion

Figure 1 shows the X-ray diffraction (XRD) patterns of the
TigOy5 product (red), Ti substrate (blue) and anatase TiO,
powders (black) used in the experiments. From Figure 1A, it is
obvious that the TigOs5 product has distinguished diffraction
peaks of TigO.5 except for the characteristic peak at 26=70.66°
from Ti substrate. None of anatase TiO, diffraction peaks can be
observed in this product. Figure 1B enlarges the XRD pattern in
the 20 range from 25° to 45°. The characteristic peaks in
spectrum further confirmed that the product is triclinic TigOss
(JCPDF, No. 50-0790). Figure 1C illustrates the crystal structure
of anatase structured TiO,. It is well known that the anatase TiO,
has an edge-shared distorted TiOg octahedra structure. Compared
with the structure of anatase TiO,, triclinic structured TigO;5 has
the same structure but every eighth layer having oxygen atoms
missing to accommodate for the loss in stoichiometry (see Figure
1D).

This journal is © The Royal Society of Chemistry 2012
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Figure 1. (A) XRD patterns of the TigOy5 product, Ti substrate and
anatase TiO, powder. (B) Enlarged XRD pattern of TigO;s.
Schematic illustration of crystal structures of titanium oxides. (C)

Anatase structured TiO, and (D) triclinic structured TigO,5 viewed
along the c-axis and in perspective.

The morphologies of the TigO5 NWSs are characterized by the
scanning electron microscope (SEM) and transmission electron
microscope (TEM). Figure 2A-C show the SEM images of the
TigO15 NWs at different magnifications, indicating the highly
uniform and densely packed array of these nanowires. The inset
in Figure 2A is a digital photo of the sample, it can be clearly
seen that the surface of the Ti sheet was completely covered by a
black layer. The cross-view SEM image (Figure 2C) indicates
that these nanowires have lengths of up to micrometer level.
Figure 2D-F show TEM images of the TigO;5 NWs at different
magnifications. Figure 2E shows that the products are relatively
straight nanowires with diameter about 30 nm. The inset in
Figure 2E is the corresponding selected area electron diffraction
(SAED) pattern, which was collected from the head of a
nanowire as indicated by the red cycle. High-resolution
transmission electron microscopy (HRTEM) image is shown in
Figure 2F. Two lattice plane distances of 0.315 nm and 0.281 nm
can be clearly seen, corresponding to the [121] and
[127] planes of TigO4s. The results are further confirmed by the
corresponding FFT pattern (see inset in Figure 2F).

The details of the chemical state and electronic state of the as-
prepared TigO;5 NWSs were probed by X-ray photoelectron
spectroscopy (XPS). Figure 2G shows the comparison of the Ti-2p
XPS spectra of TigO;5 NWs and TiO,. The curve fitting was done to
the peaks of the Ti-2p XPS spectra of TigO5 NWs and TiO,. Two
peaks with binding energies at 464.5 and 458.6 eV correspond to the
characteristic Ti-2py, and Ti-2ps;, peaks of Ti** for both samples.?
For the TigO.5 NWs, there are two extra peaks with binding energies
at 463.7 and 458.0 eV, which are consistent with the characteristic
Ti-2py, and Ti-2py;, peaks of Ti*".?® The comparison of O-1s XPS

This journal is © The Royal Society of Chemistry 2012
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spectra of TigO;5 NWSs and TiO, is shown in Figure 2H. The peak at
530.1 eV is related to the Ti-O-Ti.®® A strong additional peak at
532.0 eV in TigO;5 NWs is assigned to Ti—OH bond, which is
attributed to the hydrogen atmosphere.?” While no obvious Ti—OH
bond in the TiO, was found.

High electrical conductivity of the TigO;s has been predicted
because its narrow forbidden band width results in the transitions of
electron from the valence band to the conducting band based on the
density functional theory (see Figure S2 and S3 for details). The
practical electrical resistance and 1-V curve of a single TigOys
nanowire are shown in Figure S4. According to its length and
diameter, it can be tentatively calculated that the electrical
conductivity of the nanowire is 20.6 S/cm at room temperature.
Compared with the traditional transition metal oxide nanowires, the
conductivity of the Magnéli phase TigO;5 nanowires is very high.?%

It is worth notice that we did not use any catalyst during the
synthesis process of the TigO;5 NWs, indicating that the growth of
TigO5 NWs is not dominated by the vapor-liquid-solid (VLS)
mechanism. Based on above observation and discussion, a modified
vapor-solid (VS) mechanism is proposed to explain the growth
mechanism of the TigO;s NWs.22% Figure S1 shows the schematic
diagram of the experimental spparatus for growth of TigO;5 NWs. A
quartz boat loaded pure TiO, powders (99.0%, 5-10 nm, 2 g) was
placed at the center of the tube (high temperature region (HT)) and
the Ti substrate located 6 cm away from the boat (low temperature
region (LT)). Scheme 1 presents the growth process of the Magnéli
phase TigOy5 nanowires. A layer of titanium oxide film (2-5 nm) was
formed after the pre-treatment of the Ti foil substrate. When the
temperature increases to 1050 °C, the TiO, powders in the quartz
boat at the center of the tube were reduced to form H,0O (g), the H,O
(9) was transported to the Ti substrate in the LT region, where the
H,O (g), H, (g) reacted with the Ti on the Ti substrate to form
TigOy5. At the beginning, a layer of compact TigO,5 club-shaped
nanoparticles were formed on the Ti foil substrate (Figure S5). The
club-shaped TigO;5 nanoparticles gradually grew into TigO;5 NWSs
with the heating time.

J. Name., 2012, 00, 1-3 | 3
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Figure 2. (A,B) SEM images of the TigO35 NWs grown on titanium substrate, the inset in (A) is the digital image of the product, (C)
SEM image of the cross-section of the TigO;5 NWSs. Given that the TigO35 NWs is approximately 2.5 pum, (D,E) TEM images of the
TigO15 NWSs, (F) HRTEM image of TigO35 NWSs and the corresponding fast Fourier transform (FFT) (inset) and (GH) Ti-2p and O-1s
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Scheme 1. Schematic illustration of the VS process for TigO15 NWs growth.
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The Magnéli phase TigO5 nanowires were used as a carbon-free
support to prepare Pt-based catalyst (Pt/TigO;5 NWSs). The Pt/TigO5
NWs electrocatalyst was prepared by a electrochemical deposition
method (the details are shown in Supporting Information). Figure
3A shows the TEM image of the Pt/TigO;5 NWs. The Pt
nanoparticles are uniformly anchored on the TigO;5 NWSs surface.
Figure 3B and 3C display the HRTEM image of Pt/TigO35 NWs,
showing the lattice fringes of TigO;s NWs and Pt nanoparticles,
respectively. Figure 3D shows the high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) image
of Pt/TigO;s NWs. The elemental mapping analysis of Ti and Pt
using STEM-energy-dispersive spectroscopy (STEM-EDS) obtained
from the red box in the Figure 3D revealed the uniform distribution
of Pt on the TigO;5 NWs surfaces (Figure 3E and 3F) which is
consistent with the results of the HRTEM and HAADF-STEM
analysis.

Figure 3. (A) TEM image of Pt/TigO15 NWs, (B,C) HRTEM images
of Pt/TigO;5 NWs, (D) HAADF-STEM image of Pt/TigO;5 NWs,
(E,F) HAADF-STEM-EDS elemental mapping images of Pt/TigOys
NWs.

The cyclic voltammograms (CVs) in Nj-saturated 0.5 mol L™
H,SO, of the activated catalysts are dispalyed in Figure S6, showing
typical Pt characteristics and no other additional current peak was
seen, indicating that TigO;5 NWSs has sufficient electrical
conductivity and electrochemical inertness as the catalyst support for
a MOR electrode. The electrochemical active surface area (ECSA)
of Pt/C and Pt/TigO;5 NWSs were almost same, which is likely due to
the particle size and Pt loadings of Pt/C and Pt/TigO.5 NWs are the
same. The methanol oxidation reaction (MOR) performances of the
Pt/C and Pt/TigO15 NWSs are shown in Figure 4. The peak current
densities of the three electrodes are 28.2 mA cm? for Pt/TigOss
NWs, 205 mA cm? for Pt/C and 17.2 mA cm? for PY/TiO,,

This journal is © The Royal Society of Chemistry 2013

suggesting that the Pt/TigO;s NWs electrocatalyst displays best
performance for MOR. Furthermore, the onset potential of the
PY/TIO, is positively shifted 60 mV compared to Pt/C and Pt/TigOy5
NWs. The anti-poisoning abilities of the electrocatalysts were
evaluated by a steady-state measurement. The respective
chronopotentiometric curves for methanol oxidation on Pt/C and
Pt/TigO15 NWs electrodes at current density of 5 mA cm 2 are shown
in Figure 4B. On the Pt/C electrode, the potential oscillation
appeared during the constant current polarization, indicating the
deterioration and poisoning due to the formation of CO-like
intermediates on the surface of platinum which need higher
potentials to oxidize the CO-like intermediates and release a clean
surface.®3! While, on the Pt/TigO;5 NWs electrode, a smooth curve
was observed without oscillation, indicating a poisoning-free process
for methanol oxidation. The results proved that the Magnéli phase
TigO15 nanowires supported Pt catalyst is much stable than that of
commercial Pt/C catalysts. The durability of the catalyst was further
tested by long-time cycling the electrode.
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Figure 4. (A) Cyclic voltammograms of Pt/TiO,, Pt/C and
Pt/TigO15 NWs electrocatalyst in 0.5 mol L™ H,SO, +1.0mol L™
CH30H at 30°C, (B) the chronopotential curves of of Pt/C and
Pt/TigO15 NWs electrocatalysts, (C) comparison of the peak current
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density changing with cycle time for the Pt/TiO,, Pt/C and Pt/TigO1s
NWs and (D, E) MOR performance on Pt/C and Pt/TigO;5 NWs
electrode before and after cycling testing.

The potential cycling was performed in the potential range
between -0.2-0.95 V (vs. SCE). Figure 4C shows the comparison of
the degradation of the Pt/TiO,, Pt/C and Pt/TigO;5 NWs catalysts in
normalized activity. In the case of Pt/TiO, and Pt/C, the curves were
kept continuously decreasing. After 3,000 cycles, the normalized
activity is only 60 % for Pt/C and 60 % for Pt/TiO,. The degradation
reached almost half of the original activity. On the other hand, the
Pt/TigO:;5 NWs showed a continuous increase in the normalized
activity at first 1,000 cycles, then, the normalized activity decreases
slowly. However, after 6,000 cycles, the normalized activity is still
higher than 100%. Figure 4C is only shown the comparison of the
normalized activity stability. However, it was further found that the
peak current density decreased after 3,000 cycles on Pt/C electrode
and the onset potential moved towards negative side by 41 mV
(Figure 4D). While, on the Magnéli phase TigOy5s nanowires
supported Pt catalyst, the onset potential moved towards negative
about 24 mV and the peak current density is higher than the original
value after 6,000 cycles (Figure 4E). The MOR activity loss of the
Pt particles during the cycling performance is attributed to the Pt
particle dissolution and subsequent agglomeration to yield larger
particles result from Ostwald ripening.®*** Oxygen vacancies in
TigO15 NWs generate a population of surface electrons available for
conduction, which enhance the MOR activity and the durability.®
Oxygen-deficient TiO, nanostructure (TigO;s NWSs) has hypo-d-
electron character and could have the ability to interact with Pt that
has hyper-d-electron character, leading to electronic interaction
between the support (TigO5 NWSs) and the Pt nanoparticles. This
character do not exist in stoichiometric TiO,, which result in higher
durability of TigO;s NWs than TiO,.%%%" This is in agreement with
the results in previous literatures.®*®% The morphology and structure
of the Pt/TigO;5 NWSs catalyst after 6,000 cycles was observed by
TEM (Figure S7). The one-dimension nanowires structure of the
TigO;5 was remained and the Pt particles show no obvious particle
coalescence and aggregation. But, it must be true that the
microstructure of the sample has been dredged after cycling which
results in the increase in the activity. In the further work, we will do
the microscopic and spectroscopic measurements before and after
cycling to find the origin of change.

Conclusions

In summary, we have demonstrated that the single-crystalline
conductive Magnéli phase TigO.5 nanowires can be fabricated by a
facile one-step evaporation-deposition synthesis method. These
TigO15 NWs are nanostructured (~30 nm) and excellent in electrical
conductivity (20.6 S/cm). The electrochemical properties of the
TigO15 NWs were also studied by loading Pt nanoparticls as catalyst
for methanol oxidation reaction. It is evidenced that the Pt/TigO;5

6 | J. Name., 2012, 00, 1-3

NWs catalyst has an enhanced activity and extraordinary high
durability for direct methanol oxidation.
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