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Electrophoresis Coating of Titanium Dioxide
on Aligned Carbon Nanotubes for Controlled Syntheses
of Photoelectronic Nanomaterials**

By Yaodong Yang, Liangti Qu, Liming Dai,* Tae-Sik Kang, and Michael Durstock™

Owing to its excellent semiconducting and photoelectronic
properties,!! TiO, has recently attracted a great deal of inter-
est for a large variety of applications. Examples include the
use of TiO, nanoparticles/films as photocatalysts for environ-
ment protection,m photoelectron mediators for sensors,!
photosensitizers in light-emitting devices, and solar cells.”)
With the recent development in nanoscience and nanotech-
nology, there is now a pressing need to integrate multicompo-
nent nanoscale entities into multifunctional materials and
devices.®! In this regard, TiO, nanoparticles have been depos-
ited onto various catalytic supports to improve their photocat-
alytic activities.”! In particular, activated carbon fibers and
spheres were used as a class of chemically stable mesoporous
catalytic supports to provide multiple active sites and to allow
effective diffusion of reactants for the photocatalytic reac-
tions.[®!

Because of their unique one-dimensional electronic struc-
ture, large surface area, good chemical and thermal stability,
and excellent mechanical properties,”) carbon nanotubes
(CNTs) may work better than other carbon forms to support
TiO, for a wide range of applications, especially in photocata-
lytic and optoelectronic systems. As a consequence, some re-
cent attempts have been made to coat nonaligned multiwalled
CNTs with TiO, thin films,'"") whilst several synthetic routes
were devised to prepare nonaligned TiO, nanotubes,'"! nano-
wires, or nanomembranes.'?! It will be a significant advantage
if we can coat vertically aligned CNTs (VACNTSs) with TiO,
as the coaxial structure should allow the nanotube framework
to provide a good mechanical stability, high thermal/electrical
conductivity, and large surface/interface area necessary for
efficient optoelectronic and sensing devices.¥ The alignment
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structure will also facilitate surface modification for adding
novel surface/interfacial characteristics to the TiO, and
VACNT hybrids," and allow the constituent nanotube de-
vices to be collectively addressed through a common sub-
strate/electrode.™>! We previously prepared various vertically
aligned conducting polymer—CNT coaxial nanowires by elec-
trochemically depositing a concentric layer of an appropriate
conducting polymer onto the individual aligned CNTs for
advanced biosensing applications.!'®! In this Communication,
we report the use of VACNTS not only as the support for elec-
trophoretic coating!'”! with TiO, but also as the template for
producing aligned TiO, nanotubes and nanomembranes. The
resultant aligned TiO,~VACNT coaxial nanowires, TiO,
nanotubes, and TiO, nanomembranes were demonstrated to
possess novel photocurrent responses and photoinduced elec-
tron-transfer properties.

In a typical experiment, we prepared VACNTSs by pyrolyz-
ing iron(II) phthalocyanine (FePc) on a Si substrate according
to our published procedures!"” For electrophoresis, a
Si-supported VACNT film thus produced was used as the
cathode and a graphite rod as the anode. Both electrodes
were immersed in a sol-gel solution approximately 2 cm apart
from each other. The sol-gel solution was prepared by dissolv-
ing titanium (IV) isopropoxide (10 mL) in 30 mL of ethanol
containing glacial acetic acid (12 wt %), followed by the addi-
tion of 0.6 mL of HCI in deionized water (pH2) under
magnetic stirring for 1 h. A potential of 1 V was then applied
between the two electrodes for several minutes to electropho-
retically deposit the positively charged, protonated TiO, clus-
ters™! onto the VACNT cathode. After the electrophoretic
deposition, the samples were dried at 80 °C for | h. The chemi-
cal stoichiometry, crystal structure, and thickness of the resul-
tant TiO, coating can be regulated by controlling the electro-
phoresis conditions (e.g. applied voltage, deposition time) and
a post-electrophoresis heat treatment for crystallization and
densification (typically, 500 °C in air for 20 min).

Figure 1a shows a typical scanning electron microscopy im-
age of ca. 7 um long VACNTSs. The corresponding SEM image
under higher magnification in Figure 1b shows an average di-
ameter of ca. 50 nm for the as-synthesized CNTs. Upon elec-
trophoresis, TiO; clusters were deposited on sidewalls of the
VACNTSs as nanoparticles (Fig. 1c). Further electrophoresis
deposition up to ca. 30 min caused additional TiO; clusters to
fill up the spaces between the pre-deposited TiO, nanoparti-
cles, leading to the growth of a continuous TiO, coating along
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Figure 1. SEM images of a) the VACNTs (The misalignment seen for
some of the CNTs was caused by the nanotube electrode preparation.),
b) as for (a) under higher magnification. The corresponding SEM images
for the VACNTSs after the electrophoresis deposition of TiO, coating at
1V for deposition times of ¢) 15 min and d) 30 min. e) Top view of the
TiO,—VACNT coaxial nanowires corresponding to (d) after heat treatment
at 600°C in air for 30 min. The sample has been turned over from the Si
substrate to demonstrate the possibility of transferring the aligned nano-
wire array with full integrity. f) A TEM image of the resultant TiO,-coated
VACNTs shown in (d). The inset of (f) shows an electron diffraction pat-
tern of the TiO; coating. SEM images of g) the sample corresponding to
that in Figure Te after thermal annealing at 600 °C in air for 2 h, showing
vertically aligned TiO, hollow tubes after the removal of the VACNT tem-
plate through air oxidation, h) VACNTs after a prolonged electrophoretic
coating with TiO, at 1V for 3 h, and i,j) the loosely and more densely
packed TiO, membranes formed by annealing the corresponding TiO,-
infiltrated VACNT films at 600 °C in air for 2 h.
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the whole nanotube length (Fig. 1d). Figure 1d shows similar
features as the pristine VACNTs (Fig. 1b) but with a larger di-
ameter (ca. 120 nm on average) due to the presence of the
newly coated TiO, layer. A top-view SEM image of the sam-
ple corresponding to Figure 1d after the heat treatment at
600 °C in air for 30 min is given in Figure le, which clearly
shows the vertically aligned coaxial nanowires of the CNTs
sheathed with TiO, coating with some of the CNT cores hav-
ing been removed by oxidation with air under the high tem-
perature. Figure 1f shows a typical transmission electron
microscopy (TEM) image taken at the tip region of the TiO,—
VACNT coaxial nanowires, showing a polycrystalline (inset of
Fig. 1f) TiO, coating along the nanotube length. The thickness
of the TiO; layer was determined from the TEM image to be
ca. 30-40 nm, consistent with the SEM observations (see
Fig. 1b and d).

By annealing the sample corresponding to Figure le at
600 °C in air for 2 h, most of the VACNT templates were re-
moved through the air oxidation, leaving the TiO, hollow
shells as aligned TiO, nanotubes (Fig. 1 g). Prolonged electro-
phoretic deposition led to partially or fully infiltrating TiO,
into the gaps between the constituent TiO,—~VACNTS coaxial
nanowire, as exemplified by Figure 1 h. Thermal annealing
the partially or fully TiO,-infiltrated VACNT films produced
by the prolonged electrophoretic deposition resulted in the
formation of either a loosely packed (Fig. 1i) or more densely
packed (Fig. 1j) TiO, membrane.

X-ray photoelectron spectroscopy measurements revealed
an O/Ti atomic ratio close to that of stoichiometric TiO,. A
Raman spectrum taken from the TiO,-coated VACNT sample
corresponding to Figure le shows a strong peak at 144 cm™
with three weaker peaks at 397, 518, and 639 cm™ (Fig. 2a),
characteristic of the photoelectronically active TiO, anatase
phase.?!l The remaining two bands centered at 1380 and
1580 cm™ in Figure 2a are attributable to the D- and G-bands,
respectively, of the underlying multiwalled CNTs.”! The cor-
responding X-ray diffraction (XRD) pattern in Figure 2b
shows peaks at 25.35, 37.15, 37.90, 38.55, 48.15, 54.1, 55.1,
62.85, 69.1, 70.5, 75.3, and 83.15°, once again, attributable to
the TiO, anatase structure. The weak peak at 27.80° arises,
most probably, from the Si substrate. No diffraction peak was
seen for the rutile structure at 27.44 °.

The anatase phase of TiO, has a bandgap of ca. 3.2 eV,
which could be considered as a wide-bandgap photoelectronic
active semiconductor.? Indeed, TiO, has been widely used
as a class of photocatalysts for environmental protection by
decomposing organisms with UV irradiation.l”®! Therefore,
the newly prepared TiO,~VACNT coaxial nanowires, TiO,
nanotubes, and TiO, nanomembranes are expected to exhibit
some new photoelectronic properties. In particular, the well-
defined surface/interface structures between the TiO, and
CNT phases and unique photoelectronic properties of the
TiO,—VACNT coaxial nanowires should provide important
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Figure 2. a) A Raman spectrum of a TiO,-coated VACNT sample corre-
sponding to Figure Te, and b) the corresponding XRD pattern.

advantages for various optoelectronic applications. The
photoelectronic performance of the TiO,—~VACNT coaxial
nanowires was thus evaluated by carrying out photocurrent
measurements. As seen in Figure 3, the newly observed
photocurrent response to a pulsed light beam (4=254 nm,
4 W) is apparently very fast with good repeatability. The
strong photocurrent response was observable even when the
measurements were deliberately recorded at a temperature as
low as —60 °C, indicating that a thermal effect is not responsi-

MATERIALS

ble for the photocurrent generation. This, together with the
absence of photocurrent response in control experiments on
the pure VACNTSs, TiO, nanotubes, or TiO, nanomembranes,
indicates, most probably, a direct electron/hole injection be-
tween the TiO, layer and the underlying metallic VACNTs
through photoexcitation of TiO,.?!

The observed photocurrent response prompted us to use
the photoexcited electrons from TiO, to deposit various metal
nanoparticles (e.g. Au, Ag, Pd, and Pt) onto the TiO, nano-
structures produced in this study without involving any reduc-
ing agent, as in the case of deposition of metal nanoparticles
onto CNT structures by our previously reported surface-en-
hanced electroless deposition (SEED) method.**2"!

Unlike the SEED method, however, the photoexcitation
method described below can deposit metal nanoparticles onto
a TiO, surface from a metal salt solution by directly transfer-
ring the photoexcited electrons to reduce the metal ions. Like
most other photoprocesses, the photoexcitation method de-
veloped in the present study should also enable us to deposit
metal nanoparticles onto TiO, surfaces, in either a nonpat-
terned or patterned form. Figure 4a shows a typical SEM im-
age of a TiO,—~VACNT coaxial nanowire film (see Fig. le)
after having been photoexposed (1=254 nm, 4 W) through a
photomask (e.g. a TEM grid consisting of hexagonal windows)
in an aqueous solution of AgNO; (5 mm) for 1 min, which
shows a close replication of the mask structure with the newly
formed Ag nanoparticles well registered within the hexagon
region. An enlarged view of the squared area in Figure 4a is
given in Figure 4b, which shows homogenously packed nano-
particles with diameters of ca. 300 nm. Some relatively larger
white spots seen in Figure 4a can be attributed to big Ag clus-
ters formed from small particles as Ag nanoparticles are
known to be susceptible to self-assembling.*®!

Similarly, various other metal nanoparticles can also be
region-specifically deposited onto the TiO,-coated CNT
substrate, as exemplified in Figure 4c in which Au nanoparti-
cles were deposited in lines by carrying out the photoexcita-
tion process in an aqueous solution of HAuCl, (1.6 mm)

through a TEM grid consisting of linear
windows. As can be seen in the inset of
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Figure 4c, nanoparticles with diameters
of ca.250 nm were clearly evident
around the individual TiO,—~VACNT
coaxial nanowires. The corresponding
energy-dispersive X-ray (EDX) spec-
troscopy spectrum in Figure 4d shows
the presence of Au, Ti, O, C, and Si,
arising from the newly deposited Au
nanoparticles, the TiO,-coated CNTs,
and the silicon substrate.
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Figure 3. A typical photocurrent response for a TiO,—VACNT coaxial nanowire film under UV expo-
sure (A=254 nm, 4 W) at room temperature. The inset shows an enlarged view for a small portion

of the photocurrent response curve. The sample size is ca. T cmx 1 cm.
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In summary, we have electrophoreti-
cally deposited TiO, onto VACNTSs and
prepared various novel TiO, nanostruc-
tures (e.g. nanotubes, nanomembranes)
by removal of the CNT template
through air oxidation at high tempera-
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Figure 4. a) An SEM image of the top surface of a TiO,—~VACNT coaxial nanowire film after UV irradiation (=254 nm, 4 W for T min) through a TEM
grid with hexagonal windows as the physical mask in an aqueous solution of AgNO; (5 mm). b) An enlarged view of the squared area in (a). c) An
SEM image of the top surface of a TiO,—~VACNT coaxial nanowire film after UV irradiation (41=254 nm, 4 W for 1 min) through a TEM grid with linear
windows as the physical mask in an aqueous solution of HAuCl, (1.6 mm). The inset shows individual TiO,—VACNT coaxial nanowires taken out from
the sample corresponding to (c). d) The corresponding EDX spectrum of the gold nanoparticle-deposited TiO,—VACNT coaxial nanowires. Note that
the photoexcitation deposition of metal particles occurs with TiO; films even without the underlying CNTs.

tures (typically, 600 °C). The TiO,—~VACNT coaxial nanowires
thus prepared were demonstrated to show novel fast photo-
current responses. This, together with the newly discovered
photoexcitation-induced patterned/nonpatterned metal-nano-
particle deposition onto the TiO,—VACNT coaxial nanowires
and other TiO, nanostructures, represents a significant ad-
vance in the development of new photoelectronic nanomateri-
als for various device applications, ranging from photodetec-
tors to photocatalysts and to many other optoelectronic
systems. Owing to the generic nature of the electrophoresis
and photoprocesses, the methodologies developed in this
study for the fabrication of TiO, nanostructures and their de-
rivatives could be readily transferred to the development of
various novel photoelectronic nanomaterials based on many
other metal oxides.

Experimental

SEM was performed on a Hitachi S-4800 high-resolution scanning
electron microscope. An energy-dispersive EDX detecting unit was
used for the elemental analysis. TEM images were taken on a
Hitachi H-7600 transmission electron microscope. X-ray photoelec-
tron spectroscopy measurements were performed on a VG Micro-
tech ESCA 2000 unit using monochromatic MgKa radiation at
300 W. XRD patterns were recorded on a Rigaku X-ray diffractome-
ter by using a reflection method. Raman spectra were measured on an
Invia microscopic Raman spectrometer. UV-vis spectra were mea-
sured with a Perkin-Elmer Lambda 900 UV/VIS/NIR spectrometer.
UV illumination was provided by using a handheld UV lamp
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(UVP UVG-11) with a wavelength of 254 nm and 4 W, while the
photocurrent measurements were performed on an eDAQ potentio-
stat electrochemical analyzer.
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