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a b s t r a c t

Crystalline TiO2 nanowire–nanoparticle hetero-structures were successfully synthesized from titanium

foils by using a simple thermal annealing method with the aid of CuCl2 at the atmospheric pressure.

Nanowires were grown from Ti foils by simply annealing Ti foils at 850 1C. Then, TiCl4 was delivered to

TiO2 nanowires so as to precipitate TiO2 nanoparticles on nanowire surfaces. At 750 1C reaction

temperature, nanoparticles of tens of nanometers in diameter were well distributed on pre-grown

nanowire forests. Nanoparticles were likely to be precipitated by TiCl4 decomposition or oxidation and

that require high temperatures above �650 1C. Electron microscopy, X-ray diffraction, and UV–vis

spectroscopy analyses show they have the rutile polycrystalline structure with a slightly enlarged

bandgap compared to that of bulk TiO2. The influence of key synthesis parameters including reaction

temperature, reaction time, and quantity of supplied materials on the incorporating nanoparticles was

also systematically studied. The optimum reaction condition in the present paper was identified to be

750 1C annealing with repetitive 20 min reactions. A higher reaction temperature yielded larger

diameter particles, and higher loading of Ti produced dense particles without changing the particle size.

Finally, this method could be utilized for synthesizing other metal oxide nanowires–nanoparticle

hetero-structures.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Titanium dioxide is one of the most popular oxide materials
due to their superior characteristics in various applications
including photoelectrochemistry. Particularly, nanostructured
TiO2 have recently been of great interest because nanostructures
often improve photocatalytic performance and/or exhibit proper-
ties different from bulk counterparts. For example, porous films
made of TiO2 nanoparticles are used for dye-sensitized solar cells
(DSSC) [1,2] due to enlarged surface areas for dye absorption.
However, the speed of electron diffusion across nanoparticle
junctions is several orders of magnitude smaller than that of bulk
crystalline TiO2 due to frequent electron trapping at the junctions
of nanoparticles [3–8]. In this case, separated charges are
recombined before they reach electrodes. One-dimensional TiO2

nanostructures such as nanowires and nanotubes have been
suggested to eliminate such problems [9,10]. Nanowires can be
grown from electrodes, providing a pathway of transporting
ll rights reserved.
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charges without grain boundaries and junctions. Once electrons
are injected to the conduction band of TiO2, recombination can be
minimized due to their relatively wide band gap. Another
advantage of one-dimensional nanostructures is the ability to
capture scattered light in the cell, which is possible to augment
light harvesting [11]. Nevertheless, the surface area required for
dye absorption in one-dimensional structures is not as large as
that of porous nanoparticle films. In this regard, nanoparticle–
nanowire hetero-structure may be able to maximize both dye
absorption and charge transport. In addition, similar methodol-
ogies for enlarging surface areas of nanostructured metal oxides
could be utilized for other applications including sensors [12] and
water splitting [13].

Various methods have been reported to synthesize either
nanowires or nanoparticles including hydrothermal [14,15],
hydrolysis [16], titanium anodization [17], template synthesis
methods using porous membranes [18], sol–gel methods [19], and
thermal annealing [20]. These methods typically produce one of
the following structures—amorphous, brookite, anatase, rutile
TiO2, or TiO2-B. Further thermal annealing processes are typically
required for converting amorphous and TiO2-B structures into
crystalline anatase or rutile structures. When nanowires and
nanoparticles are separately synthesized and then simply mixed
together [11,21], nanowires are not directly connected to
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electrodes, which makes it difficult to avoid charge recombination
and improve charge transport. Here, this paper reports a synthesis
method to obtain nanowire–nanoparticle tree-like hetero-struc-
tures grown from substrates. Nanowires were grown from
substrates by a simple annealing method and then nanoparticles
were subsequently incorporated into the nanowires. Seven
different growth conditions by changing temperatures, times,
and Ti quantity revealed reaction mechanisms and optimum
conditions. This process requires only simple annealing in a tube
furnace with the aid of CuCl2. TiCl4 gas generated from a mixture
of Ti/CuCl2 �2H2O was delivered to TiO2 nanowires by Ar gas, and
then it was precipitated into TiO2 nanoparticles on nanowire
surfaces. At 750 1C reaction temperature, nanoparticles of tens of
nanometers in diameter were well distributed on pre-grown
nanowire forests. Electron microscopy and X-ray diffraction
analyses were performed to characterize their structures and
UV–vis spectroscopy results are also presented.
2. Experimental details

Nanowire–nanoparticle hetero-structures were synthesized by
using the following two-step process. The first step is to grow
nanowires whose length and diameter (or width) can be
controlled, and the second is to incorporate various size and
density nanoparticles into the nanowires. For the nanowire
synthesis [20], titanium foils (Sigma-Aldrich, purity 99.7%) were
diced into pieces (�0.5 cm�0.5 cm�0.1 mm), and then ultra-
sonically cleaned in acetone, isopropanol, and deionized (DI)
water. Then, a solution of 0.005 M CuCl2 �2H2O (Acros Organics,
purity 99%) in DI water was spin-coated three times at 1500 rpm
for 20 s, which uniformly distributes CuCl2 on the foil surface. The
foil was placed in a covered boat (3 in. long) that maintains TiCl4

gases from being lost to Ar flow easily. Note that 99.999% pure Ar
gas was used for all experiments presented in this paper. The boat
was inserted to the center of a quartz tube of �2.3 cm in inner
diameter and �120 cm in length. Prior to heating the tube
furnace, �100 sccm Ar was flowed for 3 min, and then the
furnace was heated up to 850 1C with a ramping time of 20 min
and an annealing time of 30 min at a continuous �40 sccm Ar
flow throughout the entire synthesis process. Upon heating, CuCl2
decomposes into CuCl and gas-phase Cl2 above 493 1C [22].

CuCl2ðsÞ-CuClðs=lÞþ0:5Cl2ðgÞ ð1Þ

CuCl reacts with Ti even above �250 1C, remaining solid Cu on
the substrate [23,24].

TiðsÞþ4CuClðsÞ-TiCl4ðgÞþ4CuðsÞ ð2Þ

The precipitated Cu on the Ti substrate becomes Ti–Cu eutectic
mixture at �870 1C [25,26], serving as seeds for growing TiO2

nanowires at a temperature lower than the Ti melting point
Table 1
Seven different conditions for synthesizing TiO2 nanowire–nanoparticle hetero-structur

parameter on the growth of the hetero-structures.

Synthesis
condition

Nanoparticle growth
temperature (1C)

Repetition time (min) M
(T

1 850 60/30/30 0

2 750 60/30/30 0

3 750 20/20/20/20 0

4 750 20/20/20/20 0

5 650 20/20/20/20 0

6 850 30/20/20/20 0

7 750 30/20/20/20 0
(1668 1C). Oxygen in the Ar flow or oxygen residues in the
reaction tube would have been consumed to form crystalline
titanium oxides due to the strong affinity of Ti to oxygen. After
synthesizing nanowires, a mixture of titanium (Acros Organics,
100 mesh, purity 99.7%) and CuCl2 �2H2O powders as well as the
as-grown TiO2 nanostructure sample were loaded in a boat.
The sample was placed at a downstream 5–6 cm apart from the
powder mixture. At room temperature, �40 sccm Ar was flowed
for 2 min in order to purge air in the tube. The furnace was heated
without the quartz tube up to a target temperature, 850, 750, or
650 1C, as listed in Table 1. Subsequently, the tube was placed in
the furnace with a continuous �40 sccm Ar flow for 60, 30, or
20 min. The temperature of the sample is expected to be �1%
lower than that of the powder [27]. Heated CuCl2 in the mixed
powders decomposes into CuCl, reacting with Ti to produce gas-
phase TiCl4. The covered boat has an inlet and outlet so that the Ar
flow delivers TiCl4 to the TiO2 nanowires. Note that the boiling
point of TiCl4 is �136 1C [28]. Then, oxygen and/or water vapor
from Ar gas, CuCl2 �2H2O powder, and oxygen residues in the tube
convert TiCl4 into TiO2 by the following reactions [29–31]:

TiCl4ðgÞþO2ðgÞ-TiO2ðsÞþ2Cl2ðgÞ ð3Þ

TiCl4ðgÞþ2H2OðgÞ-TiO2ðsÞþ4HClðgÞ ð4Þ

In addition, TiCl4 can also be decomposed by the following
reaction. Then, the decomposed titanium can be oxidized on the
nanowires as follows:

TiCl4ðgÞ-TiðsÞþ2Cl2ðgÞ; TiðsÞþO2ðgÞ-TiO2ðsÞ ð5Þ

These reactions would have also played a role in growing
nanowires.

After the reaction, the tube was removed from the furnace and
cooled to room temperature. For fast heating and cooling, the
quartz tube was connected by flexible tubing so that the tube can
be freely placed in and out of the furnace. The same process was
repeated twice or three times so as to precipitate TiO2 nanopar-
ticles on nanowires. At the beginning of each cycle, the mixed
powders of Ti and CuCl2 �2H2O was freshly loaded. For uniform
nanoparticle distributions, the sample was rotated by 901 for
every repetition process.

Seven-different nanoparticle synthesis conditions were carried
out as listed in Table 1 for elucidating the influence of three
important incorporating parameters reaction temperature, the
repetition time, and the amount of mixed powders. Three
different annealing temperatures (650, 750, and 850 1C) and
three different repetition times (20, 30, and 60 min) were
employed in order to identify changes in the size and the density
of nanoparticles. In order to keep the temperature for designated
time periods in the condition table, the quartz tube was pulled out
of the furnace and cooled to room temperature right after each
heating process. We also tried to synthesize nanowires and
es. One parameter was changed at a time in order to identify the influence of each

ixed powders
i/CuCl2�2H2O) (g)

Initial wire growth
temp./time (1C/min)

Remarks

.024/0.086 850/30

.024/0.086 750/30

.024/0.086 850/30

.012/0.043 850/30

.012/0.043 850/30

.024/0.086 – Simultaneous process

.024/0.086 – Simultaneous process



Fig. 1. (a) TiO2 nanowires grown at an annealing temperature of 850 1C for 30 min. TiO2 nanowire–nanoparticle hetero-structures grown by using growth conditions listed

in Table 1. (b) 60/30/30 min annealing at 850 1C (Condition 1). (c) 60/30/30 min annealing at 750 1C (Condition 2). (d) 20/20/20/20 min annealing at 750 1C (Condition 3).

(e) 20/20/20/20 min annealing at 750 1C with a reduced amount of powders (Condition 4). (f) 20/20/20/20 min annealing at 650 1C (Condition 5). (g) 30/20/20/20 min

annealing at 850 1C without prior nanowire synthesis processes (Condition 6). (h) 30/20/20/20 min annealing at 750 1C without prior nanowire synthesis processes

(Condition 7). The scale bars represent 5 mm except for those in the insets (20 mm).
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nanoparticles simultaneously with Conditions 6 and 7. First, the
CuCl2 solution was spin-coated on bare Ti foils. Then, both
the sample and the Ti/Cu powders were placed together in the
tube furnace. The powder mixture was placed at an upstream that
was 5–6 cm apart from the Ti foil. Typical conditions for growing
nanowires and nanoparticles (30/20/20/20 min repetitive anneal-
ing processes at 750 or 850 1C) were used.

The structure, composition, and optical properties of the
samples were analyzed by using an X-ray diffractometer
(Bruker-AXS D8 VARIO), a field emission scanning electron
microscope (FE-SEM, FEI Quanta 600), a transmission electron
microscope (TEM, JEOL JEM-2010), and a UV–vis spectroscopy
(Hitachi U-4100) with samples prepared by using the synthesis
condition 4 in Table 1. For the X-ray diffraction (XRD) analysis, the
sample was scanned from 2y¼201 to 601 with a step size and
dwell time of 0.011 and 0.1 s, respectively. For the TEM analysis,
nanostructures were detached by sonication in deionized water,
and then they were dispersed on a thin pure formvar resin coated
meshed grids.
3. Results and discussion

The first step, an annealing process of Ti foils at 850 1C for
30 min yielded wire-like slender TiO2, as shown in Fig. 1(a). Then,
the nanowire sample was placed in the tube furnace for
incorporating nanoparticles. Nanoparticle synthesis conditions
were varied one at a time in order to identify the influence of each
parameter on nanoparticle growth. When the reaction time was
relatively long (60/30/30 min, Conditions 1 and 2), micron-size
particles were precipitated (Fig. 1(b) and (c)). The inset images
show particles were attached even on the tip of the wires,
suggesting Ti delivered by TiCl4 gas was nucleated into TiO2

particles. Higher temperature reaction (850 1C, Condition 1)
yielded larger particles than 750 1C reaction (Condition 2). In
addition, the density of nanowires was decreased due to the
relatively long reaction time at high temperatures.

The influence of reaction time on the nanoparticle growth was
examined by changing it to 20 min (Conditions 3, 4, and 5). The
shorter annealing time reduced particle sizes and maintained the
density of nanowires after reactions, as shown in Fig. 1(d) and (e).
For Condition 4 (Fig. 1(e)), the amount of the Ti/CuCl2 �2H2O
TiFoil

TiO2
Nanowires

TiO2
Nanoparticles

Fig. 2. Schematic of proposed reaction mechanisms for synthesizing the hetero-struc

(b) TiCl4 gas was oxidized, precipitating crystalline TiO2 nanoparticles. (c) Repeated par

reaction temperatures merged nanowires and nanoparticles as shown in Fig. 3.
mixed powder was reduced to a half from that of Condition 3
(Fig. 1(d)). The size of particles was similar, but higher Ti loading
resulted in higher particle density. The particle size appears to be
a strong function of the growth temperature, and the particle
density depends on the amount of TiCl4 gas. The micrographs
show that the particles provide surface areas at least five times
larger than those of nanowires only.

In order to further investigate the temperature effect, particle
reaction temperature was lowered to 650 1C (Condition 5) from
the reaction parameters in Condition 4. The reaction temperature,
650 1C is high enough to generate TiCl4 gas, but particle density in
Fig. 1(f) is much lower than particles obtained from Conditions 3
and 4 (Fig. 1(d) and (e)). This result implies that the particle
synthesis is dominated by reactions (3) and (5) because hydrolysis
of TiCl4 [32], (the reaction (4)) occurs even at temperatures much
lower than 650 1C. On the other hand, the initiation of TiCl4
oxidation needs �830 1C [29], and the decomposition of TiCl4

occurs above 650 1C [30]. Decomposed titanium can be readily
oxidized at high temperatures like 750 and 850 1C. Particle sizes
on the sample grown at 850 1C (Fig. 1(b)) were larger than those
of 750 1C (Fig. 1(c)), indicating the reaction (5) (the decomposition
and subsequent titanium oxidation) is a dominant reaction for
Conditions 3 and 4. At 850 1C, the reaction (3) (TiCl4 oxidation) is
likely to participate in producing nanoparticles. Note that oxygen
was not supplied externally to the tube furnace during the
reaction, but the oxygen is typically present in Ar gas as impurity
(oxygen in the 99.999% pure Ar gas is typically less than �5 ppm).
This result suggests that an external supply of oxygen may not be
necessary or should be avoided for incorporating TiO2 nanopar-
ticles. Conditions 6 and 7 (Fig. 1(g) and (h)) were tested for
simultaneously synthesizing nanowires and nanoparticles, but
they yielded micron-scale structures with a low density of
nanowires. The structures synthesized at 850 1C are thicker than
those of 750 1C. When wires were growing, TiCl4 gas might have
facilitated TiO2 crystallization in the radial direction as well as in
the wire axial direction rather than separated nanoparticle
precipitation.

Fig. 2 shows a schematic of the proposed reaction mechanism
for synthesizing the hetero-structures. First, nanowires were
synthesized and used as reaction sites for precipitating nanopar-
ticles (Fig. 2(a)). Then, TiCl4 gas was delivered to the nanowires by
heating Ti/CuCl2 �2H2O powders. At temperatures higher than
O2

TiCl4

tures. (a) TiO2 nanowires were grown as base structures for capturing TiCl4 gas.

ticle-incorporation process created tree-like hetero-structures. Note that elevated
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Fig. 4. XRD patterns show the nanowire–nanoparticle hetero-structure has the rutile

form of TiO2. The scanned sample was synthesized at 750 1C with 20/20/20/20 min

reaction times for growing nanoparticles (Condition 4). Crystal directions of the rutile

structure are designated in the figure. Note that small peaks (*) are likely to be from

Cu, which was used for obtaining TiCl4 gas.

Fig. 5. Absorbance of nanowire–nanoparticle rutile TiO2 hetero-structures. The

inset shows (ahn)2 as a function of photon energy (hn). The crossover point of

the slope (indicated by the red line) to the hn axis represents the band gap. The

scanned sample was synthesized at 750 1C with 20/20/20/20 min reaction times

for growing nanoparticles (Condition 4) Fig. 1. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this

article.)

Fig. 3. (a) Nanoparticles and nanowires were joined together, comprising tree-like hetero-structures. (b) A portion of the particle A shows a polycrystalline structure.

(c) A portion of the particle B shows twin boundaries. (d) The particles A and B are merged together as evident from the image of the interface. The sample was prepared at

750 1C with 20/20/20/20 min repetition times (Condition 4).
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�650 1C, the TiCl4 gas was decomposed into Ti, which was
oxidized on TiO2 nanowire surfaces (Fig. 2(b)). Repeating the
particle incorporation process resulted in tree-like hetero-struc-
tures shown in Fig. 2(c). Similar processes can be used for growing
such hetero-structures with different metal oxides such as copper
oxides, zinc oxides, iron oxides, tin oxides, and cobalt oxides,
which yield hybrid systems with different band gap materials.
Note that metal oxide nanostructures have been synthesized by
many different methods [33,34].

TEMs of nanoparticle–nanowire hetero-structures prepared at
750 1C with 20/20/20/20 min repetition times (Condition 4) are
shown in Fig. 3. The nanoparticles have polycrystalline structures
as evident from the different crystal growth directions in
Fig. 3(b,d) (a portion of the particle labeled as A) as well as twin
boundaries observed from the particle B (Fig. 3(c)). It is likely that
the polycrystalline structure is from the repeated annealing
processes. Note that nanowires prior to the nanoparticle in-
corporation have the single crystalline rutile structure. The
interface between the particles labeled as A and B (Fig. 3(d))
shows that particles were merged together.

XRD peaks in Fig. 4 indicate that both nanowires and
nanoparticles have the rutile structure, which is typical for TiO2

synthesized at a temperature higher than �600 1C [35–38]. The
rutile TiO2 has the primitive tetragonal crystal structure with
lattice parameters of a¼0.4593 and c¼0.2959 nm (JCPDS file no.
21-1276). Chlorine-containing compounds such as TiCl2, TiCl3,
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TiCl4, and CuTiCl4 were not detected. Small additional peaks
matched with Cu were found. Cu was used for obtaining TiCl4, and
was likely to be delivered to the sample by Ar flow. UV–vis light
absorption spectroscopy (UV–vis) analysis was also performed,
and absorbance is plotted as a function of photon wavelength as
shown in Fig. 5. The absorbance data can be related to the optical
band gap by using the following relation [39,40]:

ahn¼ Cðhn�EgÞ
n

ð6Þ

where a, hn, C, and Eg stand for the absorption coefficient, photon
energy, a constant, and the optical bandgap, respectively. For
direct and indirect band gaps, n is 0.5 and 2, respectively. When
(ahn)2 is plotted against hn, the crossover point of the slope
(depicted as a red line in the inset of Fig. 5) to the hn axis indicates
the band gap. Bulk rutile TiO2 band gap is 3.02–3.04 eV [40–43],
but the sample shows a slightly enlarged gap �3.09 eV. The
broadening of the band gap is often attributed to quantum
confinement effects in nanostructured TiO2 [40,41].
4. Conclusions

Crystalline TiO2 nanowire–nanoparticle hetero-structures
were successfully synthesized from titanium foils by using a
simple thermal annealing method at the atmospheric pressure.
The synthesis method does not require complicated nor long-time
reaction processes, but needs only simple annealing in a tube
furnace with the aid of CuCl2 for both nanowire and nanoparticles.
Nanowires were grown from Ti foils by simply annealing Ti foil at
850 1C. Then, for incorporating nanoparticles on the nanowires,
TiCl4 gas generated from a mixture of Ti/CuCl2 �2H2O powders
was delivered to TiO2 nanowires by Ar gas, which precipitated
TiO2 nanoparticles on nanowire surfaces. At 750 1C reaction
temperature, nanoparticles of tens of nanometers in diameter
were well distributed on pre-grown nanowire forests. Electron
microscopy, X-ray diffraction, and UV–vis spectroscopy analyses
show they have the rutile polycrystalline structure with a slightly
enlarged bandgap compared to that of bulk TiO2. The influence of
key synthesis parameters � reaction temperature, reaction time,
and quantity of supplied materials � on the incorporating
nanoparticles was also systematically studied. The optimum
reaction condition in the present paper was identified to be at
750 1C annealing with repetitive 20 min reactions. A higher
reaction temperature yielded larger diameter particles (up to
microns), and higher loading of Ti produced dense particles
without changing the particle size. After a low temperature
reaction at 650 1C, nanoparticle forests were not observed because
nanoparticles were likely to be precipitated by TiCl4 decomposi-
tion and oxidation that require high temperatures above �650 1C.
Finally, this method could be utilized for synthesizing other metal
oxide nanowires–nanoparticle hetero-structures.
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