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A versatile synthetic method which is based on a solvothermal technique for the fabrication of highly crystalline TiO, nanocrystals (NC) exhibiting
different shapes such as rhombic, truncated rhombic, spherical, dog-bone, truncated, and elongated rhombic is reported. The dominant features
of the present approach are first the use of water vapor as hydrolysis agent to accelerate the reaction, and second, the use of both oleic acid (OA)
and oleylamine (OM) as two distinct capping surfactants having different binding strengths for the control of the growth of the TiO, nanoparticles.
It is shown that the presence of an appropriate amount of water vapor along with the desired OA/OM molar ratio plays a crucial role in controlling
size and shape of TiO, NCs. Moreover, it is also established that the thus-obtained TiO, NCs are excellent support for the synthesis of composite
metal/TiO, photocatalysts in which metal clusters are uniformly deposited on the surface of each individual TiO, NC.
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INTRODUCTION

itanium dioxide nanoparticles (TiO, NPs) have attracted
I great interest owing to their potential application in a
wide range of fields such as photocatalysis, dye-sensitive
solar cells, photochromic devices, and gas sensing (Fujishima
and Honda, 1972; O’Regan and Gratzel, 1991; Barbe et al., 1997;
Grdtzel, 2001; Chen and Mao, 2007; Rozhkova et al., 2009; Wang
et al., 2009). These applications originate from the unique physi-
cal and chemical properties of TiO, which depend not only on
crystal phase and particle size, but also on particle shape (Li
and Wang, 2003; Joo et al., 2005; Yang et al., 2008, 2009; Dai
et al., 2009; Han et al., 2009). For instance, Joo et al. (2005)
demonstrated that TiO, nanorods exhibit superior photocatalytic
inactivation of E. coli than that of conventional Degussa P-25 cat-
alyst. Moreover, changing the shape of the nanocrystals (NCs)
allows for more flexibility and provides more modulation of elec-
tronic states than by simply changing the size of the particles
(Li and Wang, 2003). Controlling over the shape of TiO, NPs is
therefore of key importance in the fabrication of new advanced
materials with desired properties.
Over the past decades, there have been a number of synthetic
routes for the preparation of TiO, NPs. For instance, conventional
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hydrolytic sol-gel process and emulsion precipitation (Murakami
et al., 1999; Lin et al., 2002; Sugimoto et al., 2003; Kanie
and Sugimoto, 2004) performed at relatively low temperature
yield amorphous products with polydisperse particles and subse-
quent calcination is needed to induce crystallisation. Furthermore,
hydrolytic reaction rates are often too high, especially with transi-
tion metal precursors, making it difficult to control the processes
(Mutin and Vioux, 2009). Because of fast hydrolytic reactions,
slight changes in kinetics may lead to dramatic changes in the size
and shape of the final materials. Recently, a nonhydrolytic process,
which is usually conducted at elevated temperature, was shown
to produce monodisperse TiO, NPs with high crystallinity (Arnal
et al., 1997; Trentler et al., 1999; Hay and Raval, 2001; Nieder-
berger et al., 2002). The use of oxygen-donors other than water
under nonhydrolytic conditions results in a drastic decrease in the
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reaction rate, thus leading to a slow growth process of particles.
Furthermore, for the control of TiO, NP morphology, in addition to
the control of the reaction rate, the use of surfactants which selec-
tively adsorb on specific particle surfaces has also been shown to
play a crucial role (Jun et al., 2003; Zhang et al., 2005; Buonsanti
et al., 2008). For example, Jun et al. (2003) reported the synthe-
sis of bullet-, diamond-, and rod-shaped TiO, via a nonhydrolytic
process, which employed both lauric acid as selective surfactant
and trioctylphosphine oxide as nonselective surfactant. However,
a relatively low reaction rate of nonhydrolytic reactions compared
to that of hydrolytic reactions limits severely the diversity in pos-
sible NP morphologies, and as a consequence, few examples of
controlled shapes of TiO, NPs have been reported so far. Further-
more, efforts have been devoted to combine both hydrolytic and
nonhydrolytic reactions in tailoring the size and shape of TiO,
NPs by adding a certain amount of water to nonaqueous media
(Cozzoli et al., 2003; Li et al., 2006; Wu et al., 2008). For instance,
Lietal. (2006) used linoleic acid as a capping agent and water pro-
duced from the in situ decomposition of NH;HCOj3 as a hydrolysis
agent for the synthesis of TiO, NPs. Differently, Wu et al. (2008)
prepared rhombic-shaped anatase NCs by using trace amount of
water and oleylamine (OM) as hydrolysis agent and capping sur-
factant, respectively. Nevertheless, the development of facile and
reproducible syntheses of shape-controlled TiO, NCs with high
crystallinity still remains challenging.

Herein, we report a new approach based on solvothermal tech-
nique for the tailored synthesis of TiO, NCs with controlled
shapes, for example, rhombic, truncated rhombic, spherical, dog-
bone, truncated and elongated rhombic, and bar. The central
features in our approach are the use of water vapor as the hydrol-
ysis agent to accelerate the reaction and the use of both oleic
acid (OA) and OM as two distinct surfactants which are com-
monly used as capping agents in shape controlled synthesis of
inorganic NCs (Yin and Alivisatos, 2005; Wang et al., 2007; Dinh
et al., 2009) and show different binding strengths to control the
growth of the TiO, NCs. OA was chosen because the carboxylic
acid functional groups are known to tightly bind onto the TiO,
surface and favour the formation of TiO, nanorods (Cozzoli et
al., 2003; Joo et al., 2005; Li et al., 2006). OM, on the other hand,
was chosen as it was proven effective as surfactant to prepare TiO,
nanosheets and rhombic-shaped TiO, NCs (Wu et al., 2008). Tita-
nium butoxide was chosen as titanium source as it exhibits a low
hydrolysis rate owing to longer alkyl group which in turn slows
down the diffusion and polymerisation processes (Yoldas, 1986;

TB:OA:OM=

180 °C, 18h

Golubko et al., 2001). Slow hydrolysis of titanium butoxide (TB) is
clearly favourable in forming TiO, NCs with controlled morphol-
ogy. Herein, we also show that the presence of an appropriate
amount of water vapor along with the desired OA:OM molar ratio
plays a crucial role in controlling size and shape of TiO, NCs.
In addition, we demonstrate that these obtained TiO, NCs are
excellent support for the synthesis of composite metal-TiO, NCs
in which metal clusters are uniformly deposited on the surface of
each individual TiO, NC. Ag-TiO, NCs were chosen as an exam-
ple of composite metal-TiO, NCs as they combine the advantages
of a nontoxic, catalytically active metal showing size- and shape-
dependent optical properties and a chemically stable, photoactive
and low cost semiconductor material (Ohko et al., 2003; Coz-
zoli et al., 2004; Zhang et al., 2008; Dinh et al., 2010; Halasi et
al., 2010). In addition, interactions between Ag and TiO, at the
nanoscale could result in new physical properties and enhanced
catalytic activity (Ohko et al., 2003).

EXPERIMENTAL DETAILS

Chemicals

All chemicals were used as received; silver nitrate (AgNO;),
methylene blue (MB), titanium(IV) butoxide (TB, 97%), OA
(90%), and oleyl amine (OM, 70%) were purchased from Sigma-
Aldrich Canada Ltd. (Ontario, Canada). Absolute ethanol and
toluene solvents were of analytical grade and were also purchased
from Aldrich.

Synthesis of TiO, NCs

The synthesis of TiO, NCs with various shapes was accomplished
using a solvothermal method. Typically, TB (5-10 mmol) was
added to a mixture of X mmol OA, Y mmol OM, and 100 mmol
absolute ethanol (X+ Y =50). X and Y were varied to gain differ-
ent OA:OM ratios. For example, to synthesise TiO, with truncated
rhombic shape, 5 mmol of TB was added to a mixture of 25 mmol
OA, 25 mmol OM, and 100 mmol absolute ethanol. The obtained
mixture in a 40 mL Teflon cup was stirred for 10 min before being
transferred into a 100 mL Teflon-lined stainless steel autoclave
containing 20 mL of a mixture of ethanol and water (96% v/v
ethanol, Scheme 1). The concentration of ethanol was used at
the azeotropic point so that the amount of water vapor did not
change much during the crystallisation process. The system was
then heated at 180°C for 18 h. The obtained white precipitates

Scheme. 1. Schematic illustration of the synthesis of TiO, nanocrystals with different sizes and shapes.
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were washed several times with ethanol and then dried at room
temperature. The as-synthesised TiO, NP products were then dis-
persed in nonpolar solvent, such as toluene. To investigate the
effect of water on size and shape of resulting TiO, NPs, two exper-
iments with pure absolute ethanol and with pure water were also
carried out.

Synthesis of Colloidal Ag-TiO, Nanocrystals

The as-synthesised TiO, NCs were dispersed in toluene followed
by the addition of AgNO; and ethanol. The obtained mixture was
de-aerated with a flow of nitrogen gas and exposed to UV light
(365nm) generated by a 100 W Hg lamp at room temperature.
For example, to synthesise Ag-TiO, NCs with 2nm Ag clusters,
Smmol of as-synthesised TiO, NCs were dispersed in 200 mL
toluene with no additional OA. AgNO3 (0.5 g), and ethanol (2 mL)
were then added to this solution. The solution was de-aerated by
a flow of nitrogen gas for 30 min and then exposed to UV light for
1 min. The resulting mixture was centrifugated to remove undis-
solved AgNO; before ethanol was added to precipitate Ag-TiO,
NCs. The as-synthesised Ag-TiO, NCs powder was washed sev-
eral times with ethanol in order to remove remaining unreacted

Characterisation

Transmission electron microscopy (TEM) images and selected
area electron diffraction (SAED) of TiO, NCs and hybrid Ag-TiO,
NCs were obtained on a JOEL JEM 1230 operated at 120 kV. Sam-
ples were prepared by placing a drop of a dilute toluene dispersion
of NCs onto a 200 mesh carbon-coated copper grid and evapo-
rated immediately at ambient temperature. The analysis of the
Ag cluster size was carried out by manually digising the high
magnification TEM images with Image Tool. Powder X-ray diffrac-
tion (XRD) patterns of the samples were obtained on a Bruker
SMART APEXII X-ray diffractometer equipped with a Cu Ka«
radiation rource (1 = 1.5418 A). X-ray photoelectron spectroscopy
(XPS) measurements were carried out in an ion-pumped chamber
(evacuated to 1072 Torr) of a photoelectron spectrometer (Kratos
Axis-Ultra, Kratos Analytical Ltd., Manchester, United Kingdom)
equipped with a focused X-ray source (Al Ko, hv=1486.6¢V).
The binding energy of the samples was calibrated by setting the C
1 s peak to 285 eV. Peak deconvolution were performed by means
of a standard CasaXPS software (v.2.3.13; product of CasaXPS Soft-
ware Ltd., Teignmouth, United Kingdom) to resolve the separate
constituents after background subtraction. The Ag loading content
in hybrid Ag-TiO, NCs was determined by ICP-MS.

Photocatalysis

Before the photocatalytic tests, the surfactants adsorbed on TiO,
surface were removed. For the pure TiO, NCs, the surfactants were
removed as previously reported (Joo et al., 2005). For the com-
posite Ag-TiO, NCs, the surfactants were removed by irradiating
Ag-TiO, NCs dispersed in water for 3h. The resulting mixture
was then centrifugated to obtain a surfactant-free Ag-TiO, NCs
powder. This powder was dried overnight at 60°C and used as
such for photocatalytic test. Photocatalytic activities were eval-
uated by photocatalytic decomposition of MB. A mixture of MB
aqueous solution (20ppm, 30mL) and the given photocatalyst
(30 mg) was magnetically stirred in absence of light for 30 min
to ensure adsorption-desorption equilibrium between the pho-
tocatalyst and MB. The mixture was then stirred under UV-Vis
irradiation using a 100 W high-pressure Hg lamp. At given time
intervals, 3 mL of the suspension was collected and centrifuged
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to remove photocatalyst particles. UV-Vis adsorption spectrum
of the centrifugated solution was recorded using a Cary 300 Bio
UV-Vis spectrophotometer to determine the conversion of the
reaction.

RESULTS AND DISCUSSION

Figure 1 shows TEM images of the TiO, NPs synthesised with
varying OA:OM molar ratio, while leaving the molar ratio of
titanium n-butoxide (TB) and surfactants unchanged, that is,
TB:(OA + OM) = 1:10. The mixture of ethanol and water (96% v/v
ethanol) was used for vaporisation. When the OA:OM mole ratio
is 4:6, rthombic-shaped TiO, NPs with uniform size are obtained
(Figure 1A). By increasing the OA:OM molar ratio to 5:5, smaller
TiO, NCs with truncated rhombic shape are produced (Figure 1B).
A further increase of this ratio up to 6:4 leads to the formation of
spherical particles with an average size of 13 nm (Figure 1C). One
can also point out here that, in all of the cases studied, no large
particles were observed and the TiO, NPs remained monodisperse
in size.

The crystallinity of the synthesised samples was verified by
powder XRD. As seen in Figure 2, the XRD patterns of TiO,
NPs with (a) rhombic, (b) truncated rhombic, and (c) spherical
shapes exhibit well-defined peaks assigned to the pure anatase
phase (JCPDS File No. 21-1272), indicative of the high crystallinity
of these samples. The highly crystalline anatase phase is also
revealed by SAED, as shown in Figure 1. The rings can be indexed
to diffraction from the (101), (004), (200), (105), (211), and (204)
planes of anatase. To confirm the shapes of the obtained TiO, NCs,
we estimated the average crystallite sizes of anatase NCs by using
the Sherrer formula. The average crystallite sizes of rhombic TiO,
was estimated from the (101) and (004) diffraction peaks using
the Sherrer formula to be 18 and 38 nm, respectively. Compared
with the TEM images, these two sizes correspond to the width and
length of rhombic TiO, NCs, respectively. The thickness along the
[010] direction of rhombic TiO, NCs is difficult to observe by TEM
as these NCs have a tendency to lie in the (010) plane (Li et al.,
2006; Wen et al., 2007; Wu et al., 2008). However, the thickness
can be estimated using the formula L(010) = 0.364L(211), where
L(010) is the crystallite size in the [010] direction, corresponding
to the thickness of rhombic TiO, NCs, and L(211) is the crystallite
size obtained from the (211) diffraction peak (Wen et al., 2007).
From this formula, the thickness of rhombic TiO, NCs is found to
be 9.5 nm. In the case of truncated rhombic TiO, NCs, the average
crystallite sizes estimated from the (004) diffraction peak corre-
sponding to the crystal length, is about 18 nm, in good agreement
with the TEM results.

It is established that the formation of TiO, undergoes two main
steps: (i) hydrolysis of titanium precursors to produce unstable
hydroxyalkoxides, and subsequently, (ii) condensation reactions
by means of olation or oxolation to form a Ti-O-Ti network
(Livage et al., 1988). The rate of these two processes dramati-
cally affects the shape of the final NC products. In the presence
of both water and carboxylic acid, titanium alkoxide can readily
react with water or acid (Doeuff et al., 1989; Cozzoli et al., 2003)
to form hydroxyalkoxide or carboxyalkoxide, respectively. Subse-
quently, the reaction between these precursors via a hydrolytic
condensation or a nonhydrolytic condensation process produces
extensive Ti-O-Ti networks. In general, in the case of titanium, the
hydrolytic process is fast, while nonhydrolytic process is compar-
atively slow (Mutin and Vioux, 2009). Control of the rate of these
growth processes is thus essential for tuning the shape evolution
of the TiO, particles.
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Figure 1. TEM images (left column) and SAED (right column) of TiO, NCs with (A) rhombic shape obtained at TB:OA:OM = 1:4:6; (B) truncated
rhombic shape obtained at TB:OA:OM = 1:5:5; (C) spherical shape obtained at TB:OA:OM = 1:6:4. Insets show high-magnification images of the

corresponding shapes.

In our system, a mixture of ethanol and water was used to gen-
erate water vapor which acts as the hydrolysis agent. It is assumed
that TB first reacts with water vapor which is generated at elevated
temperature to produce hydroxyalkoxide species. This precursor
then reacts with OA to form carboxyalkoxide or with other hydrox-
yalkoxide through hydrolytic condensation as a function of the
amount of water and OA used. Note that the formation of car-
boxyalkoxide is here an important step determining the evolution
of TiO, crystals. The existence of carboxylic chain can effectively
hinder the addition of water at the metal centers. As a result, the
hydrolytic condensation is limited. For that reason, the amount of
water vapor must have a great influence on the morphology of the
TiO, particles. To help clarify this point, experiments were carried
out to substantiate the effect of water. The TB:0A:OM molar ratio
was fixed at 1:6:4, and absolute ethanol or water was used instead
of a mixture of ethanol/water. We observed that when ethanol was
used alone, monodisperse TiO, nanodots were obtained (Figure
3A). In contrast, when only water was used, larger NPs with cubic
shape and some aggregated TiO, NPs were found (Figure 3B).
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Figure 2. XRD patterns of TiO, NCs with (a) rhombic shape obtained at
TB:OA:OM = 1:4:6; (b) truncated rhombic shape obtained at
TB:OA:OM = 1:5:5; (c) spherical shape obtained at TB:OA:OM = 1:6:4.
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Figure 3. TEM images of TiO, nanocrystals obtained (A) with pure ethanol vapor; (B) with pure water vapor (TB:OA:OM = 1:6:4).

Figure 4. TEM images of rhombic shaped TiO, obtained at low OA:OM ratios: (A) TB:OA:OM =1:2:8 and (B) TB:OA:OM =1:3:7, TiO, nanodots
obtained at high OA:OM ratio; (C) TB:OA:OM = 1:8:2 and (D) TB:OA:OM = 1:7:3, TiO, nanocrystals obtained using only one surfactant; (E) with OM,

TB:OM =1:5 and (F) with OA, TB:OA=1:5.
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These results indicated that, with a large amount of water, TB
reacts vigorously with water through hydrolytic process, leading
to the aggregation of the particles. In contrast, in the absence of
water, the formation of TiO, NCs undergoes slow nonhydrolytic
reaction which generally produces nanodots or nanorods (Hay
and Raval, 2001; Joo et al., 2005; Zhang et al., 2005).

It is documented that by using surfactants possessing different
functional groups with distinct binding strengths, the morphol-
ogy of resulting particles may be controlled (Ramirez et al., 2004;
Mai et al., 2006; Watt et al., 2009). In the case of TiO,, OA binds
strongly to the anatase {001} faces (Jun et al., 2003), whereas OM
tends to adhere on the {101} ones (Joo et al., 2005). The selective
bindings of these surfactant molecules to different facets of TiO,
restrict the growth in corresponding direction. In the present sys-
tem, OA and OM were used not only as capping agents but also
as an acid-base pair catalyst, which also contribute to increase
condensation rate without affecting hydrolysis rate (Murakami
et al., 1999). Moreover, as mentioned above, OA can react with
TB or hydroxyalkoxide to generate carboxyalkoxide species which
slow down the hydrolytic condensation process. OM, on the other
hand, can promote the nonhydrolytic condensation process by
aminolysis reaction with titanium carboxylalkoxide (Zhang et al.,
2005). It is therefore expected that, by modulating the OA:OM
molar ratio, the shape of TiO, NCs may be controlled. A series
of control experiments was performed with 11 different OA:OM
ratios, while keeping the amount of TB and the total surfactant
amount constant to elucidate the effect of OA:OM molar ratios to
the shape of TiO, NPs. The mixture of ethanol and water (96% v/v
ethanol) was used for vaporisation. It was found that, when the
OA:OM ratio is less than 4:6, only rhombic-shaped TiO, NPs are
formed (Figure 4A and B). The shape evolution in the range from
4:6to 5:5 and 6:4 of the OA:OM ratio is further illustrated in Figure
1A-C. When this ratio is higher than 6:4, the NC size decreases
markedly, and nanodots of TiO, are obtained (Figure 4C and D).
Moreover, two additional experiments were also performed using
only OA or OM. In the absence of OA, only the rhombic shape was
observed, whereas a mixture of spherical particles and nanodots
is produced in the absence of OM (Figure 4E and F). These results
confirm the cooperative effect of a combination of OA and OM on
the resulting particle shapes.

The shape of TiO, NCs is determined by the growth rate ratio
between the [001] and [101] directions (Chemseddine and Moritz,
1999; Penn and Banfield, 1999). In the absence of OA or at low
OA:OM ratio, hydrolytic reactions are predominant, the forma-
tion of NPs is thus a fast process. Due to high surface energy of
the {001} faces (Donnay and Harker, 1937), growth along [001]
is occurring progressively, leading to the depletion of the {001}
faces. In contrast, the low surface energy of {101} faces (Donnay
and Harker, 1937) and the adhesion of OM to these faces hinder
the growth along the [101] direction. As a result, rhombic-shaped
TiO, NPs are produced (Scheme 2). A similar observation was also
reported by Wu et al. (2008) using OM as a capping agent. Increas-
ing the OA:OM ratio slows down the rate of the reaction. The
presence of a relative large amount of OA limits the growth along
[001] as OA binds selectively to the {001} faces. Consequently,
the {001} surfaces is preserved. Crystals grow on both {001} and
{101} faces leading to the truncated rhombic or spherical NPs as
shown in Figure 1B and C. However, when a large excess of OA
is used (OA:OM ratio >6:4), the growth process undergoes non-
hydrolytic condensation rather than hydrolytic one. Since OA can
adsorb on almost all the surface of TiO,, the crystals will grow
mainly on high surface energy faces (i.e., {001} faces), leading to
the formation of nanodots and nanorods.
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Scheme. 2. Schematic representation showing the shape evolution of
TiO, NCs as a function of the OA:OM ratio.

Figure 5. TEM images of (A) dog-bone shaped TiO, obtained at
TB:OA:OM = 2:6:4; (B) truncated and elongated rhombic TiO, obtained
at TB:OA:OLA = 2:5:5; and (C) elongated rhombic TiO; obtained at
TB:OA:OM = 2:4:6.
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Figure 6. XRD patterns (a) elongated rhombic shaped TiO,, (b)
truncated and elongated rhombic shaped TiO;, (c) dog-bone shaped
TiO3, and (d) spherical shaped TiO;. The XRD pattern of spherical
shaped TiO; is shown again for comparison.

Previous studies demonstrated that varying the amount of metal
precursor also plays an important role in the size and shape evo-
lution of NPs (Peng and Peng, 2001; Nguyen and Do, 2009). We
have thus doubled the amount of TB and kept other parameters
unchanged, which corresponds to the TB:0OA:OM molar ratios of
2:6:4, 2:5:5, and 2:4:6 instead of 1:6:4, 1:5:5, and 1:4:6 (Scheme
1). It was found that when a 2:6:4 ratio was applied instead of

1:6:4, the shape of TiO, evolved from spherical (Figure 1C) to
uniform dog bone-like particles (Figure 5A). This resulting shape
of TiO, NCs is to our knowledge found for the first time for TiO,
NCs. For a ratio of 2:5:5 compared to 1:5:5, a change in the mor-
phology from truncated rhombic (Figure 1B) to elongated and
truncated rhombic particles was observed (Figure 5B). The NPs
tended to assemble and lie on (001) plane as clearly seen in
the inset at right-top corner of Figure 5B. With the 2:4:6 ratio,
the formation of elongated rhombic particles was observed (Fig-
ure 5C) compared to the rhombic shape obtained with the 1:4:6
ratio.

The powder XRD patterns (Figure 6) of these samples indi-
cated they consist uniquely of the anatase phase. In addition, the
(004) diffraction peaks of these three samples appear stronger and
sharper, compared to that of spherical TiO,, reflecting the evolu-
tion along the [001] direction of TiO, NPs (Zhang et al., 2005). The
elongation of the resulting TiO, NCs with increasing the amount
of TB may be due to anisotropic crystal growth at high monomer
concentration (Peng and Peng, 2001; Lee et al., 2003).

To elucidate the mechanism of formation of the elongated tita-
nia particles, we have fixed the OA:OM ratio at 6:4 and gradually
increased the amount of TB. Different TB:total surfactant ratios
were selected (i.e., TB:total surfactant=1.3:10, 1.6:10, 2:10, and
4:10). It is found that, with increasing this ratio from 1.3:10 to
1.6:10, the shape of TiO, NCs changed from elongated sphere to
dumb-bell, as viewed in Figure 7A and B. When the ratio was 2:10,
TiO, particles with uniform dog-bone shaped were obtained (Fig-
ure 7C). However, with further increasing of this ratio to 4:10, the
shape of the resulting NCs remained unchanged, but larger and
less uniform particles were obtained (Figure 7D). It is worth men-
tioning that, owing to the polar environment, the surfactant-caped
NCs spontaneously precipitated at the bottom of the teflon cup

Figure 7. TEM images of (A) elongated spherical TiO, obtained at TB:OA:OM =1.3:6:4; (B) dumb-bell TiO, obtained at TB:OA:OM =1.6:6:4; (C)
dog-bone shaped TiO, obtained at TB:OA:OM = 2:6:4; and (D) dog-bone shaped TiO, obtained at TB:OA:OM =4:6:4.
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as they reached critical size and shape in this Kkinetically driven
regime.

Composite Ag-TiO, NCs in which Ag clusters are uniformly
deposited on individual TiO, NC surface were obtained by using
a photodeposition technique in organic solvent (toluene). TiO,
NC synthesised with TB:OA:OM =4:5:5 were used as support.
Figure 8A and B show representative TEM images of the Ag-TiO,
NCs synthesised by irradiating a mixture TiO, NCs, AgNO;, and
ethanol in toluene for 1 min. As clearly seen, a large number of
Ag clusters with uniform size (ca. 2nm) were well dispersed
on the TiO, NC surface. In addition, no separated Ag clusters
or particles were observed, which implies that Ag clusters grew
selectively on the individual TiO, NC surface. Importantly, the
synthesis solution remained transparent upon irradiation, but the
solution colour changed from colourless to light brown indicative
of the formation of metallic Ag clusters (inset in Figure 8A). The
Ag content in the composite NCs was 2.6 (% mole) as obtained
from ICP-MS analyses. Furthermore, the oxidation state of the Ag
species was confirmed by XPS. As shown in Figure 9, the Ag 3ds,,
peak at a binding energy of 368.0 is characteristic of metallic Ag

20 25
Diameter (nem)

Figure 8. TEM image (A) (high magnification), and (B) (low
magnification) of composite Ag-TiO, NCs (2.6% mol Ag) synthesised
from a solution of TiO, NCs containing silver nitrate after UV irradiation
(1 min). Insets (A) are size distribution of Ag clusters (upper) and
photograph of the Ag-TiO, NC solution before and after irradiation
(lower). [Color figure can be seen in the online version of this article,
available at http://onlinelibrary.wiley.com/journal/10.1002/
(ISSN)1939-019X]
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Figure 9. Ag 3d X-ray photoelectron spectrum of the composite
Ag-TiO, NCs (2.6% mol. Ag) synthesised by irradiating of TiO, NCs
solution containing silver nitrate salt for 1 min with no additional OA.
[Color figure can be seen in the online version of this article, available at
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1939-019X]

(Wagner et al., 1979).1t is well known that band-gap illumination
of TiO, creates electron-hole pairs which move to the surface and
are consumed for reduction and oxidation reactions (Linsebigler
et al., 1995). In our system, the surface electrons both act as
reducing agents for conversion of Ag+ ions to metallic Ag and as
negative charge for attracting Ag+ ions to the TiO, surface, while
the holes are consumed for the oxidation of ethanol or surfactants.
Once the metallic Ag atoms are created, Ag clusters on TiO, sur-
face can be formed either by aggregation of concurrently formed
Ag atoms (Equation 1), or by a sequence of alternating electronic
and ionic events as in the photographic process (Equation 2);
(Disdier et al., 1983):

mAg’ — Ag,, (1)

A’ +Agt > (A9)T S Ag,+AgT — (Ag)T S Ag, — ... —> Ag,,
(2)

However, the presence of surfactants adsorbed on TiO, NC sur-
face is expected to hinder the migration of Ag atoms on the TiO,
surface. Thus, we propose that the latter mechanism by which the
size of Ag cluster can be expressed as a function of time is predom-
inant in this case. This mechanism allows us not only to fabricate
composite Ag-TiO, NCs exhibiting uniform and very small size
of Ag clusters, but also to control the size of these clusters with-
out changing their population by simply varying the irradiation
time.To evaluate the photocatalytic performance of the new com-
posite Ag-TiO, NCs, we selected NCs with Ag clusters of 2 nm and
a 2.6% mole Ag loading for the photocatalytic decomposition of
MB. For comparison, pure TiO, nanorods, commercial P25 and
Ag-P25 composites synthesised using the same photodeposition
technique with a comparable Ag content (2.8% mole), were also
used. Figure 10A shows the spectra of MB solution as a function of
time over the hybrid Ag-TiO, NCs catalyst. The absorption band
at 660 nm, which is characteristic of MB, decreases in intensity
with the increase of irradiation time, indicative of the decomposi-
tion of MB. As illustrated in Figure 10B, the results indicate that
the pure TiO, nanorods exhibit a slightly higher catalytic activ-
ity than that of P25. This could be due to a shape effect on the
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Figure 10. UV-Vis absorption spectra of a methylene blue (MB) solution
as a function of irradiation time in the presence of Ag-TiO, NCs catalyst
(A), and comparison of the MB photodegradation using TiO, nanorods,
P25, Ag-P25, and Ag-TiO, NCs as photocatalysts (B). [Color figure can
be seen in the online version of this article, available at http://
onlinelibrary.wiley.com/journal/10.1002/(ISSN)1939-019X]

photocatalytic efficiency (Joo et al., 2005). Both composite Ag-
TiO, materials show higher photocatalytic activity than that of
pure TiO, materials. However, the composite Ag-TiO, NCs clearly
demonstrate a much higher performance for the photocatalytic
degradation of MB as compared to Ag-P25. To explain this, we
may attribute the high photocatalytic activity of Ag-TiO, NCs
to a very high dispersion of Ag clusters on the individual TiO,
NCs.

CONCLUSIONS

This work has demonstrated the possibility of synthesising TiO,
NCs with various shapes such as rhombic, truncated rhombic,
spherical, dog-bone, truncated and elongated rhombic by using a
simple solvothermal route which employed both OA and OM as
capping agents in the presence of water vapor. In this system, a
simple modulation of the OA:OM molar ratio or the amount of
TB or reaction temperature enables an unprecedented fine con-
trol of the growth rate of TiO, NCs, and consequently, a control of
the shape of these particles. Such NCs with controlled shape and
size will be valuable for further investigating shape-dependent
properties of TiO,. Moreover, the NCs are also excellent supports
for the preparation of new composite Ag-TiO, NCs which exhibit
high catalytic performance in the photodegradation of organic
compounds.
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