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ABSTRACT: Formation of hybrid Ag—TiO, nanocrystals (NCs) in which Ag clusters are uniformly deposited on individual TiO,
NC surface has been achieved by using hydrophobic surfactant-capped TiO, NCs in combination with a photodeposition technique.
The population of Ag clusters on the individual TiO, NC surface can be controlled by the degree of hydrophobicity (e.g., the
number of vacant sites) on the TiO, NC surface while their size may be altered simply by varying irradiation time. A reversible
change in color of the resulting hybrid Ag—TiO, NCs is induced by alternating UV light and visible-light illumination; however, the
size and population of Ag clusters on TiO, NCs are almost unchanged. Furthermore, these materials also exhibit much higher
photocatalytic performance as compared to that of Ag supported on commercial TiO,—P2S.
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B INTRODUCTION

Hybrid metal-semiconductor systems have been widely
studied because of their unique catalytic and optoelectronic
properties.' > Among such systems, silver (Ag) nanoclusters
supported on titania (TiO,) have attracted substantial attention
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.° ' In addition, interactions between Ag and TiO, at
the nanoscale could result in new physical properties and
enhanced catalytic activity.” Several approaches have been devel-
oped for the synthesis of Ag/TiO, hybrids including conven-
tional impregnation, deposition—precipitation techniques, che-
mical reduction, photodeposition, and so on.'' 72! However,
TiO, used in these approaches is usually under the form of an
extended network rather than solution-stable TiO, NC species,
thus Ag/TiO, hybrids with Ag deposited specifically on indivi-
dual TiO, nanocrystals (NCs) are rarely obtained. Recently,
Cozzoli et al?®> > have reported the synthesis of several
hybrid materials based on TiO, NCs including organic-soluble
Ag—TiO, composite using surfactant capped TiO, nanorods.””
However, because of the large amount of surfactant covering the
TiO, surface, no sites were available for Ag clusters to grow, and
consequently, Ag particles grew in the solution instead of the
TiO, NC surface. Although being challenging, the deposition of
Ag clusters on individual TiO, NCs is highly desirable as it is
expected to enhance the dispersion of active sites on TiO,, and
accordingly, their catalytic performance. Also, solution-stable
hybrid metal-NCs are ideal for optical studies and represent
important precursors for thin film processing.”*>’

Herein, we report the synthesis of colloidal hybrid Ag—TiO,
nanocrystals (namely Ag—TiO, NCs) in which Ag clusters are
uniformly deposited on the surface of each individual TiO, NC.
In addition to their high photocatalytic performance, these
hybrid Ag—TiO, NCs also exhibit unique optical properties
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originated not only from the size-dependent surface plasmon
resonance effect of silver clusters, but also from the synergistic
interaction among Ag clusters and between Ag clusters and TiO,
NCs. The central feature of our approach is the use of surfactant-
capped TiO, NCs with different degrees of surface coverage as a
nanosupport, in combination with a photodeposition technique.
The starting TiO, NCs are well-dispersed in nonpolar solvent
due to the hydrophobic surfactant-capped NC surface; however,
they still possess a number of sites available on their surface for
Ag growing. UV light irradiation of TiO, NC solution saturated
with Ag ions leads to the reduction of Ag" adsorbed on uncapped
TiO, surface sites by photogenerated electrons, and thus, to the
formation of ultrasmall Ag clusters (Scheme 1). Moreover, by
further addition of oleic acid (OA) in order to adjust the number
of vacant sites on the TiO, NC surface, we are able to control the
population of Ag clusters while their size may be altered simply
by varying irradiation time.

B EXPERIMENTAL SECTION

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

Synthesis of TiO, Nanocrystals. The synthesis of TiO, nano-
crystals was performed using the solvothermal method.”® Typically, to
synthesized TiO, nanorods with size of 15x50 nm, 20 mmol of TB was
added to a mixture of 25 mmol OA, 25 mmol OM, and 100 mmol of
absolute ethanol in a 40 mL Teflon cup. The resulting mixture was
stirred for 10 min and subsequently transferred into a 100 ml Teflon-
lined stainless steel autoclave containing 20 mL of a mixture of ethanol
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and water (96% ethanol, v/v). The system was then heated at 180 °C for
18 h. The obtained white precipitates were washed with ethanol and
then redispersed in nonpolar solvent (toluene).

Synthesis of Colloidal Hybrid Ag—TiO, Nanocrystals. The
as-synthesized TiO, nanocrystals were dispersed in toluene followed by
the addition of different amounts of oleic acid (OA, in molar ratio
relative to TiO,) to vary surface coverage of TiO, NCs. AgNO; and
ethanol were then added to the solution. The obtained mixture was de-
aerated with a flow of nitrogen gas and exposed to UV light (365 nm)
generated by a 100W Hg lamp at room temperature for different periods

Scheme 1. Formation of Colloidal Hybrid Ag—TiO, NCs
upon UV—Light Irradiation

UV irradiation
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of time. For example, to synthesize hybrid Ag—TiO, NCs with a large
amount of 2 nm Ag clusters, S mmol of as-synthesized TiO, nanocrystals
were dispersed in 200 ml toluene with no additional OA. AgNO; (0.5g)
and ethanol (2 mL) were then added to this solution. The solution was
de-aerated by a flow of nitrogen gas for 30 minutes and then exposed to
UV light for 1 minute. The resulting mixture was centrifugated to
remove undissolved AgNO; before ethanol was added to precipitate
hybrid Ag—TiO, NCs. The as-synthesized hybrid Ag—TiO, NCs
powder was washed several times with ethanol in order to remove any
remaining unreacted AgNO3.

Characterization. Transmission electron microscopy (TEM)
images of hybrid Ag—TiO, NCs were obtained on a JOEL JEM 1230
operated at 120 kV. Samples were prepared by placing a drop of a dilute
toluene dispersion of nanocrystals onto a 200 mesh carbon-coated
copper grid and evaporated immediately at ambient temperature. The
Ag cluster size analysis was carried out by manually digitizing the high
magnification TEM images with Image Tool. XPS measurements were
carried out in an ion-pumped chamber (evacuated at 1 x 10~° Torr) ofa
photoelectron spectrometer (Kratos Axis-Ultra) equipped with a fo-
cused X-ray source (Al K, 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 soft-
ware (v.2.3.13; product of CasaXPS Software Ltd., USA) to resolve the
separate constituents after background substraction. Powder X-ray
diffraction patterns of the samples were obtained on a Bruker SMART
APEXII X-ray diffractometer equipped with a Cu K, radiation source
(A = 1.5418 A). Fourier transform infrared absorption spectra (FTIR)
were measured with a FTS 45 infrared spectrophotometer with the KBr
pellet technique. The UV-visible absorbance spectra were recorded on a
Cary 300 Bio UV-visible spectrophotometer. The thermal analyses of
the as-made hybrid Ag—TiO, NCs were carried out at a heating rate of
10 °C/min under a nitrogen flow up to 700 °C using a Perkin-Elmer
TGA thermogravimetric analyzer. The silver loading content in hybrid
Ag—TiO, NCs was determined by ICP-MS.

Photocatalysis. Before photocatalytic testing, the surfactants ad-
sorbed on TiO, surface were removed. For the pure TiO, NCs, the
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Figure 1. TEM image of hybrid Ag—TiO, NCs (2.6 % mol Ag) synthesized from a solution of TiO, nanorods containing silver nitrate without
additional OA, after UV irradiation (1 minute). Insets are size distribution of Ag clusters (upper) and photograph of the Ag—TiO, NC solution before

and after irradiation (lower).
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Figure 2. TEM image of hybrid Ag—TiO, NCs synthesized from a solution of TiO, nanorods containing silver nitrate without additional OA, after UV

irradiation (40 min). Inset is size distribution of Ag clusters.

surfactants were removed as previously reported.*’ For hybrid Ag—
TiO, NCs, the surfactants were removed by irradiating hybrid Ag—TiO,
NCs dispersed in water for 3 h. The resulting mixture was then
centrifugated to obtain a surfactant-free hybrid Ag—TiO, NCs powder.
This powder was dried overnight at 60 °C and used as such for
photocatalytic test. Photocatalytic activities of the samples were eval-
uated by the photocatalytic decomposition of Methylene Blue (MB). A
mixture of MB aqueous solution (20 ppm, 30 ml) and the given
photocatalyst (30 mg) was magnetically stirred in absence of light for
30 min to ensure adsorption-desorption equilibrium between the
photocatalyst and MB. The mixture was then stirred under UV-vis
irradiation using a 100 W Hg lamp. At given time intervals, 3 mL of the
suspension was collected and centrifuged to remove photocatalyst
particles. UV-vis absorption spectrum of the centrifugated solution
was recorded using a Cary 300 Bio UV—visible spectrophotometer to
determine the conversion of the reaction.

B RESULTS AND DISCUSSION

Figure 1 and Figure S1 in the Supporting Information show
transmission electron microscopy (TEM) images of the hybrid
Ag—TiO, NCs synthesized by irradiating a mixture of TiO,
nanorods, which were obtained by our recently developed
method,?® silver nitrate and ethanol in toluene for a period of
1 min. As clearly seen, a large number of Ag clusters with uniform
size (ca. 2 nm) were highly dispersed on the TiO, NC surface. In
addition, no separated Ag clusters or particles were observed
implying that Ag clusters grew selectively on the individual TiO,
NC surface. Importantly, the synthesis solution remained trans-
parent upon irradiation, but the solution color changed from
colorless to light brown, which is indicative of the formation of
metallic Ag clusters (inset in Figure 1). The Ag content in the
hybrid NCs was 2.6 (% mole) as obtained from ICP-MS analyses.
The oxidation state of the Ag species was confirmed by X-ray
photoelectron spectroscopy (XPS). As shown in Figure S2 in the
Supporting Information, the Ag 3ds , peak at a binding energy of
368.0 eV is characteristic of metallic Ag.*° The crystallinity of TiO,

and size of Ag clusters were also confirmed by powder X-ray
diffraction (XRD). The XRD patterns of the hybrid Ag—TiO,
NCs (see Figure S3 in the Supporting Information) exhibit well-
defined and intense peaks that are assigned to the pure anatase
phase with high crystallinity. However, no XRD peaks of Ag were
detected, indicating very small size of Ag clusters.

It 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.*" In our system, the surface
electrons both act as reducing agents for the conversion of Ag+
ions to metallic Ag and as negative charges for attracting Ag+ ions
to the TiO, surface, whereas the holes are consumed for the
oxidation of ethanol or surfactants present in the system. Once
the metallic Ag atoms are created, Ag clusters can be formed
located on the TiO, surface either by aggregation of concurrently
formed Ag atoms (eq 1), or by a sequence of alternating electronic
and ionic events similar to the photographic process (eq 2).>

mAgO — Agm (1)

A+ Ag" — (Ag)," ™ Ag, + Ag'

+e
— (Ag);" —Ag, — .. Ag, (2)

However, the presence of surfactants adsorbed on the TiO, NC
surface is expected to hinder both the migration of Ag atoms on
the TiO, surface as well as Ag” ions from approaching the TiO,
surface. Thus, this phenomenon will slow down the growth of Ag
clusters on TiO, surface, resulting in very small Ag clusters.
Consequently, the slow growth of Ag clusters enables us not only
to fabricate hybrid Ag—TiO, NCs with uniform and very small
size of Ag clusters, but also to control the size of these clusters
simply by varying irradiation time. We have thus performed
experiments with longer irradiation time (40 min) and it was
found that the size of Ag clusters increased from 2 nm to about
3.5 nm with no noticeable change in the number of clusters as
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well as the initial TiO, NC morphology (Figure 2 and S$4).
However, along with the increase in cluster size, the solution
stability of the hybrid NCs is decreasing as the irradiation time
is prolonged. In fact, a precipitation of Ag—TiO, NCs was found
to occur with extending irradiation time to 60 minutes (see
Figure SS in the Supporting Information). Most likely, this could
originate from two reasons. The first one is the photooxidation of
the surfactant molecules present on the TiO, NC surface, which
ultimately decreases the overall hydrophobic character of the
hybrid NCs. To clarify this point, we have performed thermo-
gravimetric analysis (TGA) of the two hybrid Ag—TiO, NCs
samples obtained after 40 and 60 min of irradiation. The results
(see Figure S6 in the Supporting Information) revealed that the
weight loss in the temperature range of 150—450 °C, which
belongs to the decomposition of surfactant molecules,*** is 2.7
and 2.0%, respectively, for these two samples. This indicates that
a fraction of the surfactants has been removed upon extending
irradiation time. It is noted that in the presence of Ag clusters on
the surface, the photogenerated electrons in TiO, NCs are
trapped by the metal clusters, therefore the photo-holes can
exhibit a longer lifetime, leading to enhanced photooxidation
properties.’> In addition, photo-holes in our system can be
scavenged by ethanol or OA molecules adsorbed on the TiO,
surface. Nevertheless, when the vacant sites are occupied by
metal clusters, the accessibility of ethanol molecules to the TiO,
surface is dramatically reduced. Thus, the photo-holes should
mainly be scavenged by OA, resulting in a progressive oxidation
of these molecules on the TiO, NC surface. The second reason
that may cause the precipitation of hybrid Ag—TiO, NCs is an
increase of the surface fraction occupied by the Ag domains
which are not protected by surfactant along with longer irradia-
tion time. To identify this, we have used oleylamine surfactant,
which is known to be easily adsorbed on the surface of metal
particles®®” in order to protect the surface of metallic Ag
clusters. Accordingly, a small amount of oleylamine was added
to the hybrid Ag—TiO, NC solution after 40 min of irradiation.
Interestingly, the hybrid NCs were stable in solution for more
than 60 minutes of additional irradiation. This result indicates
that the surface of Ag nanoparticles indeed plays an important
role in the solution stability of the hybrid Ag—TiO, NCs.
However, in the presence of oleylamine, together with the
increase in Ag cluster size as the irradiation time was prolonged,
we observed the formation of some isolated Ag nanoparticles
(which were detached from TiO, NC surface) (see Figure S7 in
the Supporting Information).

It should be noted that the formation of hybrid Ag—TiO, NCs
using our approach is quite different from that of metal—TiO,
nanocomposites reported in refs 22 and 23. The TiO, NCs used
in our approach exhibit a number of vacant sites for the formation
of very small Ag clusters on the TiO, NC surface. Because of their
high surface free energy due to the small size, these clusters are
strongly adhering to the TiO, NCs surface. In contrast, in the
above references, a large amount of surfactant molecules re-
mained adsorbed on the TiO, nanorod surface, leading to Ag
growing only on high surface energy points such as tips of the
TiO, nanorods, which resulted ultimately in Ag nanoparticles
that are stabilized by TiO, nanorods through electrostatic
interactions.”” To verify the presence of vacant sites on the
surface of TiO, NCs, we have performed O1s XPS analysis of as-
synthesized TiO, NCs as illustrated in Figure S8 in the Support-
ing Information. The peak at 529.9 eV can be ascribed to the
oxygen in the lattice of TiO, NCs, while the peak at 531.3 eV is

Figure 3. TEM images of the hybrid Ag—TiO, NCs synthesized by
additional OA and irradiated for 40 min. (A) OA:TiO, = 1:1, and
(B) OA:TiO, = 0.1:1.

38—40

attributed to the oxygen of surface hydroxyl (—OH) groups.
The last peak located at 532.2 eV binding energy can be explained
by the presence of surface carboxylic (COO—) groups.*®*" The
presence of hydroxyl and carboxylic groups on the surface of
TiO, NCs was also evidenced by the FTIR spectrum of as-made
TiO, NCs, as seen in Figure S9 in the Supporting Information.
Two bands at 1454 and 1551 cm™ ' are attributed to the
symmetric and asymmetric stretching vibrations of the carbox-
ylate groups;**** a large band around 3400 cm ™" corresponds to
the O—H stretching frequency of hydroxyl groups on the surface
of TiO, NCs.””** This result suggests that, both hydroxyl and
carboxylic groups are presented on the surface of TiO, NCs. As
the hydroxyl groups are believed to act as the sites for the growth
of Ag clusters, hybrid Ag—TiO, NCs with a large number of Ag
clusters on TiO, surface can thus be easily obtained. It is worth
mentioning that, the surface properties of TiO, NCs is depend-
ing on the synthesis procedure. In our study, TiO, NCs were
produced by hydrolytic condensation of both carboxylalkoxide
and hydroxyalkoxide.”® The hydrolytic condensation of hydro-
xyalkoxide yields a large amount of hydroxyl groups on the TiO,
NC surface. These results thus confirm that the amount of
surfactants adsorbed on the TiO, NC surface plays a key role
in the formation of hybrid Ag—TiO, NCs. On the other hand, it
is known that carboxylic acids readily adsorb on the TiO,
surface.*”** We have thus added OA to the TiO, NC solution
before the addition of AgNOj in order to decrease the amount of
vacant sites on the NC surface with the objective of varying the
number of formed Ag clusters. Using an OA:TiO, molar ratio
of 1:1 and after 40 min of irradiation, only a few Ag clusters with
the size of 5—10 nm were deposited on the TiO, NC surface
(Figure 3A). The XRD pattern of this sample, as shown in Figure
S10 in the Supporting Information, exhibits diffraction peaks
attributed to the anatase phase and signals corresponding to the
silver nanocrytals. The particle size of silver nanoparticles as
calculated using the Scherrer equation was about 7.3 nm, in good
agreement with the TEM results. It should be mentioned that the
solution remains saturated with Ag ions during irradiation as an
excess amount of AgNO3 was used. A small number of formed Ag
clusters can be explained by the presence of large amounts of OA
adsorbed on TiO,, which considerably limit the adsorption of Ag
ions on the TiO, surface. When the amount of additional OA was
reduced ten times (i.e., OA:TiO, molar ratio of 0.1:1), a larger
number of Ag clusters with a size about S nm were formed on the
TiO, NC surface after 40 min of UV irradiation (Figure 3B).
These results demonstrate that, in our case, the surfactant-
capped TiO, NCs act not only as nanoreactors for the formation

2231 dx.doi.org/10.1021/am200480b |[ACS Appl. Mater. Interfaces 2011, 3, 2228-2234


http://pubs.acs.org/action/showImage?doi=10.1021/am200480b&iName=master.img-003.jpg&w=240&h=120

ACS Applied Materials & Interfaces

RESEARCH ARTICLE

rhccmhu cluster size

Increasing chlhrpopnbﬂum

Absorbance

———

e —

Absorbance

T T T

500 600
Wavelength, nm

700

800

500
Wavelength, nm

800 700

Figure 4. UV—vis absorption spectra of the hybrid Ag—TiO, NCs with different sizes (A) synthesized without additional OA and irradiated for
(2) 1 min, (b), 10 min, and (c) 40 min, and different populations of Ag clusters, (B) synthesized with (e) OA:TiO, = 1:1, (d) OA:TiO, = 0.1:1, and
(c) without OA (bottom panel), and photographs of the corresponding solutions (top panel). (f) UV—vis spectrum (bottom panel, B) and the
photograph (top panel) of a hybrid Ag—TiO, NC solution after being exposed to visible light for 1 day.

of Ag clusters with different size, but also as substrates for the
formation of desired populations of Ag clusters on their surface.

The optical properties of hybrid Ag—TiO, NCs exhibiting
different Ag cluster sizes and populations were analyzed by
UV—vis spectroscopy. As seen in Figure 4A, the UV—uvis
spectra of the hybrid Ag—TiO, NCs synthesized without an
addition of OA at different irradiation times exhibit an absorp-
tion band at around 410 nm along with a pronounced tail
towards higher wavelengths. These two resonances may arise
from the surface plasmon band of Ag clusters and an inter-
particle coupling effect influencing the surface plasmon reso-
nance, respectively.**~*’ The relative weak absorption peak at
around 410 nm can be associated to the small size of Ag clusters.
By extending the irradiation time, the absorption band at about
410 nm was red-shifted, which can be attributed to the size-
dependent surface plasmon resonance effect of metallic Ag;**
size of Ag cluster increases with increasing irradiation time,
while the tail at about 700 nm grew in intensity and the color of
the solution changed from light brown to dark green (vials
a—c). The UV—vis spectra of the hybrid Ag—TiO, NCs with
different Ag cluster populations are depicted in Figure 4B. As
clearly seen in Figure 4B, the UV—vis spectrum of the hybrid
Ag—TiO, NCs with a few Ag clusters (corresponding to the
TEM image in Figure 3A) exhibits a strong absorption peak at
420 nm (curve — in Figure 4B). However, no tailed resonance
at higher wavelength was observed indicating no interparticle
coupling effect. In fact, this spectrum of the hybrid material is
rather similar to that of colloidal Ag nanoparticles.*”** By

2232

increasing the population of Ag clusters, the interparticle
coupling effect became more noticeable as the resonance at
higher wavelength is being red-shifted and growing in intensity
(curves c and d in Figure 4B, corresponding to the TEM images
in Figure 2 and Figure 3B, respectively). Also, the color of the
solution changed from red to brown and to dark green as the
population of Ag clusters increases (vials e, d, and c).

Along with the optical properties arising from the Ag clusters,
hybrid Ag—TiO, NCs also exhibit photochromic properties due
to the interaction between Ag clusters and TiO, NCs. To identify
that, the hybrid Ag—TiO, NC solutions with different sizes and
populations of Ag clusters were exposed to visible light (day
light) for one day in the presence of air. The colorless solution
(Figure 4, vial f, top panel,) was observed for all the samples after
visible light illumination. A representative UV—vis spectrum of
these colourless solutions is shown in Figure 4B (curve f). No
absorption bands in the visible region were observed. The
disappearance of the absorption bands in this region could be
explained by the oxidation of Ag clusters to Ag” ions by oxygen
in air under visible light.”*" Interestingly, the initial colors of
these solutions could be recovered by removing air and re-
exposing the sample to UV light (365 nm). This indicates a
reversible change in color induced by alternating UV light and
visible light; however, the size and population of Ag clusters on
TiO, NCs remained almost unchanged (see Figure S11 in the
Supporting Information). We propose that, after being formed
from the oxidation of metallic Ag, the Ag” ions may still be
adsorbed on TiO, surface possibly at the same sites of metallic Ag
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Figure 5. (A) UV—vis absorption spectra of a methylene blue (MB) solution as a function of irradiation time in the presence of hybrid Ag—TiO, NCs
catalyst, and (B) comparison of the MB photodegradation using TiO, nanorods, P25, Ag—P2S5, and hybrid Ag—TiO, NCs as photocatalysts.

clusters. Therefore, when that solution was re-exposed to the UV
light, the preformed Ag" ions were reduced back to Ag at the
same location as that of the metallic Ag clusters resulting in
almost similar hybrid Ag—TiO, NCs to those before being
exposed to the visible light. Our results reveal that a fine control
of the size and population of the Ag clusters on the TiO, NC
surface could result in hybrid Ag—TiO, NCs exhibiting various
optical properties ranging from those of colloidal Ag nanoparti-
cles to those of their aggregates. Therefore, multicolor hybrid
Ag—TiO, NCs, which have potential applications in a variety of
fields,”>* can be obtained with their properties depending on size
and population of Ag clusters on the TiO, NC surface.

To evaluate the photocatalytic performance of the thus-
obtained hybrid Ag—TiO, NCs, we used NCs with Ag clusters
of 2 nm and a 2.6 % mol Ag loading as an example (sample in
Figure 1) in the photocatalytic decomposition of methylene blue
(MB). For comparison, pure TiO, nanorods, commercial P25
and Ag—P2S composites synthesized using the same photode-
position technique with comparable Ag loading (2.8 % mole),
were also used. Figure SA shows the spectra of the 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 increasing irradiation time, this being
an indication of the decomposition of MB. The results, as shown
in Figure 5B, indicate that the pure TiO, nanorods exhibit a
slightly higher catalytic activity than that of P2S. This may be due
to a shape effect on the photocatalytic efficiency.”® Both hybrid
Ag—TiO, materials show higher photocatalytic activity than that
of pure TiO, materials. However, the hybrid Ag—TiO, NCs
clearly exhibit a much higher performance for the photocatalytic
degradation of MB as compared to Ag—P2S. The high photo-
catalytic activity of Ag—TiO, NCs could be due to a very high
dispersion of Ag clusters on the individual TiO, NCs.

Finally, our synthesis procedure has also been extended to
other shapes of TiO, NCs. As illustrated in Figure S12 in the
Supporting Information, hybrid Ag—TiO, NCs with dog-bone
and rhombic TiO, NC shapes were also successfully synthesized
with and without additional OA. These results offer opportu-
nities to investigate the influence of the TiO, NC shapes in the
hybrid Ag—TiO, system on both photocatalytic and oxidative
reactions. Attempts for the synthesis of hybrid Ag—TiO, NCs
with a wider range of Ag cluster sizes are currently underway in
our laboratory.

Il CONCLUSION

In summary, we have demonstrated a new synthesis of hybrid
Ag—TiO, NCs using a facile photodeposition technique. Small
Ag clusters are highly dispersed on individual TiO, NC surface.
Our method can be used to control both the population of Ag
clusters by tuning the amount of OA added in the synthesis
solution, and their size by irradiation time. The thus-obtained
hybrid Ag—TiO, NCs exhibit highly photocatalytic performance
and unique optical properties ranging from those of colloidal Ag
nanoparticles to those of aggregates of Ag nanoparticles. In
addition, these hybrid NCs also exhibit a reversible change in
their color which was induced by alternating UV light and visible
light illumination. As perspectives, this approach may be ex-
tended to other metals, such Au, Pt, Pd, and other semiconductor
supports for the synthesis of wide variety of new hybrid metal—
semiconductor NC systems.

B ASSOCIATED CONTENT

(5] Supporting Information. Additional TEM images, XRD,
XPS, FTIR, and TGA data of hybrid Ag—TiO, NCs. This material
is available free of charge via the Internet at http://pubs.acs.org.
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Figure S1. TEM images of the hybrid Ag-TiO, NCs (2.6 % mol. Ag) synthesized by
irradiating a solution of TiO, nanorods containing silver nitrate salt for one minute with
no additional OA. (A) low magnification image, and (B) image taken of a low particle

concentration region on the grid, however, no separated Ag clusters were observed.
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Figure S2. Ag 3d X-ray photoelectron spectrum of the hybrid Ag-TiO, NCs (2.6 %
mol. Ag) synthesized by irradiating of TiO, nanorods solution containing silver nitrate

salt for one minute with no additional OA.
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Figure S3. XRD patterns of the TiO, nanorods and hybrid Ag-TiO, NCs (2.6 % mol.
Ag) synthesized by irradiating a solution of TiO, nanorods containing silver nitrate salt
during one minute without additional OA. The two XRD patterns are similar, indicating a

very small size of Ag clusters.



Figure S4. Low magnification TEM image of the hybrid Ag-TiO, NCs synthesized

without additional OA and irradiated for 40 minutes



Figure S5. TEM image of hybrid Ag-TiO, NCs synthesized without additional OA and
irradiated for 60 minutes. Insert is the photo of the mixture after reaction. The hybrid Ag-
TiO, NCs are precipitated and leave behind a blank solution indicating that the Ag

clusters existed only on TiO, NC surface.
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Figure S6. TGA curves of the hybrid Ag-TiO, NCs synthesized without additional OA

and irradiated for 40 and 60 minutes, as indicated.



Figure S7. TEM image of hybrid Ag-TiO, NCs formed by adding a small amount of
oleylamine to the hybrid Ag-TiO, NC solution, which is obtained by irradiating a

solution of TiO, nanorods containing silver nitrate salt for 40 minutes, and irradiating for

60 minutes.
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Figure S8. Ols X-ray photoelectron spectrum of the as-synthesized TiO, NCs.
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Figure S9. FTIR spectrum of as-made TiO, NCs used as support for the deposition of Ag
clusters
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Figure S10. XRD pattern hybrid Ag-TiO, NCs with Ag clusters of size between 5 to 10
nm (corresponding TEM image in Figure 3A).



Figure S11. TEM images of the hybrid Ag-TiO, NCs synthesized by irradiating a
solution of TiO; nanorods containing silver nitrate salt for one minute with no additional
OA before exposing to visible light (A), after exposing to visible light for one day (B),

and after exposing to visible light for one day and re-exposing to UV light for 1 minute

©).



Figure S12. TEM images of hybrid Ag-TiO, NCs synthesized using dog-bone shaped
TiO, NCs with OA:TiO, ratio of 1:1 (A), and rhombic TiO, NCs without additional OA

(B). The irradiation time was 1 minute.





