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The B-cyclodextrin-modified Ag-TiO, core—shell nanoparticles were prepared by sodium borohy-
drate reduction of AgNO; and the subsequent hydrolysis of the tetraisopropyl orthotitanate in
an aqueous medium. Inversely in the preparation of B-cyclodextrin-modified TiO,-Ag core—shell
nanoparticles, first hydrolysis and then following reduction were carried out. The synthesized spheri-
cal core—shell nanoparticles were highly water-dispersible and had an average diameter in the range
of 9 to 12 nm. A significant shifting of surface plasmon band was observed for the synthesized Ag-
TiO, and TiO,-Ag core—shell nanoparticles. On a model reaction, namely, the photodegradation of
phenol by the UV light irradiation, the photocatalytic property of TiO, nanoparticles was enhanced,
when the Ag nanoparticle was embedded in the core of TiO, nanoparticles but TiO, nanoparticles
coated by Ag shell decreased the photocatalytic property of TiO, nanoparticles. The mechanism is
ascribed to the surface plasmon characteristics of Ag in the core of the TiO, nanoparticles under
the acceleration by host—guest inclusion characteristics.
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1. INTRODUCTION the Ag-TiO, as a core-shell nanomaterial in a favorable
way dramatically enhances the photophysical and catalytic
properties by indirectly influencing the interfacial charge
transfer processes.!> Additionally the thin shell of porous
TiO, can help to diffuse the ions and molecules through
it and to change the dielectric constant.'®!” However the
TiO, shell usually leads to aggregation of particles and
decreases the active surface area. Thus the synthesis of
mono-dispersive and stable core—shell nanoparticle is a

Over the past years the metal and metal oxide nanoparti-
cles have received significant attention due to their optical,
electronic, catalytic and plasmonic properties.' Espe-
cially the core—shell nanostructures with improved cat-
alytic efficiency have great importance in comparison with
the simple monometallic nanoparticles.>® In the metal—
metal oxide nanoparticles, oxide shell protects the metal-
lic core from the corrosive environment in a catalytic

system.”8 A number of core-shell nanomaterials such as
Au-Si0,, Au-TiO,, Au-ZrO,, Ag-Si0,, Ag-TiO,, Ag-ZrO,
and ZnS:Mn-SiO, with emerging properties and applica-
tions have been synthesized.” !°

Among such core—shell nanostructures the Ag-TiO, is
quite attractive because of its several additional properties
besides the individual ones of Ag and TiO, nanoparticles.
The TiO, has attracted much attention in the field of pho-
tocatalysis and solar cell applications,'""'?> meanwhile the
Ag is well known for the chemical and biological sensing
applications.'> ' It is also known that the combination of
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challenging task.

There are several reports available on the various syn-
thesis methods of Ag-TiO, core-shell nanoparticles.!32!
Most of these synthesis methods for Ag-TiO, core—shell
nanoparticles involved dimethylformamide and surfactants.
Recently Vaidya et al.?? synthesized the uniform Ag-TiO,
core—shell nanoparticles using reverse micellar route. The
organic solvents and surfactants are both toxic and are not
easily degraded in the natural environment. Therefore it
is needed to modify the surfaces of Ag-TiO, core—shell
nanoparticles by biocompatible molecules so as to develop
some eco-friendly materials by green pathway and mild
conditions for biocompatible photocatalytic applications.
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Cyclodextrins (CDs) are a truncated cone-shaped, non-
toxic, cyclic oligosaccharide with a hollow apolar cavity.
The supramolecular chemistry of CDs has been the sub-
ject of extensive investigations because of its well known
ability on the formation of host—guest inclusion complex
and on molecular recognition for various different types of
molecules.?* Surface absorption of B-cyclodextrin (8-CD)
on a semiconductor particle has been found to improve the
charge transfer rate from the photo-excited semiconductor
to the guest molecule as an electron acceptor in the 3-CD
cavity.?*? The synthesis of the metal and metal oxide
nanoparticles protected by CDs has been reported.?s28 In
particular CD-modified nanoparticles are highly dispersed
in aqueous system and would improve catalytic activity.

Recently it has been found that B-CD acts as a
very effective stabilizer on the preparation of colloidal
core—shell metallic nanoparticles.”’ However, no one
has reported the fabrication of B-CD-modified water-
dispersible Ag-TiO, core—shell nanoparticles, as far as
we know. In this article, water-dispersible normal and
reverse Ag-TiO, core—shell nanoparticles are synthesized
by using B-CD as a capping agent at moderate condition
(room temperature). The optical properties, structure and
composition of the metal-metal oxide core—shell particles
were characterized by UV-visible absorption spectroscopy,
transmission electron microscopy (TEM) and X-ray pho-
toelectron spectroscopy (XPS). Finally the photocatalytic
activity of the synthesized Ag-TiO, core—shell nanoparti-
cles was also investigated in water and compared with the
TiO, nanoparticles without Ag. Phenol was used for the
determination of methodology on a reaction of the photo-
catalytic degradation. To the best of our knowledge, this
is the first example on the photocatalytic application of
water-dispersible Ag-TiO, core—shell nanoparticles, which
are simple and environment-friendly system.

2. EXPERIMENTAL DETAILS
2.1. Reagents

Silver nitrate, tetraisopropyl orthotitanate and isopropanol
were purchased from Wako chemicals. Phenol, 4-
aminoantipyrine and potassium ferricyanide were pur-
chased from Acros Organics. 3-CD was purchased from
Junsei Chemical Ltd. All reagents were of analytical grade
and used without further purification. Ultrapure (Millipore
Milli-Q) water was used for all synthesis and in the cat-
alytic study.

2.2. Instruments

UV-visible absorption spectra for dispersions were col-
lected with a Jasco V-670 spectrophotometer using a
10 mm quartz cell. The microscopic observation was per-
formed on a Hitachi H-7000 TEM with a CCD camera
attachment, operating at 100 kV. Samples for TEM were
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prepared by casting a droplet of the dispersion on a cop-
per grid, which was coated with a thin carbon film. XPS
analysis was performed on a theta probe ESCA VG Scien-
tific (2002) using a monochromatic AlK« as the exciting
source. The samples were prepared by spin-coating one
drop of a nanoparticle dispersion on a Si-substrate and
then allowing them to dry in air. Photoirradiation was car-
ried out under atmosphere, using a HOYA EX250 UV light
source with a 250-W Hg lamp (below 320 nm).

2.3. Synthesis of Monometallic Ag and
TiO, Nanoparticles

Ag nanoparticles were synthesized as below. After
0.0792 g of B-CD was dissolved in 9.795 cm® of water
under stirring, 0.1 cm?® of NaOH (1 M) was added to the
solution so as to adjust pH between 10 and 12. To this
solution, 0.1 cm® of an aqueous AgNO, (10 mM) solution
was added under stirring, and sequentially 0.005 cm® of a
NaBH, (10 mM) solution was slowly added with continu-
ous stirring at room temperature. The stirring was contin-
ued for 2 hr. The solution turned yellow immediately after
adding NaBH,, indicating the formation of particles in the
solution.

TiO, nanoparticles were prepared by hydrolysis of
[(CH,),CHO],Ti in an aqueous solution of B-CD. First
0.0792 g of B-CD was dissolved in 9.400 cm® of water
and then a solution was adjusted pH between 10 and 12
by adding 0.1 cm® of NaOH (1 M) under continuous
stirring. Moreover 0.5 c¢cm® of isopropanol solution of
[(CH,),CHO],Ti (10 mM) was slowly added under vig-
orous stirring at room temperature and the solution was
continuously stirred for 2 hr. The resultant solution was
almost transparent and very stable.

2.4. Synthesis of Ag-TiO, and TiO,-Ag
Core-Shell Nanoparticles

Ag-TiO, core—shell nanoparticles were synthesized by
adding dropwise 0.5 cm® of an isopropanol solution of
[(CH;),CHO],Ti (10 mM) to 10 cm® of a solution of pre-
formed Ag nanoparticles with vigorous stirring. During
the progress of the reaction, the yellow solution of Ag
nanoparticles slowly converted to brownish yellow, indi-
cating the formation of Ag-TiO, particles in the solu-
tion. The final concentrations of the Ag and TiO, in the
metal-metal oxide particles were calculated to be 0.1 and
0.5 mM, respectively.

For the synthesis of TiO,-Ag core—shell nanoparticles,
0.1 cm® of an AgNO, (10 mM) solution was added to
10 cm? of a solution of preformed TiO, nanoparticles with
vigorous stirring. To the solution, 0.005 cm® of an aque-
ous solution of NaBH, (10 mM) was added with stirring
at room temperature and the stirring was continued for
2 hr. The color-less solution slowly turned pale reddish
purple after adding NaBH,, indicating the formation of
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TiO,-Ag particles in the solution. Here the final concen-
trations for TiO, and Ag were calculated to be 0.5 and
0.1 mM, respectively.

Using the same procedure, Ag-TiO, core—shell nanopar-
ticles with different TiO, concentrations from 0.1 to
0.4 mM were synthesized at a constant Ag concentra-
tion (0.1 mM). For the synthesis of TiO,-Ag core—shell
nanoparticles, the Ag concentration was changed from 0.1
to 0.4 mM with the fixed concentration of TiO, (0.1 mM).

All the dispersions of nanoparticles were remained sta-
ble in ambient condition without changing their colors.

2.5. Photocatalytic Degradation

The photocatalytic activities of Ag-TiO, (0.1:0.5 mM)
and TiO,-Ag (0.5:0.1 mM) core-shell nanoparticles and
TiO, (0.5 mM) nanoparticles were studied by measur-
ing the photodegradation rates of phenol. For a typical
photodegradation, 5 cm® of a stock solution of phenol
(100 g/m®) was mixed with 5 cm® of the solutions of
nanoparticles and stirred for 1-2 min. The concentration of
TiO, nanoparticles was definite at approximately 0.25 mM.
For all examinations of photocatalytic degradation, the
phenol concentration was maintained constant at 50 g/m°.
The aqueous solutions of phenol-containing nanoparticles
were photoirradiated by using a UV light source under
atmosphere at room temperature. The degradation of phe-
nol was monitored by 4-aminoantipyrine according to an
ultraviolet ratio method:* At every 5-10 min an aliquot
was withdrawn from the reaction mixture. The phenol con-
centration was determined by measuring the UV-visible
absorbance (at 510 nm) of the solutions in existence of
4-aminoantipyrine (3 wt%) and potassium ferricyanide
(2 wt%) and by comparing with the calibration curve.

3. RESULTS AND DISCUSSION

3.1. Synthesis of B-CD-Modified Core—Shell
Nanoparticles

Ag-TiO, core—shell nanoparticles were prepared by one
pot synthesis that involved reduction of silver ions with
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Scheme 1. Schematic representation of the preparation of S-CD-
modified Ag-TiO, and TiO,-Ag core-shell nanoparticles. NP:
nanoparticle.
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NaBH, in the presence of S-CD and succeeding hydroly-
sis of the tetraisopropyl orthotitanate in water. The resul-
tant solution was almost transparent and very stable. The
silver ions were reduced first with NaBH,, followed by
the slow hydrolysis of tetraisopropyl orthotitanate to make
a TiO, shell over the Ag core. Then the 3-CD plays
an important role as a protecting agent and stabilizer for
nanoparticles. Inversely for the water-dispersible TiO,-Ag
core—shell nanoparticles, first the TiO, nanoparticles were
synthesized and followed by the addition of AgNO; and
NaBH,, leading to the deposition of metal Ag on the TiO,
nanoparticles. A schematic representation of the prepara-
tion of Ag-TiO, and TiO,-Ag core—shell nanoparticles is
shown in Scheme 1.

3.2. Photophysical Property of B-CD-Modified
Core—Shell Nanoparticles

The surface plasmon property of the metal nanoparticles
is a great importance in the study of the metallic nanoma-
terials. Then the coherent oscillation of the free electron
is generated on the surface of metallic nanoparticles and
the absorption of an external electron field occurs due to
the resonance. Figure 1 shows the UV-visible absorption
spectra of TiO, and Ag nanoparticles prepared at alka-
line pH in the presence of B-CD as a stabilizer. Due to
the plasmonic excitation resonance, the solution of Ag
nanoparticles revealed a Plasmon band at 405.5 nm. The
transparent solution of TiO, nanoparticles provided strong
UV absorption below 330 nm but no absorption above
330 nm. The formation of the Ag-TiO, and the TiO,-Ag
core—shell nanoparticles was confirmed by a UV-visible
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Fig. 1. UV-Vis absorption spectra of 3-CD-modified nanoparticles in
water. (A) TiO, (0.5 mM), (B) Ag (0.1 mM), (C) Ag-TiO, core—shell
(0.1:0.5 mM), (D) TiO,-Ag core—shell (0.5:0.1 mM). Inset: surface plas-
mon bands (A,,,) of B-CD-modified core-shell nanoparticles as a func-
tion of Ag or TiO, concentration from 0.1 to 0.4 mM. (e): Ag-TiO, (at a
constant Ag concentration of 0.1 mM), (l): TiO,-Ag (at a constant TiO,
concentration of 0.1 mM).
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absorption spectroscopy, as seen in Figure 1. The TiO,-Ag
and Ag-TiO, core—shell nanoparticles exhibited a surface
plasmon band of Ag in the visible region. This band was
strongly influenced by metal oxide (TiO,), although TiO,
itself has no absorption in the visible region above 330 nm.
The surface plasmon bands of the Ag-TiO, and the TiO,-
Ag core—shell nanoparticles are significantly red-shifted to
be at 447.5 and 448.0 nm respectively, in comparison with
that (405.5 nm) of Ag nanoparticles. The high dielectric
constant of the TiO, metal oxide causes a red-shift in the
surface plasmon band of Ag.”

To clarify the photophysical properties of the TiO,-
Ag and Ag-TiO, core—shell nanoparticles, positions of the
surface plasmon bands are plotted in Figure 1(inset) as
a function of Ag* and Ti** concentrations, respectively.
A plasmon band of the Ag-TiO, core—shell nanoparticles
was red-shifted when the TiO, concentration was changed
from 0.1 to 0.4 mM, keeping Ag concentration constant at
0.1 mM. This is attributed to the effect of thickness of TiO,
shell on plasmon phenomenon of Ag nanoparticle. On
the other hand, on the TiO,-Ag core—shell nanoparticles
(respect to TiO, concentration at 0.1 mM), a plasmon band

from thin Ag shell (0.1 mM) was remarkably red-shifted
from that (405.5 nm) of Ag nanoparticle by the strong
effect of TiO, core. However, the affect weakened, that is,
a plasmon band was blue-shifted, when the Ag concentra-
tion (or shell thickness) increased, indicating the approach
of core—shell nanoparticle to homogeneous Ag nanoparti-
cle or the diminution of the effect of TiO,. When the core
(TiO,) concentration of TiO,-Ag core—shell nanoparticles
was high (0.5 mM) (Ag*t concentration is 0.1 mM) (see
Fig. 1), the effect of TiO, was less than that at core con-
centration of 0.1 mM. This should be due to the formation
of too thin Ag layer or the nonuniform coverage by Ag
metal on the surface of TiO, core.

3.3. Morphology and Size Distribution of
B-CD-Modified Core-Shell Nanoparticles

TEM images of the B-CD-modified nanoparticles are
shown in Figure 2(A-D). It can be seen that the nanopar-
ticles were a sphere and fairly small, although the sizes
are different each other. The average diameters of the Ag
(0.1 mM) and TiO, (0.5 mM) nanoparticles were 6.4 +1.9

Fig. 2. TEM images of B8-CD-modified nanoparticles. (a) Ag (0.1 mM), (b) TiO, (0.5 mM), (c)Ag-TiO, coreshell (0.1:0.5 mM), (d)TiO,-Ag core—

shell (0.5:0.1 mM). The scale bar in inset is 20 nm.
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Fig. 3. X-ray photoelectron spectra of 8-CD modified nanoparticles (a) Ag 3d (Ag-TiO, core—shell), (b) Ag 3d (TiO,-Ag core—shell), (c) Ag 3d (Ag),
(d) Ti 2p (Ag-TiO, core-shell), (e) Ti 2p (TiO,-Ag core-shell), (f) O 1s (Ag-TiO, core-shell), (g) O 1s (TiO,-Ag core-shell), (h) Ols Ag (i) Cls

(Ag-TiO, core—shell), (j) Cls (TiO,-Ag core-shell), (k) Cls Ag.

and 4.5+ 1.0 nm, respectively, from histograms of size dis-
tribution of nanoparticles (300 samples). It was observed
for the Ag-TiO, (0.1:0.5 mM) and TiO,-Ag (0.5:0.1 mM)
core—shell nanoparticles that their particle sizes were 9.1+
1.0 and 11.3 £ 1.0 nm respectively. These results mean
that the particle size is almost uniform with a narrow
size distribution. Additionally, in the Ag-TiO, core—shell
nanoparticles the outer shell of the TiO, metal oxide was
clearly observed round the core of Ag. The formation of
the Ag shell was also observed for the TiO,-Ag core—
shell nanoparticles but the shell thickness was not uniform
round all the TiO, surfaces. This result is consistent with
the result described above. Thus the TEM images sup-
port the formation of the Ag-TiO, and TiO,-Ag core—shell
nanoparticles.

3.4. Composition of 3-CD Modified Core—Shell
Nanoparticles

In order to confirm the detail composition of the 8-CD
modified nanoparticles, XPS analysis was carried out. The
XPS spectra of Ag-TiO, core-shell (0.1:0.5 mM), TiO,-
Ag core—shell (0.5:0.1 mM) and Ag (0.1 mM) nanoparti-
cles are shown in Figure 3. Although each spectrum of Ag
and Ti atoms displays two isolated peaks, that of O and C
atoms consists of one asymmetric peak or two unisolated
peaks. Therefore the O and C peaks were decomposed by

3288

Table 1. Binding energy of B-CD-modified Ag-TiO, core—shell
(0.1:0.5 mM), TiO,-Ag core-shell (0.5:0.1 mM) and Ag (0.1 mM)
nanoparticles.

Binding energy (eV)

Composition Ag-TiO, TiO,-Ag Ag
C s 285.9 285.8 285.8
287.4 287.4 287.4
O 1s 5329 532.6 5343
534.2 533.7
534.5 534.2
Ag 3d5/2 375.4 375.4 3753
Ag 3d3/2 369.4 369.4 369.4
Ti 2pl/2 465.3 465.3 —
Ti 2p3/2 459.4 459.4 —

using a Gaussian fitting program. Thus obtained binding
energies of component peaks are listed in Table 1. In the
both core—shell nanoparticles as well as Ag nanoparticles
the Ag 3d;, and Ag 3ds,, peaks of the metallic silver
were commonly observed at 369.4 and 375.4 eV, respec-
tively. The peaks observed at 285.8 and 287.4 eV for three
nanoparticles can be ascribed to C 1s which comes from
the B-CD on the preparation process of nanoparticles.
Both Ag-TiO, and TiO,-Ag core—shell nanoparticles
show two Ti 2p,;,, (465.3 eV) and Ti 2p;, (459.4 eV)
peaks with the peak separation value of 5.9 eV. These
binding energy values provide evidence of Ti** oxidation
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state. Meanwhile it should be noticed that three compo-
nents of O atoms were observed for Ag-TiO, and TiO,-Ag
core—shell nanoparticles but only one component was for
Ag nanoparticles. The minor two C Is peaks at 532.7 £
0.2 eV (surface bridging O, in TiO,) and 534.3+£0.2 eV
(adsorbed O,) were common for Ag-TiO, and TiO,-Ag
core—shell nanoparticles. However a main O 1s peak at
534.1+0.3 eV was observed for three nanoparticles due
to the O atom of B-CD. All the observed binding energy
values match well with the values in literature.?!3! The
binding energy data indicate that the Ag-TiO, and TiO,-
Ag core—shell nanoparticles are mainly composed of Ag,
Ti, O and C, although in the Ag nanoparticles only Ag, O
and C were found. Namely, the former consists of Ag,
TiO, and B-CD, and the component of the latter is Ag and
B-CD, as expected.

3.5. Photocatalytic Activity of 3-CD Modified
Core—Shell Nanoparticles

The plasmon band at visible region of the Ag-containing
TiO, nanoparticles should support the enhancement of
photocatalysis. The photocatalytic degradation property
of the B-CD-modified Ag-TiO, (0.1:0.5 mM) core—shell
nanoparticles was compared with those of the B-CD-
modified TiO,-Ag (0.5:0.1 mM) core—shell nanoparticles
and B-CD-modified TiO, (0.5 mM) nanoparticles by car-
rying out irradiation of UV light on 50 g/m*® phenol.
According to the procedure described in the experimental
section, the degradation of phenol (in %) was calculated
and its variation was plotted in Figure 4 as a func-
tion of irradiation time. It is noticed that the degradation
of phenol occurred in the order of Ag-TiO, core—shell
nanoparticles > TiO, nanoparticles > TiO,-Ag core—shell

100
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| —@— TiO,-Ag

go | A TiO, e )

c —v— Without Cat. . u/;
.2 - " ,,A
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Fig. 4. Photocatalytic degradation of phenol under UV light irradiation
[250 W Hg lamp (below 320 nm)] in atmosphere at room temperature
in the presence of Ag-TiO, core—shell (M), TiO,-Ag core—shell (o), and
TiO, nanoparticles (A) and in the absence of nanoparticles (V).
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nanoparticles > no photocatalyst. This order also can be
confirmed from the kinetic analysis.

The reaction displayed the aspect of the first-order kinet-
ics with respect to the phenol degradation. The first-order
rate equation is described as

In(C,/C) =kt + A

where C is the concentration of phenol at time 7 (min)
and C, is the initial concentration of phenol. The k and
A denote the reaction rate constant and the constant. They
are evaluated from the slope and intercept of In (C,/C)
versus ¢ plot. The corresponding plot displays clearly a
linear correlation for phenol degradation having first-order
rate constant being 2.86 x 1072 min~' with respect to Ag-
TiO, core—shell nanoparticles. The calculated phenol pho-
todegradation rate constant for the case of TiO,-Ag core—
shell nanoparticles and TiO, nanoparticles were 0.89 x
1072 and 1.68 x 1072 min~!, respectively.

The Ag-TiO, core—shell nanoparticles are more efficient
as a photocatalyst than the TiO,-Ag core—shell nanoparti-
cles and TiO, nanoparticles. The surface plasmon of Ag
works on, when the metallic core contacts with the n-type
TiO, semiconductor shell, which forms a Schottky bar-
rier band and promotes the charge separation. This phe-
nomenon causes the formation of holes on TiO, valence
band. These photo-generated holes at the valence band
migrate to the surface and the combination with OH
groups adsorbed on TiO, surface results in the formation
of OH radicals. The electrons in conduction band com-
bine with O, and forms O; radical. Both these radicals
oxidize phenol molecules, resulting in the formation of
intermediate organic species and subsequently complete
oxidation of these species to water and carbon dioxide.*> 33
The existing 8-CD promotes the close contact of the TiO,
surface with an organic molecule by a host-guest inclu-
sion and increases the reaction rate. The possible mecha-
nism was shown in Figure 5. In TiO, nanoparticles there

Ag-TiO, ——-Ag-TiO, (€ + h*)

Fig. 5. Photocatalytic mechanism of S-CD-modified Ag-TiO, core—
shell nanoparticle under UV light source.
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is no such charge separation carried out between metal
and metal-oxide layer and photocatalytic reaction rate is
not enhanced. It should be assumed for the TiO,-Ag core—
shell nanoparticles that the outer Ag layer becomes barrier
on the contact of TiO, surface and water molecules and
hinders the formation of hydroxyl radicals, resulting in the
slower rate of the photocatalysis than the case of the TiO,-
Ag core-shell nanoparticles, although the rate is higher
than the case in the absence of nanoparticles.

4. CONCLUSION

The B-CD-modified highly water-dispersible Ag-TiO, and
TiO,-Ag core—shell nanoparticles have been successfully
synthesized by an approach of green chemistry using mild
conditions at room temperature. The TEM images clearly
show the core and shell formation for the Ag-TiO, and
TiO,-Ag nanoparticles, which are uniformly spherical. It
is suggested that the 3-CD plays a significant role to sta-
bilize the growing nanoparticles and disperse them well in
water. The present report indicates that Ag-TiO, core—shell
nanoparticles display a red shift of surface plasmon band
which enhances photocatalytic activity. The photocatalytic
degradation of phenol is faster in an aqueous suspension
of B-CD modified Ag-TiO, core—shell nanoparticles than
the B-CD modified TiO, nanoparticles and 8-CD modified
TiO,-Ag core—shell nanoparticles. It can be concluded that
the catalytic activity of TiO, nanoparticles is encouraged
by the surface plasmon characteristics of Ag core and the
host—guest inclusion characteristics of 8-CD on TiO, shell.
Then this 3-CD modified core—shell photocatalyst should
be the promising nanomaterials in green chemistry.
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