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ABSTRACT

Well-dispersed M@TiO, (M = Ag, Pd, Au, Pt) nanocomposite particles with a diameter of 200-400 nm can be
synthesized on a large scale by a clean photochemical route which does not require any additives using
spherical rutile nanoparticles as a support. The sizes of Pt, Au, and Pd nanoparticles formed on the surface of
TiO, particles are about 1 nm, 5 nm, and 5 nm, respectively, and the diameter of Ag nanoparticles is in the range
2-20 nm. Moreover, the noble metal nanoparticles have good dispersity on the particles of the TiO, support,
resulting in excellent catalytic activities. Complete conversion in catalytic CO oxidation is reached at temperatures
as low as 333 and 363 K, respectively, for Pt@TiO, and Pd@TiO, catalysts. In addition, the antibacterial effects of
the as-synthesized TiO, nanoparticles, silver nanoparticles, and Au@TiO, and Ag@TiO, nanocomposites have
been tested against Gram-negative Escherichia coli (E. coli) bacteria. The results demonstrate that the presence
of the TiO, matrix enhances the antibacterial effect of silver nanoparticles, and the growth of E. coli can be
completely inhibited even if the concentration of Ag in Ag@TiO, nanocomposite is very low (10 pg/mL).
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1. Introduction catalytic activity while reducing the amount of noble

metal used [3]. Platinum serves as an excellent catalyst
Noble metals are widely used as catalysts but, due to  for a variety of applications, including CO/NO,

their limited resources, how to use them more  oxidation, reforming syngas, and refining of petroleum

efficiently has become an emergent problem [1, 2].
Preparing ultrathin nanosized noble metal particles,
especially with diameters less than 5nm and even
less than 1 nm, is an efficient way to increase their

T These authors contributed equally to this work.
Address correspondence to shyu@ustc.edu.cn

[1]. Palladium is frequently used as a catalyst for CO
oxidation and Suzuki reactions, in monometallic or
bimetallic form [1, 4, 5]. Silver and gold nanoparticles
can directly interact with some functional groups of
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many bacterial cell membranes, and thus have strong
cytotoxicity to various bacterial cells at lower metal
usage compared to that required for bulk metals [6, 7].
Organic frameworks [6, 7] and metal oxide supports
[8-10] have frequently been used to maintain the
dispersion of such noble metal nanoparticles. Due to
their low price and ability to be prepared on a large
scale, and since they are beneficial or, at worst, inert
in processes catalyzed by noble metals, inorganic
supports are preferred. TiO, is an active support for
promoting the catalytic performance of Pt or Pd, as
well as the antibacterial effects of Ag or Au [8, 11, 12].
On the other hand, TiO, is a typical semiconductor,
widely used as photocatalyst for splitting water,
decomposition of dyes, antibacterial applications under
UV light, and so on [13-17].

To make the use of noble metals more economic and
to improve their performance, it is crucial to control
both the size of nanoparticles and their dispersity on
a support [18-20]. Versatile colloidal methods for the
synthesis of noble metal nanoparticles have emerged
recently, but require the presence of organic molecules
or solvents [21-23]. Generally, there are two methods
to prepare a composite catalyst of such noble metal
nanoparticles loaded on a support. One is a two-step
method, involving the initial synthesis of noble metal
nanoparticles, followed by a subsequent combination
of these particles with a suitable support [24, 25]. The
other method involves calcination of a mixed precursor
of noble metal and support materials at relatively
high temperature [26, 27]. However, aggregation of
nanoparticles is hard to avoid in the first case, while
the size of the noble metal particles is difficult to control
in the second case [25, 28].

The photochemical route is a promising way to
form noble metal-semiconductor nanocomposites in
situ by reducing noble metal ions adsorbed on the
surface of a semiconductor. It is well known that a
semiconductor can be excited and then generate
electrons (e7) and holes (h*) in the conduction band
(CB) and valence band (VB) if the energy of the photons
of the incident light is larger than that of the band gap
of the semiconductor (Scheme 1) [13, 29]. However,
previous work involving photocatalytic reduction of

noble metal precursors was mostly aimed only at

hv

_rr TiO,

Scheme 1 Photochemical route for formation of M@TiO,
nanocomposites. CB: conduction band; VB: valence band; M: Ag,

M NPs@TiO,

Pd, Au, Pt; e: photoexcited electrons; h*: photoexcited holes;
NPs: nanoparticles

preparing nanoparticles, rather than nanocomposites
for practical applications [30, 31]. Current methods of
preparation of noble metal-support nanocomposites,
as opposed to isolated metals [30], by photochemical
routes need careful control of the reaction parameters
and conditions, and amines and organic solvents are
generally required in the synthesis mixture [32-34].
From the viewpoint of applications, any residue of
amines or organic solvents on the noble metal loaded
support will obviously affect the performance of the
noble metal [35].

In this paper, we report an efficient method for the
synthesis of a series of well-dispersed M@TiO,
(M =Ag, Pd, Au, Pt) nanocomposite particles with a
diameter of 200—400 nm on a large scale by a clean
photochemical route without any additives being
required and using spherical rutile nanoparticles as
support. The catalytic CO oxidation performance
and antibacterial effects of the products have been
investigated.

2. Experimental
2.1 Materials

TiCl; (M,, = 154.23, solution in 15 wt%—20 wt% dilute
aqueous hydrochloric acid), chitosan (degree of
deacetylation > 90%), AgNO; (M,, =169.87), HAuCl,
(M, =339.79), acetic acid (M,, =60.06), hydrazine
(M,, =50.06, 85%v/v), and acetone (M, =58.08) were
analytical grade from Shanghai Chemical Reagents
Corporation (SCRC). Ultrapure water was prepared
using a Millipore Simplicity UV system.
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2.2 Synthesis of rutile TiO,

5 grams of chitosan powder was poured into a vessel
containing 100 mL of deionized water and 5 mL of
acetic acid. The mixture was stirred for 6 h at 90 °C,
and finally cooled naturally to room temperature. 10
grams of this as-synthesized chitosan solution was
added dropwise into a vessel containing 40 mL of
acetone and 4 mL of TiCl; solution, and then the
vessel was covered with parafilm and left at room
temperature for 2 weeks. The resulting white deposit
was immersed in water to dissolve the chitosan, and
then the suspension was centrifuged and washed
several times with deionized water and ethanol.
Finally, the powder was dried at 60 °C.

2.3 Synthesis of M@TiO, nanohybrid materials by
photoreduction

50 mg of as-synthesized TiO, powder and 1 mL
(5 mol/L AgNO;, or 2.5 mmol/L HAuCl,), or 3 mL
(2.5 mmol/L PdCl,, or 2.5 mmol/L H,PtCls) of an
aqueous metal salt solution were dispersed with
100 mL of deionized water in a Pyrex flask with
capacity of about 250 mL under stirring. The flask
was exposed to light from a high-pressure Xe lamp
(150 W, PerkinElmer Co.). The reaction was carried
for 25 min (AgNO;) or 1.5 h (PdCl,, HAuCl,, H,PtCly).
Then the powder was collected by centrifugation and
washed twice by deionizedwater and ethanol. Finally,
the resulting powder was dried at 60 °C.

2.4 Catalytic oxidation of CO

The catalytic activity was evaluated with a fixed-bed
flow reactor. The weight of catalyst used was 48.5 mg,
and the reaction gas consisting of 1%(v/v) CO and
99%(v/v) dry air was fed at a rate of 20 mL/min. The
composition of the effluent gas was detected with an
online GC-14C gas chromatograph. The conversion
of CO was calculated from the difference in CO
concentrations between the inlet and outlet gases.

2.5 Antibacterial applications

To examine the susceptibility of Gram-negative
Escherichia coli (E. coli) to different hybrid nanoparticles,
agar plates were employed. Bacterial solution (100 pL)

cultured in Luria-Bertani (LB) liquid medium with a
concentration of 10° cfu/mL of E. coli was plated on
agar plates with 20 ug/mL of Au@TiO, or Ag@TiO,
(cfu: colony-forming units).

The detailed antibacterial effects of as-synthesized
materials were assessed by culturing E. coli at 37 °C in
a shaking incubator at 280 rpm (in 50 mL LB broth
medium supplemented with 107 cfu/mL bacterial
solution and different concentrations of as-synthesized
materials). E. coli inoculum was prepared by culture
overnight at 35°C and 200 rpm in 50 mL LB broth
medium from a single colony surface on LB agar plates,
and then about 2 mL of the culture was transferred into
100 mL of fresh LB medium and further conditioned
at 35°C and 200 rpm to prepare the inoculum. For
each growth inhibtion experiment, 5 mL of E. coli
inoculum was added to 50 mL of fresh LB broth
medium containing as-synthesized nanoparticles with
different concentrations, i.e., 0.5-10 pg/mL. For Ag
nanoparticles or Au@TiO,, the concentrations given
in Fig. 8 and the main text refer to the concentration
of the metal. The experiments were performed three
times. The optical density at 600 nm was measured at
hourly intervals by UV/vis spectrophotometry.

2.6 Characterization

Surface charges (zeta potentials) and particle sizes of
each sample were measured on a Nano-ZS Zetasizer
dynamic light scattering detector (Malvern Instruments,
UK) equipped with a 4.0 mW internal laser. X-ray
powder diffraction patterns were collected on a
Philips X'Pert Pro Super Diffractometer using Cu Ko
radiation (1=1.541874 A). A Thermo-VG Scientific
ESCALAB 250 instrument was used for X-ray photo-
electron spectroscopy (XPS) measurements. UV/vis
spectra were recorded with a Shimadzu UV-240
spectrophotometer. Fourier transform infrared (FTIR)
and Raman spectra were measured using Magna
IR-750 (Nicolet Instrument Co. USA) and Ramanlog
(Spex, USA) spectrometers, respectively. The photo-
luminescence spectra measurements were conducted
on a Fluorolog3-TAU-P instrument. Transmission
electron microscope (TEM) images were obtained using
a JEOL JEM 2011 microscope with an accelerating
voltage of 200 kV. Scanning electron microscope (SEM)
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measurements were carried out using a Zeiss Supra
40 microscope. Two-photon images were recorded
using a Zeiss LSM510 instrument. Nitrogen sorption
data were obtained with a Micromeritics TriStar 3000
automated gas adsorption analyzer. Surface areas
were obtained using the Brunauer-Emmet-Teller
(BET) method.

3. Results and discussion
3.1 Synthesis of rutile TiO, nanostructures

Hydrolysis and subsequent oxidation by dissolved
oxygen of Ti(Ill) species are slow at room temperature
in an acetone/water mixed solvent containing chitosan
[36, 37]. After removing the chitosan by extraction
with deionized water, the resulting white powder
was collected by centrifugation. FTIR spectra indicate
that no chitosan residue remains in the powder and a
relatively strong peak at 1630 cm' can be attributed
to hydroxyl groups (see Fig.S-1 in the Electronic
Supplementary Material (ESM)). The X-ray photo-
electron (XPS) spectra of the powder show the binding
energies of Ti 2p;;, and Ti 2p;;, are 464.4 and 458.69 eV,
respectively, confirming that no Ti(Ill) species remain
in the sample (see Fig. S-2 in the ESM).

The X-ray diffraction (XRD) pattern in Fig. 1(a) shows
that the as-synthesized powder is the rutile phase of
TiO,. Calculations based on the half-widths of the (110),

Rutile
JCPDS No. 16-934

Intensity (a.u.)

20 25 30 35

(101), and (111) diffraction peaks using the Scherrer
formula indicated that the average size of the
crystallites was about 10 nm. The symmetry of rutile
TiO: is tetragonal P4,/mnm, in which the titanium
atoms (gray) occupy the corners and the body center,
and oxygen atoms (red) occupy *(0.3,0.3,0) and
£ (0.8, 0.2, 0.5) sites as shown in Fig. 2(d).

Figure 1(b) shows the Raman-active fundamental
modes of the as-obtained TiO,. The A;,; (603 cm) and
E¢ (432 cm™) modes as well as a second-order peak
at about 240 cm™ are the dominant peaks and
characteristic of the rutile phase of TiO,. The Raman
peak at about 105 cm™ and a broad band at about
685 cm™ are due to a size effect and indicate that the
size of the particles is less than 10 nm [38]. SEM
images show that uniform spheres with a diameter of
200-400 nm can be obtained on a large scale (see
Fig. 5-3 in the ESM). The small size of the TiO, particles
means a high surface-to-volume ratio. The BET surface
area of the powder is 173 m?/g (Fig. 3).

The high-magnification TEM images in Figs. 2(a)
and 2(b) show that the spherical aggregates have
good crystallinity and are composed of nanoparticles
with a diameter less than 10 nm, consistent with the
Raman spectra and the XRD data discussed above.
A high-resolution TEM (HRTEM) image (Fig. 2(c))
shows that the lattice fringes on the crystal face have
a spacing of 3.28 A, corresponding to the (110) face of
rutile TiO,. The (110) surface obtained by cleaving a
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Figure 1 (a) XRD pattern of as-synthesized rutile TiO, and standard reference pattern (JCPDS No. 16-934); (b) Raman spectra of

as-synthesized rutile TiO,, Au@TiO,, and Ag@TiO,
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10 nm

Rutile

Figure 2 (a), (b) TEM, and (c) high-resolution TEM (HRTEM) images of as-synthesized
rutile TiO,. (d) Atomic cell model of rutile TiO,, and (e) (110) surface of rutile TiO, (where
the gray balls and red balls represent Ti and O atoms, respectively) obtained using Accelrys

Materials Studio Modeling 3.1

rutile unit cell is a Ti-rich plane, which indicates that
it has a positive charge. The exposed titanium atoms
on the plane are readily coordinated by hydroxyl
groups as shown in the FTIR spectrum (see Fig. S-1 in
the ESM). Moreover, the positively charged plane
leads to the TiO, colloids having a high zeta potential
(45.8 mV), indicating a good stability in solution.

3.2 Synthesis of M@TiO, hybrid materials by
photoreduction

After irradiation by a Xe light source, the white
suspension of TiO, and an appropriate metallic
precursor became light yellow—green (Ag), dark (Pd),
purple (Au), and yellowish (Pt), as shown in Fig. 4.
Comparison of the bright field images and two-
photon images of the powders showed no obvious
signal intensity increase in the case of pure TiO,. Two-
photon signals only arise from the surface plasmon
resonance (SPR) effect of noble metal nanoparticles
[39] (see Fig. S-4 in the ESM) and the images of noble
metal containing powders after the photoreduction
process showed typical two-photon effects and good
co-localization with the bright field images, which
indicates that the noble metal must be deposited on the
TiO, nanoparticles with no noble metal nanoparticles

being localized outside the TiO,
matrix (see Fig. 5-4 in the ESM).
Furthermore, the XPS spectra of
the four M@TiO, samples (M = Ag,
Pd, Au, Pt) all confirm the
presence of the noble metals in
their elemental states (see Fig. S-5
in the ESM). It is believed that
photogenerated electrons from the
conduction band are responsible
for the reduction of metallic ions
adsorbed on the surface of TiO,
nanoparticles (Scheme 1) [30].
Inductively coupled plasma atomic
emission spectrometry (ICP-AES)
of the solution obtained after
centrifugation of the reaction sus-
pension indicated an almost total
absence of noble metal ions, which
means that all the noble metal
ions were deposited on the TiO..

3.3 Catalytic performance of Pt@TiO, and Pd@TiO,
in the CO oxidation reaction

The loadings (weight ratio of metal to TiO, support)
of Pt and Pd in the catalysts were 2.9 wt% and 1.5 wt%,
respectively, as given by ICP-AES. The TEM images
of Pt@TiO, and Pd@TiO, nanocomposites given in
Fig.5 show that metal nanoparticles are decorated
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Figure 3 BET adsorption-desorption isotherms of the as-
synthesized rutile TiO, powder
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Figure 4 Photographs of suspensions of (from left to right)
Ag@TiO,, PA@TiO,, Au@TiO,, and Pt@TiO,

homogeneously on TiO, particles. The sizes of Pt and
Pd nanoparticles are about 1 nm (Figs. 5(a) and 5(b))
and 5nm (Figs. 5(c) and 5(d)), respectively. These
should have good catalytic activity for CO oxidation,
given the well-known activity-size relation [18-20].
The energy dispersive spectra (EDS)
show the presence of Pt and Pd (a)
elements in the respective samples
(see Figs.S-6 and S-7 in the ESM).
As-prepared Pt@TiO, particles show
good catalytic activity for CO
oxidation (Fig. 6(a)). On the third
pass through the reactor containing
Pt@TiO,, CO conversion reached
100% at 333 K. It is well known that

Pt-loaded metal oxide supported el O

== =)
catalysts are generally not efficient at —
low ratios of O,/CO or temperatures
below 443 K, because CO and O, are
adsorbed at similar sites, and strong
CO adsorption hinders O, adsorption
on the noble metal catalyst [40—42].
In our case, the high conversion
obtained at low temperature indicates
the high activity of the small
nanoparticles with a large number of

Pt atoms with low coordination

1 nm [19, 20, 43]. The Pt and Pd nanoparticles shown
in Fig. 5 are too unstable to give a high-magnification
TEM image, because they melt under the electron
beam of a TEM. For Pd@TiO,, CO conversion reached
100% at 363 K (Fig. 6(b)). Complete conversion at this
low temperature can also be attributed to the small
size of Pd nanoparticles. However, its catalytic activity
was lower in the second pass through the reactor,
which could be due to melting of the nanoparticles or
further growth of unstable Pd nanoparticles [4, 44].

3.4 Antibacterial effect of Ag@TiO, and Au@TiO,
nanocomposites

Figure 7 shows TEM and HRTEM images of Ag@TiO,
and Au@TiO, nanocomposites. The size distribution
of Ag ranges from 2 to 20 nm (Figs. 7(a) and 7(b)). The
lattice fringe spacing for Ag@TiO, is 2.36 A, which is
consistent with the [111] spacing of Ag (Fig. 7(c)). The
Au nanoparticles with a diameter of about 5 nm are
monodisperse on the surface of TiO, support as shown
in Figs.7(d) and 7(e). The lattice fringe spacing is

(b)

|

number present on the surface of Figure 5 TEM images of the M@TiO, nanocomposites: (a) and (b) Pt@TiO,; (c) and

nanoparticles with a diameter of (d)Pd@TiO,
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Figure 6 Catalytic performance of the nanocomposites (a) Pt@TiO, and (b) Pd@TiO,. The weight of catalyst was 48.5 mg. The reaction
gas consisted of 1% CO and 99% dry air, and was fed at a rate of 20 mL/min

Figure 7 TEM and HRTEM images: (a)—(c) Ag@TiO,, and (d)—(f) Au@TiO,. The lattice fringe spacing in (c) is 2.36 A, corresponding
to the [111] direction of Ag (JCPDS Card No. 89-3722); the lattice fringe spacing in (f) is 2.04 A, corresponding to the [200] direction

of Au (JCPDS Card No. 4-784)

2.04 A, which corresponds to the (200) plane of Au
(Fig. 7(f)). The EDS show the presence of Au and Ag
elements in the samples, respectively (see Figs. S-8
and S-9 in the ESM). The XPS spectra of the Ag@TiO,
composites show peaks at 367.4 and 373.5 eV which
can be attributed to Ag 3ds, and Ag 3d;, of elemental
Ag, respectively [45] (see Fig.S-5 in the ESM).

ICP-AES indicates that the loadings of Ag and Au
in Ag@TiO, and Au@TiO, are about 1.08 wt% and
0.99 wt%, respectively. The small size of the metal
nanoparticles should lead to high antibacterial
activity.

A visual antibacterial test against E. coli was used
to compare colonies on agar plates in the presence or
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absence of the hybrid nanomaterials. Approximately
10* colony-forming units (cfu) of E. coli were cultured
on LB agar plates as control, and LB agar plates
supplemented with 20 ug/mL Ag@TiO, and Au@TiO,
particles. After incubation at 37 °C for 24 h, bacterial
colony crowding was observed on the control plates
in the absence of any additives (see Fig. S-10 in the
ESM). The presence of the Au@TiO, nanocomposite
inhibited bacterial growth by approximately 80%,
indicating that it has a good antibacterial effect (the
purple plate in the insert in Fig. 8(b)). The smooth
yellow plate containing Ag@TiO, nanoparticles (the
insert in Fig. 8(c)) displays nearly complete inhibition
of bacterial growth, which shows the excellent
antibacterial effect of Ag nanoparticles when loaded
on TiO, particles.

A detailed investigation of the dynamics of
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bacterial growth was carried out by measuring the
optical density (O.D.) of the LB broth medium by
UV/vis spectrophotometry [6]. Plots of normalized
O.D. [(cfu/mL)/(cfu/mL)] as a function of time are
shown in Fig. 8. Addition of TiO, with different
concentrations of 0.5, 1, and 5 pg/mL results in no
significant inhibition of bacterial growth (Fig. 8(a))
compared with that in the control experiment without
any added TiO,. In contrast, adding the Au@TiO,
nanocomposite with concentrations of 1,2, 5, and
10 pg/mL has a notable antibacterial effect (Fig. 8(b)),
and increasing the concentration of Au@TiO, leads to
increasing inhibition of bacterial growth.

An excellent antibacterial effect can be achieved in
the case of the Ag@TiO, nanocomposite (Fig. 8(c)).
When the concentration of the nanocomposite was
10 pg/mL, the growth of E. coli was completely

Ll— 10 pg/mlL
1.04 —e—5 ug/m]
42 1g/mL
—v—1 ug/mL
—a— Control

Au@TiO, T =

o2
oo D
f

-
1

- ~_

(cfu-mL~Y(cfu-mL™))
e e

W = o N

PR IR T N |

Normalized bacterial growth

S =2
=S = bt
| ——

4

(==
—_
(88
[F8]
h -
(=)}

Time (h)
(b)

=20 pg/mL
1 —— 10 pg/mL

—A— 5 ng/mL
1 —<« Control

Ag

o O e e
o o o =
i |

0.7
0.6 | T
0.5 natR 3
ok R
044 B L
03" 8%

Normalized bacterial growth
(cfu-mL~"/(cfu-mL™))

Time (h)
(d)

Figure 8 Curves showing the antibacterial effects as a function of time of (a) pure TiO,, (b) Au@TiO,, (¢) Ag@TiO,, and (d) pure
silver nanoparticles with a diameter of 30-50 nm. Photographs inserted in (b) and (c) show petri dishes supplemented with Au@TiO,
(b) and Ag@TiO; (c) at a loading of 20 pg/mL dispersed in medium with 100 pL of 105 cfu/mL E. coli
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inhibited, which is similar to what was observed in
the LB agar plate (the insert in Fig. 8(c)). It has
previously been found [8, 9, 46, 47] that silver-doped
titania has better antibacterial effect than pure silver
particles, only when the loading is very high, about
5-70 times more than we used here. In fact, lowering
the concentration of the nanocomposite to 5 pug/mL,
also has a significant effect on bacterial growth.
Although the detailed mechanism of the antibacterial
effect of silver nanoparticles is still unclear, there are
some clues in the literature. Silver nanoparticles can
interact with sulfur-containing proteins from cell
membrane and phosphorus-containing compounds
in cells, attacking the respiratory chain, with cell
division leading to cell death [48, 49]. For a given
dosage of silver, smaller particle sizes mean a larger
number of particles, which increases the contact
between the bacterial cell membrane and the silver
nanoparticles. A control experiment (Fig. 8(d)) shows
the antibacterial effect of pure silver nanoparticles
synthesized by a previous microwave method [50].
The silver nanoparticles, with diameters of 30-50 nm,
cannot completely depress the bacterial growth even
when the silver concentration reached 20 pg/mL. It is
observed that the nanoparticles aggregated together
and sedimented during the shaking process, decreasing
the possibility of interaction of the bacterial cells with
the silver nanoparticles.

Small silver nanoparticles, with a diameter less than
10 nm, give rise to electronic effects which enhance
their surface reactivity. In our case, the tiny Ag or Au

5 TiOE )
Al-l@noz / |

P e Ag@TiOy |
2 4 P
é
5, 34
=
E
2
i=
T N S I
[= ]

260 280 300 320 340 360 380 400

Wavelength (nm)
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Figure 9

Nano Research W

nanoparticles are loaded on monodisperse rutile
nanospheres, preventing their aggregation and
protecting their high surface activity. Furthermore,
the zeta potentials of Au@TiO, and Ag@TiO, are
positive, +29.8 and +33.2 mV, respectively. It is well
known that the charge on the membrane of E. coli is
negative. Hence, electrical attraction between the
bacteria and as-synthesized hybrid materials increases
their collision possibility and results in the metal
nanoparticles being highly efficient inhibitors of
bacterial growth.

3.5 Photoluminescence of TiO, Ag@TiO, and
Au@TiO,

The photoreduction process and deposition of metal
nanoparticles have no obvious effect on the Raman
spectrum of the TiO, matrix (Fig. 1(b)). In their UV/vis
spectra, the as-synthesized TiO, and metal@TiO,
materials all have strong absorbance around 300 nm
and broad photoabsorption region in the visible region
(400-800 nm) [16, 51] (see Fig. S-11 in the ESM). No
typical absorbance peaks of nanosized silver and gold
are observed, which is similar to a previous report
for materials with such a low metal concentration
[51]. Photoluminescence (PL) bands of TiO, and
metal@TiO, hybrid materials are located in the violet
region (Fig. 9). The observed narrow emission band
is in contrast to the broad emission band reported
previously when the size of TiO, particles was very
small [52]. When as-synthesized TiO, nanoparticles
were excited at 366 nm (Fig. 9(b)), the maximum

30 .
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Photoluminescence spectra of as-synthesized TiO,, Ag@TiO,, and Au@TiO,: (a) excitation spectra; (b) emission spectra
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emission occured at 417 nm (2.97 eV), which arises
from free excitons and is near to the bandgap of bulk
rutile (3.0 eV) [53]. A large shoulder band around
450 nm (2.76 eV) shown in Fig. 9(b) can be ascribed to
oxygen vacancies or a defect state in the nanostructure
[53]. During the irradiation process, the in situ
absorbance and reduction of the metallic precursor
on the surface change the defect state of TiO,. Hence,
the maximum excitation and emission bands of the
Ag@TiO, or Au@TiO, show a small blue-shift compared
with TiO,, with emission peaks observed at 400 nm
(3.10 eV) for Au@TiO, and 399 nm (3.11 eV) for
Ag@TiO, when excited at 352 nm. The introduction
of nanosized metal nanoparticles on TiO, leads to
quenching of the PL intensity, but the emission bands
remain narrow [51]. The narrow emission bands of
the nanocomposites may enable them to act as selective
optical windows for some special applications.

4. Conclusions

A general photochemical route to synthesize Ag@TiO,,
Pd@TiO,, Au@TiO,, and Pt@TiO, nanocomposites on
a large scale has been devised. Four kinds of metal
(Ag, Pd, Au, Pt) precursors can be reduced to uniform
nanoparticles in a clean way when the solution is
irradiated by a Xe light source, and are deposited on
the TiO, matrix to form metal-TiO, nanocomposite
particles without requiring the introduction of any
toxic agents. The nanocomposites synthesized at room
temperature contain rutile TiO, particles with a size
of 200-400 nm and ultra small metal nanoparticles
with diameters of less than 10 nm. The Pt@TiO,
nanocomposite exhibits good activity for CO catalytic
oxidation with conversion temperatures as low as
333 K. Antibacterial experiments demonstrated that
20 pg/mL of Au@TiO, has an obvious antibacterial
effect, while a dosage of as low as 10 pg/mL of as-
synthesized Ag@TiO, nanocomposite shows excellent
antibacterial capability, because the electrical attraction
between negative E. coli and the nanocomposite with
its high positive charge promotes the interaction
between bacterial cells and silver nanoparticles.
These nanocomposites synthesized by this clean
photochemical route without requiring any additives

are expected to find potential applications as catalysts,

antibacterial agents and in other fields.
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