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A Ag/TiO2 nanocomposite, in which silver nanoparticles are

highly dispersed in the uniformly sized pores of a cubic

mesoporous TiO2 molecular-sieve film, has been fabricated.

Metal/semiconductor composite systems have been extensively

studied because of their unique catalytic and optoelectronic

properties mainly determined by the size, morphology, composi-

tion, crystallinity and structure of the composites.1 Among these

systems, the well-known Ag/TiO2 composite is extremely attractive

owing to the intrinsic properties of TiO2 and Ag. TiO2 is the most

widely used photocatalyst due to its powerful light-induced ability

to degrade organic pollutants in both water and air, and to its non-

toxicity, photostability and chemical inertness.2 Silver nanoparti-

cles are also widely studied in catalysis, photography, photonics,

optoelectronics, chemical/biological labeling, and information

storage.3 The specific interactions between TiO2 and Ag in the

nanosized regime can indeed be responsible for the detection of

new physical properties and for enhanced catalytic activity. The

coupling with noble metals has also been demonstrated to increase

the quantum yield of TiO2 photocatalyst by significantly prohibit-

ing the fast recombination of photogenerated charge carriers.2

Several synthetic approaches (e.g., physical blending, chemical

precipitation, photochemical/photocatalytic reduction) for realiz-

ing Ag/TiO2 composites have been reported.4 But the challenge of

synthetically controlling the size, morphology and dispersion of

metal clusters has been met with limited success.5 Development

of new synthetic routes to metal/oxide nanocomposites is therefore

desirable and has received much attention. For instance, core-shell

nanostructure of Ag/TiO2 with controllable core diameter and shell

thickness has been created.6 In addition, TiO2-nanorod-stabilized

Ag nanoparticles have also been fabricated in a nonpolar homo-

geneous solution.1c Despite these advances, recent developments

of nano- and mesosynthetic chemistry still offer unexploratory

opportunities for the fabrication of novel Ag/TiO2 composites.

Herein, we first use ordered mesoporous nanocrystalline TiO2

film as a hard template to support Ag nanoparticles. The template

possesses large surface area, uniform nanosized pores, and 3D

periodic mesoarchitecture. This, combined with ultrasound-

assisted insertion technology,7 can generate a high dispersion of

naked Ag nanoparticles stabilized by the TiO2 mesonetwork itself.

It can therefore avoid the use of undesirable organic stabilizers,

which is often detrimental to catalytic performance of Ag/TiO2

composites.

Mesoporous TiO2 molecular-sieve film was synthesized by a

surfactant-templated approach. Detailed synthetic information can

be found elsewhere.8 The deposition of Ag nanoparticles in the

TiO2 film is as follows. The TiO2 film was immersed in a bottle

filled with a solution of 20 mg AgNO3 in 4 mL deionized water.

The bottle was put in an ultrasonic cleaning bath and connected to

a vacuum pump. After sonication with reduced pressure for 3–10

minutes, the bottle was stored in a vacuum oven for 12 h. The film

was then washed gently with deionized water to remove the

surface-adsorbed precursor. After drying at 30 uC under vacuum,

the film was irradiated with UV light (254 nm) in the presence of

methanol vapors for 2 h. This converted the Ag ions to Ag

particles by TiO2 photocatalysis. The amount of Ag can be simply

controlled by using different concentrations of AgNO3 or by

repeating the inclusion process. The film is robust as it remains

intact after sonication for as long as 30 min.

Fig. 1A shows nitrogen adsorption–desorption{ isotherms

(inset) and pore size distribution plots for the mesoporous TiO2

{ Electronic supplementary information (ESI) available: SEM image of
the Ag/TiO2 nanohybrid film and its CO catalytic oxidation activity. See
http://www.rsc.org/suppdata/cc/b5/b500605h/
*jimyu@cuhk.edu.hk

Fig. 1 (A) N2-sorption isotherms (inset) and corresponding pore-size

distribution curves for pure TiO2 and Ag/TiO2, and (B) XRD patterns for

Ag/TiO2 in wide-angle and small-angle (inset) regions.
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and Ag/TiO2. Both samples show a type-IV isotherm, which is

representative of mesoporous solids. The specific surface area of

the Ag/TiO2 composite is 195 m2/g using the Brunauer–Emmett–

Teller (BET) method. The pore diameter of the Ag/TiO2 is 39 Å

(estimated using the desorption branch of the isotherm) with very

narrow pore size distribution. The TiO2 possesses virtually

identical average pore diameter (40 Å) and specific surface area

(189 m2/g), considering a typical uncertainty of ¡5% for BET

surface area measurements.9 The addition of Ag causes a slight

decrease, from 0.261 to 0.252 cm3/g, in the pore volume of TiO2.

These results show that the deposition of Ag particles does not

significantly change the textural properties of TiO2, properly due

to the small amount of Ag loaded. Thus, most of the pore channels

in TiO2 film are open, although a small portion of the channels

may be filled with the Ag particles. Such open mesoporous

architecture with large surface area and 3D connected pore-system

is an important consideration in catalyst design because it can

improve the molecular transport of reactants and products.10

The crystalline phase and mesostructural ordering of the

Ag/TiO2 composite film were characterized by both wide-angle

X-ray diffraction (WXRD) and small-angle X-ray diffraction

(SXRD§) measurements. As shown in Fig. 1B, SXRD exhibits

several diffraction peaks at 2h of 25.3, 38.2, 44.2, 48.1, 53.5

and 55.6u. These peaks are attributed to anatase-TiO2 (JCPDF

84-1285) and Ag (JCPDF 03-0921), as indexed in Fig. 1B. The

particle size for the TiO2 is 6 nm, whereas it is 5 nm for the Ag.

These sizes were estimated from the fwhm of the TiO2 (101) and

Ag (200) peaks using the Sherrer formula. This indicates that both

TiO2 and Ag particles are nanocrystalline. The crystallization of

the TiO2 mesoporous framework is very important for applying

the film in devices that utilize its semiconductor properties, such as

photocatalysts. The crystalline structure of the TiO2 explains partly

the stability of the film under ultrasound irradiation. At the lower

2h region (Fig. 1B, inset), the XRD pattern is dominated by a

strong peak at 1.8u (2h), with relatively weak peaks at 1.3 and 3.6u.
These diffraction peaks can be indexed as (200), (110), and (400)

reflections of a body-centered cubic mesophase. The sharp and

strong (200) peak, together with the presence of the (400) peak, is

an indication that the Ag/TiO2 nanocomposite is well-organized in

the meso scale. In addition, the relatively weak nature of the (110)

reflection is due to the oriented growth of the film with the (100)

plane parallel to the substrate. Similar oriented growth mesos-

tructured silica and titania films have also been reported.11

The transmission electron microscopy (TEM") images support

the wide- and small-angle XRD results. A long-range order

structure is readily observed in the Ag/TiO2 composite film

(Fig. 2a). Combined with SXRD analysis, the image belongs to the

(111) lattice plane of a body-centered cubic mesophase with a

space group of Im3̄m. The image also clearly shows that the Ag

particles are highly dispersed in the framework of the mesoporous

TiO2. No large aggregation of the Ag particles on the surface of

the film is observed. The high dispersion of metal particles in an

active oxide (e.g. TiO2) is a classic example of catalysts in which the

catalytic performance of the metal component is strongly modified

by interaction with the support. Fig. 2b is the high-resolution

TEM image of the Ag/TiO2 film. The nanocrystalline nature of

both TiO2 (solid circles) and Ag (dotted circles) is visibly observed

in Fig. 2b.12 This figure also confirms that Ag is adsorbed into the

TiO2 mesoporous network as nanoparticles. The TiO2 and Ag

nanocrystals of particle size , 5 nm are located close to each other,

forming metal//semiconductor nanoheterojunctions. These nano-

heterojunctions are known for causing Schottky-diode behavior of

Ag contacts on TiO2.
13 The Schottky-diode can significantly

inhibit the fast recombination of electron–hole pairs on UV-excited

TiO2, improving photocatalytic efficiency.2 The presence of Ag

species on the mesoporous TiO2 film is further confirmed by the

electron dispersive X-ray spectroscopy investigation (Fig. 2c),

which reveals a Ag/Ti element molar ratio of y0.05.

The oxidation state of the Ag species is examined by X-ray

photoelectron spectroscopy (XPSI). Fig. 3a shows the XPS of

Ag/TiO2 composite film in the Ag 3d5/2 and Ag 3d3/2 binding

energy regions. The Ag 3d5/2 peak is centered at 367.8 eV whereas

the Ag 3d3/2 peak is found at 373.8 eV, with a spin energy

separation of 6.0 eV. This is characteristic of metallic silver (Agu).14

The formation of Agu nanoparticles is also substantiated by

UV-vis absorption spectra**(Fig. 3b). A broad band at 430 nm

Fig. 2 (a) Standard transmission electron microscopy (TEM), and (b) high-resolution TEM images of the Ag/TiO2 composite film. The inset in (a) is the

Fourier-transform of the selected area in (a). (c) is the energy dispersive X-ray (EDX) analysis of (a). Note: the Cu and C come from the supporting carbon-

coated copper grid, and the Si and Ca come from the substrate.
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appears on the UV-vis absorption spectra of Ag/TiO2 composite

film. This band is attributed to the surface plasmon resonance

(SPR) of metallic silver nanoparticles in a TiO2 matrix.15 The

strong SPR absorption of noble metals is well known for their

applications in biochemical sensing and labeling devices.16 The

strong increase in absorption below 380 nm is caused by the band-

gap absorption of the titania semiconductor, resulting from the

excitation of electrons from the valence band to the conduction

band of TiO2.

In summary, the high dispersion of silver nanoparticles is readily

realized by encapsulation in the pore channels of ordered

mesoporous TiO2 film. The resulting homogeneous and crack-

free mesoporous Ag/TiO2 nanoarchitecture (Fig. S1, ESI)

possesses large specific surface area, uniform pore size, and a 3D

accessible framework. The Ag particles are well confined in the

pore channels and the particle size can be controlled to below 5 nm.

Such porous architecture and dimensions are desirable features for

catalytic and photocatalytic applications. Our preliminary results

show that the Ag/TiO2 film is active for catalytic oxidation of CO

(Fig. S2, ESI). Ag/TiO2 composite materials are also known to

exhibit bactericidal activity.17 These properties would make the

novel nanohybrid film useful for automobile exhaust treatment

and disinfection.
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