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Abstract

TiO,—Ag nonoparticles were prepared with the sol—-gel method using a reduction agent. The physical properties of the prepared particles
were investigated by several characterization techniques. The major phase of all the preparéd) Pi@ticles was an anatase structure
regardless of the AgN£content. When the AgN©content was 2 mmol/mol of Tig) the major phase (1 1 1) of silver could be clearly seen.

The crystallite size of the Tigparticles calcined at 30@ was 5-6 nm and that of the Ag particles increased from 10 to 15 nm with increasing
AgNO; content. The high-resolution transmission electron micrographs (HR-TEM) showed thaAfi@anoparticles possessed a spherical
morphology with a narrow size distribution. The lattice fringe wasA3.@hich corresponds to the lattice spacing of (101) plane in the
anatase phase. In addition, the presence of Ag in- 4@ nanoparticle prepared by the sol-gel method using a reduction agent improved the
photodegradation gf-nitrophenol and the photocatalytic activity of THOAg increased with the increase in the AghNéntent.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction results in a low efficiency of photocatalysis. For the purpose
of overcoming these limitations of TiOas a photocatalyst,
Titanium dioxide, among the transition metal oxide semi- numerous studies have been recently performed to enhance
conductors widely used in photocatalysis, is the most suitable electron—hole separation and to extend the absorption range
photocatalyst due to its high photocatalytic efficiency and of TiO2 into the visible range. These studies include doping
chemical and physical stability under the reaction conditions. metal ions into the TiQ lattice [2], dye photosensitization
However, there are still many challenges to be addressed foron the TiQ surface[3], and deposition of noble metdl4].
improving the photocatalytic activity of Ti© Because the  In particular, noble metal-modified semiconductor nanopar-
semiconductor Ti@has a high band-gag > 3.2 eV), it is ticles have become the focus of many studies for maximizing
excited only by UV sources with wavelengths shorter than the efficiency of photocatalytic reactions. The noble metals
388 nm in order to inject electrons into the conduction band such as P[5] and Au[6] deposited or doped on TiChave
and to leave holes in the valence bdfhfl Thus, this practi- the high Schottky barriers among the metals and thus, act as
cally limits the use of sunlight or visible light as anirradiation electron traps, facilitating electron—hole separation and pro-
source in photocatalytic reactions on iOn addition, the moting interfacial electron transfer procgs.
high rate of electron—hole recombination on Zifarticles Silver is particularly suitable for industrial applications
due to its low cost and easy preparation. The effects of Ag
* Corresponding author. Tel.: +1 604 822 0047; fax: +1 604 822 5407. dOpant_S on the Iattlc_e Or.Surface of hibave been examined
E-mail address: mmohseni@chml.ubc.ca (M. Mohseni). [8,9]. TiO loaded with silver enables the catalyst to perform
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more effectively and shortens the illumination per{d@]. 2.2. Characterization of prepared TiO>—-Ag
He et al.[11] have investigated the effect of silver doping on
the microstructure and photocatalytic activity of pifims The major phase of the synthesized particles was analyzed

prepared by the sol-gel method. Itis found that suitable silver by an X-ray diffractometer (XRD) (Rigaku D/MAXIIC)
dopant can increase the activity and the mechanism is mainlyusing Cu kx radiation. Crystallite size of the prepared par-
attributed to the change of anatase grain size. ticles was determined from the broadening of the anatase
In this paper, nanosized T¥OAg particles were prepared main peak at 2=25.3 by the Scherrer equatidgii2]. The

by a simple sol-gel method process using a reduction agentprepared particles were dispersed in ethyl alcohol and then
The physical properties of the prepared particles were inves-sonicated ultrasonically to separate out individual particles
tigated by UV-DRS, X-ray diffractometer (XRD), energy- forthe determination of the particle size. The particle size and
dispersive (EDS), and high-resolution transmission electron external morphology of the particles were examined using
micrographs (HR-TEM). The effects of the AgN®@ontent an electron microscope (JEOL JEM 2020 200kV electron
on the physical properties of nanosized 7#2g particles microscopes=0.5mm, point resolution of 0.19 nm) with a
and their impacts on the photocatalytic decomposition of a berylliumwindow energy-dispersive detector. In addition, the
model compoundp-nitrophenol, were also studied. band-gaps of the prepared particles were obtained by the mea-

surement of absorbance using a UV-DRS instrument (Varian

Cary 100, Varian Inc.).
2. Experimental

2.3. Photocatalytic reaction experiment
2.1. Synthesis of nanosized TiO»—-Ag

A biannular quartz glass photoreactor with the lamp
Nanosized Ti@-Ag particles were prepared by a sol-gel immersed in the inner part was used for all the photocat-

processinvolving areduction agent. Titanium tetraisopropox- alytic experimentsKig. 1). The batch photoreactor was filled
ide (TTIP, 98% Aldrich) and silver nitrate (AgN$AIdrich) with 500 ml of an aqueous dispersion in which the concen-
were used as precursors of titania and silver, respectively.trations of catalyst ang-nitrophenol were 1.0 and 50 mg/L,

Sodium citrate tribasic dihydrate §8sNag-2H,0, Aldrich) respectively. Continuous stirring maintained uniform con-
was used as a reduction agent, and water used in the experieentration and temperature throughout the reactor. A 500 W
ments was doubly distilled and deionized. high-pressure mercury lamp (Kumkang Co.) was used for

AgNOs (1.0 and 2.0 mmol, respectively) was mixed with the irradiation of the solution. The circulation of water in the
500 mL of 4.0 mmol/L sodium citrate solution in a sealed quartz glass tube between the reactor and the lamp allowed
four-way flask, and the reaction temperature was raised tocooling of the lamp and maintaining the reactor at the desired
80°C with continuous stirring. The color of the solution was temperature. A mixture of oxygen and nitrogen (80% nitro-
observed to change from colorless to violet—brown indicating gen and 20% oxygen) was used at a flow rate of 160 mL/min.
the reduction of silver. Then 1 mol titanium tetraisopropoxide Nitrogen was used as a carrier gas and pure oxygen was used
and 0.15 mol HN@were added to the solution, and the reac- to supply oxygen for the oxidation reaction. The samples

tion was maintained at 5@ for 24 h to obtain TiG—Ag sol. were immediately centrifuged and the quantitative determi-
The prepared sol was dried at 185 for 1 day, and calcined  nation of p-nitrophenol was performed by a UV-vis spec-
in the range between 300 and 7@for 2 h in air. trophotometer (Shimazu UV-240).

1. Moisture trap

. Metering valve

Air HE}
2

. On-off valve

Three-way valve

Syringe
. Mercury lamp

. Water bath

Vent
. Magnetic stirrer

. Bubble flow meter

Fig. 1. Schematic diagram of the experimental apparatus for photocatalytic reaction.
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3. Results and discussion

—— Pure TiO,

—— TiO,-Ag Tmmol
TiO,-Ag 2mmol

3.1. UV-DRS analysis

The nanosized Ti@and TiGQ—Ag sols synthesized in this
experiment were transparent and stable for several months.
Fig. 2@) and (b) are the UV-vis spectra of the pure JiO
sol and Ag sol prepared, respectively, by the sol-gel method.
Fig. 2(c) is the UV-vis spectra of the TS3Ag 2 mmol sol
prepared by the sol-gel method using a reduction agent. From
Fig. 2(c), itcan be seenthatthere is a framework silver species
at 405 nm, indicating that the TESAg particles were suc-
cessfully prepared by the sol-gel method using sodium citrate
as the reduction agent.

It is well known that the yield of photogenerated Wavelength [nm]
electron—hole pair depends primarily on the intensity of inci-
dent photons with energy exceeding or equaling the,TiO F|g3 Diffuse reflectance spectra of nanoparticles prepared at different con-
band-gap energy. The effect of silver addition on the band ditions.
energy of TiQ was investigated with diffuse reflectance spec-
troscopy (DRS). The DRS of the pure Ti@nd TiO:—-Ag (111) of silver could be clearly seen, suggesting that the

200 250 300 350 400 450 500

particles calcined at 30@C are shown irFig. 3. Compari- TiO,—Ag nanopatrticles were successfully prepared by this
son of the diffuse reflectance spectra of the pure,Tadd process involving the reduction agent. The crystallite sizes
TiOo—Ag indicated that the band energy of Ti@r silver of the particles were determined from the broadening of the

addition did not change and the band-gap of the particles anatase main peak by the Scherrer equdti@h The crys-
was 3.1 eV. This suggested that the photocatalytic activity of tallite sizes of all the prepared particles were between 5 and
TiO,—Ag particles was not due to the change of the band 6 nm (Table ). As shown inTable 1 the addition of AQNQ
energy of TiQ. did not significantly affect the crystallite size of the particles.
Fig. 5 shows the XRD patterns of the T}6Ag 2 mmol
particles calcined at different temperatures. It is well known
that calcination improves the crystallinity of the particles
with the amorphous Ti@changing into the anatase phase
and then the anatase phase changing into the rutile phase
with increasing calcination temperature. It is reported that
the transformation of the anatase phase into the rutile phase
occurs at between 450 and 60D and that the transforma-
tion temperature depends on the kind of precursors and the
preparation conditions and properties of the partifl&3.

3.2. X-ray diffraction analysis

The crystalline phase of the prepared nanoparticles were
analyzed by XRD, and the results are showFiig. 4. These
particles were only calcined at 30Q for 2h in air. The
major phase of all the prepared HEAg particles is an
anatase structure regardless of the Agh@ntent. When the
AgNO3 content was 2 mmol/mol of Ti§) the major phase
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Fig. 2. UV-vis adsorption spectra of nanosol prepared at different condi- Fig. 4. X-ray diffraction patterns of Ti®-Ag particles prepared at different
tions: (a) TiIQ (b) Ag, and (c) TiQ-Ag. AgNQO3 content: (a) TiQ—Ag 1 mmol and (b) TiQ—Ag 2 mmol.
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Table 1

Characterization of nanopatrticles prepared at different conditions

Catalyst XRD TEM Activityd
Structure Crystallite siZe(nm) Crystallite siz& (nm) K (min~1) x 1072

Pure TiQ Anatase 6 <5/- 1.8

TiO2—Ag 1 mmol Anatase—-Ag 5 <5/10 2.9

TiO2—Ag 2 mmol Anatase—Ag 6 <5/15 3.4

a Calcinations temperature = 30G.

b Obtained by the Scherrer equation.

¢ Crystallite size of TiQ and Ag, respectively.

d Apparent first-order constantg ) of p-nitrophenol after 60 min irradiation.

As shown inFig. 5 the particles calcined at 30C of crystalline particles within the viewing area. The crystal-
were identified as nanocrystalline anatase with the silver lite size of the prepared pure Ti@vas 5 nm. The crystallite
diffraction peak. With increasing calcination temperature to sizes calculated from XRD analysis were nearly the same as
500°C, the silver diffraction (1 1 1) disappeared and the par- those obtained from TEM analysis. In addition, the crystallite
ticles were identified as nanocrystalline anatase. Upon fur- size of Ag particles increased from 10 to 15 nm with increas-

ther increasing the temperature to 6@) the rutile peak

ing AgNOQOs content, which agreed closely with the results

appeared. It is thought that the silver species was covered byreported by Liu et al[14]. Fig. 6(c) shows the lattice fringe

the crystals of TiQ that increased due to the high calcination
temperature. The crystallinity increases with increasing cal-

of TiO2,—Ag 2 mmol nanoparticles. The lattice fringe, vyhich
has been used for phase determination show a value &f 3.5

cination temperature because higher ordering in the structurecorresponding to the lattice spacing of (101) plane in the
of titania particles makes X-ray peaks sharper and narrower.anatase phase.

The crystallite sizes of the particles prepared by different cal-
cination temperatures are givenTable 2 It can be seen that

Fig. 7 shows the EDS-pattern of TISAg (2 mmol) par-
ticles in the HR-TEM mode from an area of 50AnThe

the crystallite size of the anatase phase increased from 6 tgpresence of four X-ray lines associated with @,KAg K,
37 nm as the calcination temperatures increased from 300 toTi Ka, and Ni Ka is evident. Given that the Ni&line corre-

700°C. The size of rutile crystallites calcined at 6@Dwas
47 nm and increased to 54 nm at 7@

3.3. TEM analysis

Fig. 6(@) and (b) show the TEM micrographs of the nano-
sized TiQ—Ag patrticles prepared with different Ag@on-
tents and calcined at 30C for 2 h in air. The nanoparticles
were spherical and had narrow size distribution. The crys-
tallite size was determineddble ) by averaging the size
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Fig. 5. X-ray diffraction patterns of Ti®-Ag 2 mmol particles calcined at
different temperatures.

sponds to the nickel grid used for TEM analysis, the results
indicate that Ti, O and Ag are the constitutive elements of the
nanoparticles prepared by the sol-gel method with different
AgNO3 contents.

3.4. Photocatalytic degradation of p-nitrophenol

The photocatalytic degradation of organic pollutants in
water generally follows a Langmuir—Hinshelwood mecha-
nism[15,16] with the rate being proportional to the coverage
9.

dc KC
_ — 0 = 1
dr 1+ KC )

wherek is the true rate constant which is dependent upon
various parameters such as the mass of catalyst, the flux of

Table 2
Characterization of Ti@-Ag 2mmol particles calcined at different
temperatures

Calcination XRD Activity?
temperature®C
P © Structure Crystallite ¥ (min~1) x 102
sizé (nm)

300 Anatase—Ag 6 3.4

500 Anatase 15 4.6

600 Anatase/rutile 22/47 2.8

700 Anatase/rutile 37/54 1.6

@ Obtained by the Scherrer equation.
b Apparent first-order constants ) of p-nitrophenol after 60 min irradia-
tion.
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Fig. 6. TEM images of Ti@-Ag particles prepared at different AgN©ontent: (a) TiQ—Ag 1 mmol; (b) TIiG—Ag 2 mmol, and (c) lattice fringe of Ti-Ag
2mmol.

efficient photons, the coverage in oxygen, ekcthe adsorp- The photocatalytic activities of nanosize HiAg and
tion constant; the time, and” is the concentration of organic ~ TiO2 particles for the decomposition pfnitrophenol were
pollutant (in this cases-nitrophenol). For the low initial con- ~ examined and the results are showrfFig. 8 as well as in
centrations of pollutants, the tetkiC in the denominatorcan  Tables 1 and 2The photocatalytic oxidation results were
be neglected with respect to unity and the photocatalytic oxi- compared with those obtained from control experiments,

dation rate approaches first order: involving no photocatalyst particles (data not shown). There
was no significant removal gf-nitrophenol in the system

e dc —kKC =K' C @) when no photocatalyst was used in a control experiment.

dt The apparent first order rate constant for the control test

was more than one order of magnitude smaller than those
obtained with the photocatalyst (presentedFig. 8 and
Tables 1 and R It is evident that the Ti@-Ag particles had
higher photoactivity than the pure Ti&nd that the photo-

whereX’ is the apparent rate constant of the pseudo-first order
kinetics. The integral form( =£{¢) of the rate equation is:

C
In~ = —K't 3) catalytic activity increased with the increase in the AGNO
0 content. More specifically, the photocatalytic activity of
where(y is the initial concentration gi-nitrophenol. TiO,—Ag (1 mmol) nanoparticles was about 60% higher than
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Fig. 7. EDS-pattern of Tig-Ag 2 mmol particles prepared by sol—gel method using reduction agent.
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1.0 synthesized was transparent and stable for several months.
—e— PureTiO, Comparison of the diffuse reflectance spectra of the pure
ss | O Ti0,-Ag 1mmol TiO, and TiQ—Ag indicated that the band energy of %O
v TiO,-Ag 2mmol with silver addition did not change and the band-gap of the
particles was 3.1eV. The major phase of all the prepared
L TiO,—Ag particles was an anatase structure regardless of the
8 AgNOs content. When the AgN&content was 2 mmol/mol
04t of TiOy, the major phase (111) of silver could be clearly
seen. The crystallite size of Ti(articles calcined at 30
was 5-6 nm and that of Ag particles increased from 10 to
el 15 nm with increasing AgN@content. The high-resolution
transmission electron micrographs showed that ,Fily
0.0 : ' - ' . nanoparticles possessed a spherical morphology and had
0 10 20 30 40 50 60 X

a narrow size distribution and the lattice fringe was/A.5

which corresponds to the lattice spacing of (101) plane

Fig. 8. Photodegradation gfnitrophenol with pure Ti@ and TiQ-Ag in the anatase phase. In addition, the presence of Ag in

nanoparticles. TiO,—Ag particle prepared by sol-gel method using a
reduction agent resulted in higher photodegradation of

that of the pure titaniaTable J). Statistical analysis of the  p-nitrophenol and the photocatalytic activity of Ti©Ag

apparent first order rate constants indicated that the higherincreased with increasing AgN@ontent.

activity of TiO,—Ag photocatalyst was significant at 95%

confidence intervals. From these results, it may be concluded

that the presence of Ag in T¥QAg particles prepared by — Acknowledgement
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