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a b s t r a c t

Silver-modified TiO2 (Ag-TiO2) with various Ag/Ti molar ratios were prepared by the microwave-assisted
method and characterized by X-ray diffraction (XRD), transmission electron microscope (TEM) and
UV–vis diffuse reflectance spectroscopy (UV–vis-DRS). Compared with the hydrothermal method, Ag-
TiO2 of small crystallite size and high crystallinity can be obtained by the microwave-assisted preparation
method. When the Ag/Ti molar ratio increased from 0 to 2%, the doping of Ag promoted the phase trans-
formation and inhibited the growth of anatase crystallite. The absorption edge of Ag-TiO2 shifted to
eywords:
g
iO2

icrowave-assisted
hotocatalytic activity
aseous toluene

longer wavelength, and the band gap energy of Ag-TiO2 decreased. However, after increasing the molar
ratio Ag/Ti further from 2 to 4%, the anatase content, the crystallite size and the band gap energy of Ag-
TiO2 only increased slightly. In photodegradation gaseous toluene, the photocatalytic activity of Ag-TiO2

increased with the increase of Ag/Ti molar ratio from 0 to 1%, but declined with the further increase to 2%.
The optimal Ag/Ti molar ratio for photocatalytic activity of Ag-TiO2 was found as 1%, with the content of
anatase, rutile and brookite of 71.1, 14.5 and 14.4%, respectively. Compared with TiO , Ag-TiO exhibited

tolue
a better photostability in

. Introduction

The use of heterogeneous photocatalysis in the degradation of
nvironment pollutants has aroused intensive attention during the
ast two decades [1,2]. Among various semiconductor photocata-

ysts for environment purification, titania appears to be the most
romising and important one due to its stable physical and chem-

cal characteristics, unique electronic properties, strong oxidizing
ower, non-toxicity and low price [3]. However, the wide band gap
f TiO2 (>3.0 eV) [4] and the high recombination rate of the photoin-
uced electron–hole pairs formed in photocatalytic processes [2]

imit the efficiency of the photocatalytic degradation of toxicants.
Doping TiO2 with noble metals, such as Pt [5], Pd [6] and Au

7], can overcome the aforementioned deficiency. However, these
oble metals are too expensive to be utilized in industrial scale.
ompared with Au, Pd and Pt, Ag is for less expensive and deserves

urther investigation. Ag can act as an electron trap and pro-
ote the interfacial charge transfer processes in the composite
ystems, which reduces the recombination of the photoinduced
lectron–hole pairs, thus improving the photocatalytic activity of
iO2 [8,9]. Sung-Suh and Li [10,11] have found that Ag can broaden
he adsorption edge of TiO2 and improve its photocatalytic activ-

∗ Corresponding author. Tel.: +86 27 87792159; fax: +86 27 87792159.
E-mail address: hust-esri2009@hotmail.com (X. Lu).
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ne degradation.
© 2009 Elsevier B.V. All rights reserved.

ity in the visible region. Besides, Ag has also been observed to play
an important role in increasing the photocatalytic stability of TiO2
[12], suggesting that the photocatalytic activity of Ag-TiO2 depends
mainly on the uniformity of Ag dispersion on the TiO2 surface and
the microstructure and phase of TiO2. Furthermore, as the charac-
teristics and structure of photocatalysts was different when using
preparation processes, the preparation method plays a key role in
a successful synthesis of catalysts.

However, the conventional preparation methods still have
some disadvantages. For example, the hydrothermal method and
ultrasonic-assisted sol–gel technique [13] require a long synthesis
time and high calcining temperature, which results in the aggre-
gation of particles; the photoreduction method cannot make a
satisfactorily dispersion of Ag particles on the surface of TiO2, which
markedly decreases the amount of active sites on the surface of
TiO2 [14]. Recently a new improved method named, microwave-
assisted preparation method (MW), has attracted much interest
[15]. Hart et al. [16] have compared the microwave and con-
ventional heat treatments in preparing nanocrystalline TiO2 and
found that the microwave heating promoted the phase transfor-
mation of TiO2 from anatase to rutile. They have suggested that
microwave may offer a clean, faster, cost effective and convenient

method of heating. Similar results have also been obtained by
Liu et al. [17] in the preparation of Pt modified TiO2. They found
that the Pt nanoparticles were uniformly dispersed on TiO2 parti-
cles during the microwave-heating process, which improved the
photocatalytic activity of TiO2/Pt. Guo et al. [18] have prepared

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hust-esri2009@hotmail.com
dx.doi.org/10.1016/j.jhazmat.2009.12.080
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g/TiO2-nanotubes by MW, which has shown a high photocatalytic
ctivity in the degradation of organochlorine pesticides. However,
hese previous studies have not addressed the influence of Ag on the

icrostructure and phase transformation of TiO2 under microwave
rradiation, which may play important role in improving the pho-
ocatalytic activity of TiO2.

In this study, Ag-modified TiO2 powders with various Ag/Ti
olar ratios were prepared by MW. The microstructure, photo-

atalytic activity and photostability of the prepared catalysts were
nvestigated via characterizing the catalysts by XRD, TEM and
V–vis-DRS. The photocatalytic degradation of toluene, one of the

ypical volatile organic compounds indoors, was used to evaluate
he photocatalytic activity of prepared photocatalysts.

. Experimental

.1. Materials

Tetra-n-butyl titanate (Ti(OBu)4, >99.9%) and silver nitrate
AgNO3, analytical grade) were purchased from Aldrich and used
s titanium and silver sources, respectively. Other chemicals were
rom Shanghai Chemical Regent Factory of China without further
urification. For the preparation of TiO2 and Ag-modified TiO2
hotocatalysts, ethanol (C2H5OH, chemical reagent) was used as
olvent. Toluene (C7H8, chemical reagent) was used as a source of
aseous toluene.

.2. Preparation of photocatalysts

TiO2 was prepared by conventional sol–gel method. 10 mL of
i(OBu)4 was added into 17.5 mL of ethanol, and the solution was
ispersed by ultrasound for 10 min. Then the solution was added
ropwise (about 1 mL/min) into the mixed solution containing
0.5 mL of deionized water and 17.5 mL of ethanol. The mixture was
ontinuously stirred for 2 h, and the resultant solution was aged for
4 h at room temperature. The TiO2 sol obtained was dried at 65 ◦C
or 12 h, and the powder was washed with ethanol and water for
hree times. Then the TiO2 xerogel was obtained.

A certain amount of TiO2 xerogel was poured into 20 mL of
gNO3 solution with Ag/Ti molar ratios of 0, 0.01, 0.25, 0.5, 1, 2
nd 4%. The solution was transferred to a Teflon vessel (27 mL), and
rradiated by microwave in the Microwave Digestion/Extraction
ystem (SINEO Co. Ltd, Shanghai) at 600 W, 150 ◦C and 0.5 MPa for
0 min. The vessel was naturally cooled to room temperature. After
entrifugation at 4500 rpm for 15 min, the final precipitate was
ashed with deionized water and ethanol, and then dried under

acuum at 65 ◦C for 12 h. The samples with Ag/Ti molar ratios of 0,
.01, 0.25, 0.5, 1, 2 and 4% were denoted as WT, 0.01, 0.05, 0.25, 0.5,
, 2 and 4%AgWT, respectively. For comparison, the Ag-modified
iO2 (Ag/Ti molar ratio of 1%) was also prepared by hydrothermal
ethod. The preparing process was the same as that of WT, except

hat the Teflon vessel with TiO2 xerogel and AgNO3 solution was
eated in muffle at 150 ◦C for 30 min and 24 h, respectively. The
repared samples were denoted as a-1%AgHT and b-1%AgHT.

.3. Characterization of photocatalysts

The crystalline phase of the catalysts were analyzed by X-ray
owder diffraction (XRD) using a X’Pert PRO X-ray diffractometer
quipped with a Cu K� radiation (� = 0.15406 nm). The accelerat-
ng voltage of 40 kV and emission current of 40 mA were used. The

articles were spread on a glass slide specimen holder and the scat-
ered intensity was measured between 20◦ and 80◦ at a scanning
ate of 2� = 5◦/min. The average crystallite sizes of anatase were
etermined according to the Scherrer formula using the FWHW
ata of each phase after correcting the instrumental broadening
aterials 177 (2010) 639–647

[19]. The phase composition of sample could be obtained from the
integrated intensities of anatase (1 0 1), rutile (1 1 0) and brookite
(1 2 1) peaks. The mass fraction of anatase (WA), rutile (WR) and
brookite (WB) could be calculated from equations according to the
methods previously reported [20].

The texture and morphology of samples were studied using
a FEI Quanta 200 Transmission electron microscope (TEM) and a
JEOL TEM-2010F high-resolution transmission electron microscopy
(HRTEM) with an accelerating voltage of 200 kV. A sample was
deposited onto a copper grid after being dispersed in methanol by
an ultrasonic bath.

UV–vis diffuse reflectance spectroscopy (UV–vis-DRS) in the
spectral range from 800 to 190 nm was performed with a Lambda 35
UV–vis spectrometer (PerkinElmer). The presented spectra are the
average of three separate scans performed at a speed of 120 nm/min
with a bandwidth of 2 nm. The baseline correction was performed
using a calibrated reference sample of barium sulfate.

2.4. Experimental procedure of photocatalytic degradation of
toluene

The photocatalytic degradation of gaseous toluene was carried
out in a Pyrex glass cylindrical reactor with a diameter of 80 mm and
an effective volume of 2 L. A 28 W ultraviolet lamp with wavelength
of 254 nm (Cnlight, Co. Ltd., China) was installed in the middle of
reactor as light source. The reaction temperature was controlled at
25 ◦C by air-condition system. A specified amount of photocatalyst
(1.5 g) was dispersed on stainless steel net with 300 mesh (a length
of 600 mm, a width of 400 mm) adhered on the inner wall of reactor.
The surface features of stainless steel net before and after spraying
catalysts are shown in Fig. 1. It can be seen that the catalyst powders
are homogeneously dispersed on the surface of stainless steel net.

The saturated toluene gas was prepared by passing air through
a thermostated saturator containing liquid toluene. The obtained
toluene gas stream entered the photoreactor at a flow rate
1.5 L/min. The initial toluene concentration in reactor was con-
trolled at 9.0 ± 0.5 mg/L. Prior to photodegradation, toluene was
adsorbed on the photocatalyst without illumination for 30 min.
Then the light was turned on to initiate the reaction. The simi-
lar experiments of the photocatalytic degradation of toluene were
also performed under the visible light irradiation (a wavelength of
410 nm).

2.5. Analytical method

The gas samples were collected periodically using a glass injec-
tor (25 mL), and monitored by a gas chromatograph (Fuli 9790,
China) equipped with an FID detector and a PEG-20000 column
(a length of 2 m and a diameter of 3 mm). N2 was used as carrier
gas and the flow rate was 30 mL/min. The inlet temperature was
100 ◦C, the oven temperature was 80 ◦C, and the detector tempera-
ture was 250 ◦C. The gas samples were injected in GC via a six-way
valve, and the injection volume was 1 mL.

To analyze the by-products and remaining reactant adsorbed
on the surface of catalyst, 1 g of catalyst powders (WT or 1%AgWT)
were dispersed uniformly on the surface of glass slide (a length of
50 mm, a width of 30 mm), and placed in the middle of reactor. The
experiments for toluene degradation were repeatedly carried out
in the above-mentioned reaction condition for eight runs. Accu-
mulated intermediate organic products and remaining reactant
were extracted from the WT and 1%AgWT by 5 mL carbon disulfide

assisted by 10 min ultrasonication.

Qualitative analysis of the filtrate was carried out by an GC
(Varian 3900 Gas Chromatograph) equipped with a CP-SIL 24CB
LOWBLEED-MS capillary column (a length of 30 m, a diameter of
0.25 mm, a film thickness of 0.25 �m) and a MS (Saturn 2100T mass
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Fig. 1. SEM picture catalyst films: (a) stainless ste

nalyzer detector). The inlet temperature and the detector temper-
ture was 180 and 250 ◦C, respectively. The temperature program
tarted at 40 ◦C for 2 min, and then increased to 260 ◦C at a rate of
0 ◦C/min and kept for 10 min. Helium was served as the carrier gas
t a flow rate of to 1.7 mL/min. The injection volume was 1 �L.

. Results and discussion

.1. Characterization of photocatalysts

.1.1. XRD analysis
Fig. 2 shows the XRD patterns of a-1%AgHT, b-1%AgHT, 1%AgWT

nd WT. The diffraction peaks at 2� = 25.3◦, 37.8◦, 48.2◦, 54.4◦ and
2.9◦ are attributed to anatase phase of TiO2, and the diffraction
eaks at 2� = 27.3◦ and 30.7◦ are assigned to rutile and brookite
hase of TiO2, respectively. It can be seen that the high crys-

allinity of TiO2 was obtained in b-1%AgHT and 1%AgWT, while
o phase diffraction peak was observed in a-1%AgHT. This differ-
nce indicated that the crystallite TiO2 powders were not formed
n a short hydrothermal time, but formed in a short microwave
rradiation time. Interestingly, WT consisted of pure anatase with-

ig. 2. XRD patterns of Ag-modified TiO2 prepared by different methods: (a) a-
%AgHT; (b) b-1%AgHT; (c) 1%AgWT; (d) WT.
with 300 meshes; (b) TiO2 on stainless steel net.

out other phases. After doping TiO2 with Ag, two new phases
(rutile and brookite) were observed in 1%AgWT and b-1%AgHT,
respectively. It can be deduced that Ag promoted the TiO2 phase
transformation from anatase to other phases. In addition, the crys-
tallite sizes of samples (shown in Table 1), calculated using Scherrer
formula from the main anatase diffraction peaks, were in the
order of WT > 1%AgHT > 1%AgWT. This means that Ag-modified TiO2
(Ag-TiO2) with small crystallite size and high crystallinity can be
prepared by MW.

In a microwave-heated system, the microwave power was dis-
sipated over the entire volume of solvent, where nucleation points
necessary for boiling were absent [21]. The average temperature of
the solvent was significantly higher than the atmospheric boiling
temperature. Boiling only occurred at the reactor walls or at the
solvent–air interface. This resulted in a reversed temperature pro-
file with a steady average reflux temperature above the classical
boiling point. As a result, chemical reactions proceed more quickly
than that using conventional heating [22]. Thus, high crystallinity
of TiO2 was obtained by microwave heating in a short time. Further-
more, Ag has a very strong heating response to microwave [23]. In
the microwave-heating system, the localized heating around Ag
particles increased drastically, which probably provided enough
energy for the phase transformation from anatase to other phase.
This may be a reason that the rutile and brookite phase content
of 1%AgWT were larger than that of b-1%AgHT. Interestingly, the
crystalline size of 1%AgWT was smaller than that of b-1%AgHT in
spite of the presence of higher localized heating in the preparation
process of 1%AgWT. This confliction can be attributed to the facts
as follows. On the one hand, the more Ag particles on the surface of
TiO2, the higher the increase of localized heating, which enhanced
the growth of the crystallite size. Therefore, the crystalline size of
the catalyst increased with the increase of Ag/Ti molar ratio from
0 to 2%. On the other hand, the longer heating time is in favor of
the crystalline size of TiO2. In this work, the heating time (i.e., 24 h)
for the preparation of b-1%AgHT was much longer than that for
1%AgWT (30 min). We propose that the heating time played a key
role in the crystalline size of TiO2 in our investigation.

Fig. 3 compares the XRD patterns of Ag-TiO2 powders with dif-
ferent Ag/Ti molar ratios prepared by MW. The average crystallite

sizes are included in Table 1. Anatase phase was observed in all the
XRD patterns of samples. The peak intensity and the crystallite size
of anatase decreased with the increase of the Ag/Ti molar ratio from
0 to 2%, but increased slightly when the Ag/Ti molar ratio rose to 4%,
indicating that the appropriate doping amount of Ag inhibited the
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Table 1
Effects of molar ratio of Ag/Ti on average crystallite size, phase content, diffraction angle, and bang gap of Ag-modified TiO2.

Sample Crystallite size(nm) Phase content (%) Diffraction angle (◦) Eg (eV)

Anatase Rultile Brookite

WT 24.3 100 – – 25.60 3.12
0.05AgWT 22.7 100 – – 25.48 3.08
0.25AgWT 20.1 100 – – 25.40 3.05
0.5AgWT 17.4 80.8 7.9 11.2 25.38 3.02
1AgWT 13.3 71.1 14.5 14.4 25.27 2.98
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2AgWT 10.2 40.3 1
4AgWT 11.6 40.5 1
a-1AgHT – –
b-1AgHT 14.5 79.9

rowth of anatase grains. The observations can be explained by facts
s follows. (a) As the high heat and pressure were generated in the
ore of TiO2 xerogel instantly during microwave irradiation, more
g+ ions migrated from the pore of TiO2 xerogel particles to their
urface and further to the surface of TiO2 along the grain boundaries
ith water molecules and other impurities. The diffusion and rear-

angement of Ti+ and O2− ions in anatase grain boundaries would
e greatly disturbed and inhibited by these larger Ag+ ions. The
utual contact and material transfer between anatase grains were

lso hindered. The necessary energy for the movement of anatase
rain boundary then increased, while the driving force for anatase
rain boundary migration decreased, which caused a slower grain
rowth rate and smaller particle size [24]. (b) Excess Ag+ ions led
o the further increase of densities of defects and anion vacancies
n the surface of anatase grains, which would promote the sinter-
ng of anatase grains, and result in larger anatase grains [24]. As a
onsequence, the particles size of 4%AgWT was larger than that of
%AgWT.

In addition, it can be found that with the Ag/Ti molar ratio
bove 0.5%, rutile and brookite appeared in Ag-TiO2, and the peak
ntensity of rutile and brookite increased. Firstly, the density of sur-
ace defects and surface oxygen vacancy concentration of anatase
rains increased with the increase of Ag doping content, which

avored the rearrangement of ions and reorganization of struc-
ure for rutile [24,25], and promoted the phase transformation. It
ave been reported that Ag+ ions can catalyze the transformation

rom anatase to brookite [26]. Furthermore, in microwave-heating

ig. 3. XRD patterns of Ag-modified TiO2 at different Ag/Ti molar ratios: (a) WT; (b)
.05%AgWT; (c) 0.25%AgWT; (d) 0.5%AgWT; (e) 1%AgWT; (f) 2%AgWT; (g) 4%AgWT.
here A, R and B indicate anatase, rutile and brookite phase, respectively.
42.4 25.21 2.91
44.4 25.32 2.94

– – –
2.3 25.30 3.00

system, the decomposition of AgNO3 (reactions (1)–(3)) released
thermal energy, which had a positive effect on the phase transfor-
mation [20]:

AgNO3
T−→Ag2O + N2O + NO (1)

Ag2O
T−→Ag + O2 (2)

nAg → (Ag)n (3)

When the Ag/Ti molar ratio was above 2%, two new diffraction
peaks assigned to Ag (1 1 1) and Ag (2 0 0) appeared at 2� = 38.4◦ and
44.2◦, respectively. However, due to the strong diffraction peak of
anatase (at 2� = 37.8) and low amounts of Ag (1 1 1), the peak at
2� = 38.4◦ was not clearly observed. When the Ag/Ti molar ratio
increased to 4%, the diffraction peaks for AgO (2 1 1) appeared at
2� = 31.4◦, which was probably attributed to the oxidation of Ag to
AgO.

As shown in Fig. 3, we also observed that the XRD position of
anatase (1 0 1) shifted to low angle with the increase of Ag/Ti molar
ratio from 0 to 2%. According to Bragg’s law, the less the value of
sin �, the larger the d spacing. Xin et al. [9] concluded that the value
of d spacing was gradually increased with the increase of Ag con-
tent. However, because the ionic radius of Ag+ (ca. 126 pm) is larger
than that of Ti4+ (ca. 68 pm), Ag+ cannot diffused into the lattice of
TiO2 [27]. We propose that the value of d spacing was gradually
increased with the decrease in the anatase crystallite size. When
the Ag/Ti molar ratio rose to 4%, the XRD position slightly rose, and
the anatase crystallite size was larger than that of 2%AgWT. This
also implies that the value of d spacing depended on the crystallite
size.

3.1.2. TEM observation
Fig. 4 shows the TEM images of a-1%AgHT, b-1%AgHT, WT and

1%AgWT. It can be seen that all the TEM images of b-1%AgHT,
WT and 1%AgWT except a-1%AgHT showed clear crystal shapes.
The crystallite size of b-1%AgHT, WT and 1%AgWT were from 16
to 27 nm, from 19 to 37 nm and from 13 to 22 nm, respectively,
which agreed well with the results of XRD (shown in Table 1). As
expected, the Ag clusters were observed in Fig. 4b, and the average
particles size was about 5 nm. Fig. 4e shows a high-resolution trans-
mission electron microscopy (HRTEM) image of 4%AgWT particles.
The lattice planes of anatase (1 0 1), rutile (1 1 0), brookite (1 1 1), Ag
(1 1 1) and AgO (2 1 1) with interlayer spacing of 0.356, 0.324, 0.346,
0.240 and 0.278 nm, respectively, were clearly displayed. Five phase

particles were in close contact with each other. This close intercon-
nection was supposed to favor the photoinduced electrons transfer
between the phases [20], which reduced the recombination of the
photoinduced electrons and holes, and improved the photocatalytic
activity of catalysts.
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Fig. 4. TEM images of Ag-modified TiO2: (a) a-1%A

.1.3. UV–vis spectra
The diffuse reflectance UV–vis spectra of WT, b-1%AgHT and

%AgWT are displayed in Fig. 5. The UV–vis spectra of all samples

emonstrated strong absorption in UV light region. Compared with
T, the absorption edges (�g) of b-1%AgHT and 1%AgWT shifted

o longer wavelength, indicating that doping TiO2 with Ag broad-
ned the absorption edge of TiO2. The band gap energy (Eg) of
T, b-1%AgHT and 1%AgWT were 3.12, 3.00 and 2.98 eV, respec-
(b) 1%AgHT; (c) 1%WT; (d) 1%AgWT; (e) 4%AgWT.

tively (Table 1). Herein, the band gap energies of samples were
determined from the equation, Eg = 1239.8/� [28], where � is the
wavelength (nm) of the exciting light. The band gap energy of

1%AgWT was smaller than that of b-1%AgHT as the crystallite size
of b-1%AgHT was larger than that of 1%AgWT, agreeing with the
report by Li et al. [29]. In addition, a new absorption band at 525 nm
appeared in 1%AgWT and b-1%AgHT (Fig. 5a and b), which was
attributed to the surface plasmon absorption of spatially confined
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ig. 5. Diffuse reflectance UV–vis spectras of Ag-modified TiO2 by different prepa-
ation methods: (a) 1%AgWT; (b) b-1%AgHT; (c) WT.

lectrons in Ag nanoparticles. Compared with the typical plasmon
eak of Ag nanoparticles at 400 nm, these absorption bands had a

arge shift, which was assigned to the high refractive index of the
iO2 and interaction between Ag and TiO2 [30].

The effect of Ag doping content on the absorption edge and
he band gap energy of TiO2 were also investigated with diffuse
eflectance spectroscopy. The results are shown in Fig. 6. The inset
isplays the effect of Ag doping content on the band gap of samples.

t can be seen that the absorption edge of samples shifted towards
onger wavelength significantly and the absorption in visible light
egion became strong after doping TiO2 with Ag. The band energy
f samples decreased with the increase of Ag/Ti molar ratio from 0
o 2%, and then slightly declined with the further increase of Ag/Ti

olar ratio above 2% (shown in Table 1). The absorption peak at
he center of 525 nm was also observed in Ag-TiO2 catalysts, and
ts intensity increased with the increase of Ag/Ti molar ratio. This
uggested that Ag nanoparticle size was increased and/or the size
istribution became wide with the increase of Ag/Ti molar ratio
31]. The peak intensity of 4%AgWT at 525 nm was similar to that of
%AgWT, indicating that Ag nanoparticle size was no longer being

ncreased when the Ag/Ti molar ratio was above 2%.
.2. Adsorption and photocatalytic activities of photocatalysts

To investigate the influence of the preparation methods and Ag
ontent on the photocatalytic activity of Ag-TiO2, the photocatalytic

ig. 7. Kinetics curves of gaseous toluene photocatalytic degradation on the catalysts p
rradiation. (a) WT; (b) a-1%AgHT; (c) b-1%AgHT; (d) 1%AgWT.
ratio of Ag/Ti: (a) WT; (b) 0.05%AgWT; (c) 0.25%AgWT; (d) 0.5%AgWT; (e) 1%AgWT;
(f) 2%AgWT; (g) 4%AgWT. The inset shows the relation between the band gap and
the molar ratio of Ag/Ti.

degradation of toluene on the prepared samples were compared.
Prior to UV light irradiation, the photocatalysis system was placed
in dark for the adsorption saturation of toluene on the samples. The
photocatalytic degradation experiments without catalyst (data not
shown) resulted in a negligible decrease in toluene concentration
(below 4.7%) during the 3 h UV irradiation applied.

Fig. 7(A) shows the photocatalytic degradation curves of gaseous
toluene on WT, a-1%AgHT, b-1%AgHT and 1%AgWT under UV light
irradiation, respectively. The concentration of toluene in reactor
declined slightly in dark and drastically declined after 3 h UV irra-
diation, indicating that the photodegradation of toluene depend
on the present of both UV light irradiation and catalysts. The a-
1%AgHT showed a poor photocatalytic activity due to its low degree
of crystallinity. The degradation rate of toluene on 1%AgWT and
b-1%AgHT were higher than that on WT, indicating that the photo-
catalytic activity of catalyst was improved after doping TiO2 with
Ag. The degradation rate of toluene on the b-1%AgHT was smaller
than that on 1%AgWT, probably due to the influence of microstruc-
ture, which was changed by the different preparation methods, on

the photocatalytic activity of TiO2. The similar experiments were
performed under the visible light irritation (Fig. 7(B)). However,
1%AgWT and b-1%AgHT exhibited the higher visible photocat-
alytic activity compared with WT and a-1%AgHT, which provided

repared by different preparation methods under UV light (A) and visible light (B)
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ig. 8. Kinetics curves of gaseous toluene photocatalytic degradation on Ag-modifie
a) WT; (b) 0.05%AgWT; (c) 0.25%AgWT; (d) 0.5%AgWT; (e) 1%AgWT; (f) 2%AgWT; (

egligible degradation of toluene. This was probably due to the
ow absorption edge (resulted in the analysis of UV–vis-DRS) of
g-modified TiO2.

Fig. 8(A) and (B) shows the effect of Ag/Ti molar ratio
n the adsorption and the photocatalytic activity of Ag-
iO2. Under UV irradiation, the photocatalytic activity of
g-TiO2 were in the order of 1%AgWT > 2%AgWT > 4%AgWT >
.5%AgWT > 0.25%AgWT > 0.05%AgWT > WT. Under visible light

rradiation, the photocatalytic degradation of toluene was negli-
ible on WT, 0.05 and 0.25%AgWT, but obvious on 0.5, 1, 2 and
%AgWT, suggesting that the increase of Ag content was in favor
f the photocatalytic application of TiO2 under visible light irradia-
ion. The Ag/Ti molar ratio at 1% provided the highest efficiency for
oluene photodegradation on Ag-TiO2 powders, indicating that an
ppropriate Ag doping content could improve the photocatalytic
ctivity of catalysts.

The crystallite size plays an important role in the photocat-
lytic activity of TiO2. A smaller crystallite size led to a larger
hotoactive area, and therefore, a higher photocatalytic activity
32]. Herein, when the Ag/Ti molar ratio increased from 0 to 1%, the
hotocatalytic activity of Ag-TiO2 was enhanced with the decrease
f its crystallite size (Table 1, Figs. 7 and 8). When the Ag/Ti
olar ratio rose to above 2%, the crystallite size of Ag-TiO2 further

ecreased while the photocatalytic activity of catalysts dropped.

his conflict suggests that the crystallite size is not the determining
actor.

The dominant factors for the photocatalytic activity of Ag-TiO2
ay be related to the formation of Schottky barriers between

natase and the other phases. In the low Ag doping content (Ag/Ti

Fig. 9. Cycling runs in the photodegradation of toluene on the WT (�) and 1%AgWT (�
2 under UV light (A) and visible light (B) irradiation at different molar ratio of Ag/Ti:
gWT.

molar ratio from 0 to 0.25%), the catalysts contained only anatase
phase. The photocatalytic activity of Ag-TiO2 depended on the
crystallite size of anatase, and showed a slight shift in the degra-
dation of toluene. When the Ag/Ti molar ratio rose from 0.5 to
2%, the catalysts consisted of anatase, rutile, brookite and/or Ag
(Fig. 4), and these phases were in close contact, which formed
many hetero-junctions such as anatase/rutile, anatase/brookite,
Ag/anatase and Ag/rutile [20]. Under UV light irradiation, the elec-
trons were moved between the phases (from high Fermi level to
low Fermi level), and resulted in the formation of Schottky barri-
ers at the hetero-junctions [33], which acted as a rapid separation
site for the photoinduced electrons and holes and improved the
photocatalytic activity of Ag-TiO2. Besides, upon UV excitation the
photoinduced electrons were accumulated at Ag or lower conduc-
tion band of rutile, and were able to be transferred to the oxygen
adsorbed on the surface, or holes at the valence band of anatase and
rutile to form O2

− or O2
2− [34] and led to the production of surface

hydroxyl radical •OH [32]. As a consequence, the photocatalytic
activity of Ag-TiO2 was significantly enhanced.

However, excessive Ag covered the surface of TiO2, leading to
the decreased concentration of photogenerated charge carrier and
photocatalytic activity of catalysts [9]. And the photoholes in the
interfacial region of the TiO2 might be trapped by Ag particles and
clusters before they reacted with toluene. This trapping effect was

negligible in the low Ag doping content, while became prevailing
in an excessive Ag doping content. This could be the reason that the
photocatalytic activity of Ag-TiO2 declined when the Ag/Ti molar
ratio increased to above 2%. In addition, the photocatalytic activity
of 4%AgWT was dropped drastically, which was probably due to the

). Catalyst powder (1.5 g); the initial concentration of toluene (9 mg/L per run).
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ig. 10. Chromatogram of GC–MS analysis of the by-products adsorbed on the sur-
ace of WT (a) and 1%AgWT (b). Catalyst powder (1 g); the initial concentration of
oluene (9 mg/L per run); reaction (8 run).

resence of AgO that was harmful to the photocatalytic activity of
iO2 [35].

.3. Role of Ag in the photostability of Ag-TiO2

Fig. 9 shows the durability of WT and 1%AgWT catalysts for
he degradation of toluene under UV light irradiation, respectively.
ompared with 1%AgWT, the photocatalytic activity of WT catalyst
ecreased significantly. This was probably due to the accumulation
f strongly adsorbed species such as benzaldehyde and benzoic acid
n the surface of TiO2 [36]. Therefore, 1%AgWT was more effective
nd stable than WT.

Accumulated intermediate organic products and remaining
eactant were extracted from the WT and 1%AgWT catalysts and
nalyzed by GC–MS. The results in Fig. 10 shows that the main
y-products adsorbed on the surface of catalysts were phenol, ben-
aldehyde, benzyl alcohol and methyl phenol. In general, toluene
as first decomposed into intermediate organic products such as

enzaldehyde and benzoic acid, and then into some smaller species.
he adsorption of intermediate organic products on the surface of
iO2 was considered to be an important reason for the deactivation
f TiO2 [37]. Ollis and coworkers [38] found that the major adsorbed
ntermediate was benzoic acid, which was considered as a major
ause of TiO2 deactivation. Larson et al. [39] also reported that the
ntermediate such as benzaldehyde and benzoic acid were much

ore strongly bound to TiO2 than the toluene and could deacti-
ate the catalyst. In this work, benzoic acid was not be detected.
owever, it can be seen that the intensity peaks of phenol, ben-
aldehyde, benzyl alcohol and methyl phenol adsorbed on 1%AgWT
urface were weaker than that on WT, indicating that doping TiO2
ith Ag can suppress the TiO2 deactivation.

The decomposition of organic products on TiO2 surface required
arge number of active group such as electron, hole, hydroxyl rad-
cal •OH or O2

−. Doping TiO2 with Ag can increase the yield of
ctive groups, and then improved the photocatalytic activity of
iO2. Therefore, after UV light irradiation, the organic by-products
as instantly decomposed but not adsorbed on TiO2 surface. Com-
ared with 1%AgWT, WT adsorbed a large amount of by-products,
uggesting that the organic by-products was not decomposed com-
letely, blocked the active sites of WT, and resulted in deactivation
f WT.
. Conclusions

In this work, silver-modified TiO2 catalysts (Ag-TiO2) with var-
ous Ag/Ti molar ratios were prepared by MW. The samples were

[

[

aterials 177 (2010) 639–647

characterized by XRD, TEM and UV–vis. The photocatalytic activ-
ity of all the prepared samples was tested by the photocatalytic
degradation of gaseous toluene. The results are as follows.

(1) Compared with the hydrothermal method, Ag-TiO2 with small
crystallite size and high crystallinity was prepared by MW in a
short time. MW offered a clean, convenient and energy efficient
method of heating.

(2) Doping Ag could suppress the growth of anatase grains with the
increase of Ag/Ti molar ratio from 0 to 2%. Ag could also promote
the phase transformation under the low temperature. Brookite
and rutile were observed when the Ag/Ti molar ratio increased
to above 0.5%, while Ag and AgO appeared in the catalysts when
the Ag/Ti molar ratio rose to above 2%. The absorption edge
of Ag-TiO2 was broadened to the visible region, and the band
gap energy of Ag-TiO2 decreased with the increase of the Ag/Ti
molar ratio.

(3) The photocatalytic activity of Ag-TiO2 was enhanced with the
increase of Ag/Ti molar ratio from 0 to 1%, and declined with
the further increase to 2%. The optimal Ag/Ti molar ratio for
the photocatalytic activity of Ag-TiO2 was 1%, with the content
of anatase, rutile and brookite at 71.1, 14.5 and 14.4%, respec-
tively. Compared with pure TiO2, Ag-TiO2 exhibited more stable
photocatalytic activity in the degradation of toluene.
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