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A series of Zr,S co-doped TiO2 were synthesized by a modified sol-gel method and characterized by various 
spectroscopic and analytical techniques. The presence of sulfur caused a red-shift in the absorption band of 
TiO2. Co-doping of sulfur and zirconium (Zr-TiO2-S) improves the surface properties such as surface area, pore 
volume, and pore diameter and also enhances the thermal stability of the anatase phase. The Zr-TiO2-S systems 
are very effective visible-light active catalysts for the degradation of toluene. All reactions follow pseudo first- 
order kinetics with the decomposition rate reaching as high as 77% within 4 h. The catalytic activity decreases 
in the following order: Zr-TiO2-S > TiO2-S > Zr-TiO2 >TiO2 = P-25, demonstrating the synergic effect of co
doping with zirconium and sulfur. When the comparison is made within the series of Zr-TiO2-S, the catalytic 
performance is found to be a function of Zr-contents as follows: 3 wt % Zr-TiO2-S>0.5 wt % Zr-TiO2-S>5 wt 
% Zr-TiO2-S >1wt % Zr-TiO2-S. Higher calcination temperature decreases the reactivity of Zr-TiO2-S.
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Introduction

Since Honda and Fujishima first reported a TiO2-photo- 
assisted electrochemical splitting of water in 1972,1 semi
conductor photocatalysts have received a great deal of 
attention from both academic and industrial communities. In 
particular, nanocrystalline TiO2 photocatalysts have attracted 
extensive interest as promising materials in view of its 
applications in environmental pollution control and energy 
storage.2-6 However, TiO2 is only sensitive to UV light due 
to its large band-gap energy (anatase: 3.2 eV). It is therefore 
necessary to modify the TiO2 system for practical appli
cation because the whole radiant solar energy comprises of 
only 3-4% UV light. In this regard, a great deal of effort has 
recently been made to develop TiO2-based photocatalysts 
sensitive to visible light for the purpose of efficient utili
zation of solar energy.

There are now known several approaches to improve the 
photocatalytic activity of TiO2 materials under visible light 
irradiation. Some representative examples are as follows: (1) 
doping with metal or non-metal ions,7-10 (2) surface modi- 
fication,11,12 and (3) combination with other semiconductors.13,14 
It must be noted, however, that each of these methods has 
some drawbacks. The first approach, for instance, results in 
thermal phase instability as well as low quantum efficiency 
of the photoinduced charge carriers (e-/h+ pairs).15 In this 
connection, Ikeda has reported that TiO2 powder loaded with 
transition metal such as V, Cr, Fe, Co, Cu, Mo, or W exhibits 
the acceleration of e-/h+ recombination as demonstrated by 
femto-second pump-probe diffuse reflection spectroscopy.16

To avoid these problems, non-metal ions as a dopant have 
been employed as an alternative approach for the formation 
of visible light active TiO2 photocatalysts.17-19 Theoretical 
calculation has revealed that band-gap narrowing originates 

from the electronic perturbations caused by the change of 
lattice parameters and/or by the presence of the trap states 
within conduction and valence bands of TiO2. 20,21

It is interesting to note that sulfur, unlike other non-metal 
dopants, may exist in more than one oxidation state (S2-, S4+ 
or S하) in TiO2 depending on the synthetic conditions or the 
types of sulfur precursor. The photocatalytic activity still 
enhances regardless of the sulfur oxidation state.17,22

It has recently been reported that visible light activity of 
TiO2 can be even further enhanced by suitable combination 
of metals and/or nonmetal ions.23-26 Of various combina
tions, co-doping with sulfur and zirconium may draw special 
interest in that zirconium increases not only the surface area 
and the thermal stability of TiO2 but also retards the e-/h+ 
recombination. For instance, zirconium doped TiO2 such as 
ZrO2-TiO2 binary metal oxides27,28 or Ti1-xZrxO2 solid solu- 
tions29,30 have shown higher photocatalytic activity than pure 
TiO2 under UV. Further, ZrO2-modified mesoporous nano
crystalline TiO2-xNx photocatalysts showed higher photo- 
catalytic performance than TiO2-xNx for the catalytic conver
sion of ethylene to carbon dioxide under visible light.31 Even 
more recently, Zr-doped TiO2 film prepared by atomic layer 
deposition has also exhibited visible light response.32

Intrigued by these observations and motivated by our 
continued effort in the search of visible light active TiO2 

photocatalysts, we have performed the synthesis of a series 
of Zr,S co-doped TiO2 (Zr-TiO2-S) using a modified sol-gel 
method developed by us.33 To the best of our knowledge, 
there has been no report on the synthesis as well as appli
cation of Zr,S co-doped TiO2 as a visible light active photo
catalyst. In this paper are reported their synthesis, analytical 
and spectroscopic characterization, and catalytic application 
to the degradation of gas phase toluene under visible light 
irradiation.
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Experiment지 Section

Materials. Tetrabutyl orthotitanate, Ti(O-Bu)4, zirconium 
acetylacetonate, Zr(acac)4 (Tokyo Chemical Industry Co., 
Ltd.), thiourea (Aldrich), and absolute ethanol (Merck) were 
used as received. All syntheses were carried out under an 
atmosphere of nitrogen at room temperature.

Synthesis of Zr-TiO2-S. Nanostructured Zr-TiO2-S cata
lysts with various Zr-contents were prepared initially by 
taking advantage of the modified sol-gel method developed 
by us.33 In a typical experiment for the synthesis of 0.5 wt % 
Zr-TiO2-S, to a stirring solution of Ti(O-nBu)4 (21.3 mL) in 
EtOH (140.0 mL) was added drop wise a mixture of HCl 
(6.0 mL), deionized water (22.0 mL), and EtOH (70.0 mL). 
Simultaneously was added drop wise a mixture of Zr(acac)4 

(0.15 g) and thiourea (2.38 g) in EtOH (70.0 mL). After 
addition the reaction mixture was stirred for 24 h under RT. 
Then a solution of NH4OH (1.0 M) was added drop wise 
until pH of the solution rose to 9.0. The gel thus formed was 
aged for 2 h, separated by filtration, washed thoroughly with 
deionized water for complete removal of chlorides. The gel 
was dried at 110 oC for 12h and was ground to powder 
mechanically. The resulting dry powders were calcined at 
450 oC or 600 oC at the rate of 1 oC/min and kept for 5 h to 
obtain the nanostructured 0.5 wt % Zr-TiO2-S. Those with 
other Zr-contents such as 1 wt % Zr-TiO2-S, 3 wt % Zr- 
TiO2-S, and 5 wt % Zr-TiO2-S were prepared in the same 
manner.

Synthesis of Zr-TiO2, TiO2-S, and TiO2. These were 
prepared by the same method as described above, yet in the 
absence of thiourea and/or Zr(acac)4, respectively.

Characterization. IR spectra were run on a Mattson FT- 
IR Galaxy 7020A spectrophotometer. The XRD patterns 
were acquired on a Multi-Purpose X-ray Diffractometer 
(X'pert PRO MRD/X'pert PRO MPD, CuK% 人=1.5406 A) 
at a scan rate of 0.03o 29 s-1. The average crystallite size was 
calculated according to the Scherrer's equation,

D = 万씄6 (1)

where D is the mean crystallite size, k (0.89) is the Scherrer 
constant,人 is the X-ray wavelength (1.5406 A), and B is the 
relative value of the full-width at half-maximum (FWHM) 
of the (101) diffraction peak of catalysts. The content of 
anatase (%) was calculated according to the equation,

Ia
a(%) = [ +1A，56I X 100 (2)Ia + 1.256Ir

where A is the content of anatase, Ia is the intensity of 
anatase and IR is the intensity of rutile. Raman spectra were 
measured on a Laser Raman spectrophotometer (model: 
Ramalog 9I). Nitrogen adsorption-desorption isotherms were 
recorded at liquid nitrogen temperature (77 K) on a Quan- 
tachrome Instrument (NOVA 2000 series), and the specific 
surface areas were determined by the Brunauer-Emmett- 
Teller (BET) method. The Barrett-Joyner-Halenda (BJH) 
method was used to determine the pore size distribution 

derived from the BJH desorption isotherms. The morphology 
of the samples was examined by high-resolution transmission 
electron microscope (HRTEM) (model: JEOL, JEM 3010) 
operating at 300 kV. For TEM images, a drop of dilute 
dispersion was deposited on a copper grid covered with a 
formal-carbon membrane. The diffuse reflectance UV-Vis 
absorption spectra (DRS) were obtained on a UV-Vis spectro
photometer (Model Shimadzu UV-2450 diffuse reflectance 
mode) using BaSO4 as a reflectance standard. X-ray photo
electron spectra (XPS) were recorded on a VG Scientific 
ESCALAB 250 XPS spectrophotometer. The instrument 
employs a monochromated AlK% X-ray source (hv = 
1486.6 eV), which was used at 150 W. The area of analysis 
was approximately 500 ^m diameter for the samples analy
zed. All the binding energies were referenced to the 
adventitious C1s peak at 284.6 eV.

Photocatalytic Degradation of Toluene. The photo- 
catalytic activity was investigated by the photo-degradation 
of gaseous toluene under visible light irradiation. The photo
reaction was carried out in a closed circulation reactor under 
ambient conditions (Figure 1). A Pyrex-glass tubular reactor 
with a volume of 1 L, containing the catalyst (300 ± 0.5 mg) 
uniformly spread over the irradiation area was connected to 
a peristaltic pump through tubing. The gas flow rate was 320 
cm3/min. The reactor containing the catalyst was placed in a 
black colored glass box (30 cm X 42 cm X 27 cm) that housed 
a 150 W halogen lamp (OSRAM HALOLINE) with 400 nm 
cutoff filter. The photon flux emitted from lamp was de
termined actinometrically using the potassium ferrioxalate 
method and found to be 3.9 X10"6 Einstein/s. The distance 
between the lamp and the catalyst was 15 cm. To introduce 
toluene for photo-degradation study, the photo-reactor was 
connected to a glass mixing chamber, where the temperature 
was fixed at 70 oC to ensure the evaporation of toluene. The 
total volume of the circulation reactor was 1.3 L. The 
concentration of toluene used in all experiments was 3.0 卩L 
(2.54 X 10-5 M, 530 ppmv). The photo-reactor was kept in 
the dark until the gas concentration remained constant, 
which indicated that toluene resulted in the steady state 
between the adsorption and desorption on the catalyst 
surface. In order to monitor the degradation of toluene at 
regular interval, Gas Chromatograph (Shimadzu GC-17A, 
Shimadzu Corporation) equipped with a gas sampler operat-

Figure 1. Schematic diagram of the photoreactor for degradation 
of toluene under visible light.
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ing with a flame ionization detector (FID) was connected to 
gas exiting the reactor. The rate of degradation was estimat
ed to obey pseudo-first-order kinetics and hence the rate 
constant for degradation, k, was obtained from the first-order 
plot according to equation (3),

ln응 = kt ⑶

where Co is the initial concentration, C is the concentration 
after a time (t) of the toluene degradation, and k is the first- 
order rate constant:

Results and Discussion

FT-IR Spectra. Figure 2 shows the FT-IR spectrum of 3 
wt % Zr-TiO2-S dried at 110 oC (Figure 2a) and of that 
calcined at 450 oC (Figure 2b). Some common features to be 
noted are the appearance of (i) broad bands below 1000 cm-1 
assignable to the TiO2 crystal lattice vibration34 and (ii) those 
in the regions 1621-1623 cm-1 and 3500-3000 cm-1, both 
being due to stretching from the hydroxyl group.35 The 
deformation band (1407 cm-1, Figure 2a) of ammonium ions 
left behind on the surface by decomposition of thiourea is 
absent in Figure 2b, demonstrating the effect of calcination
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Figure 2. FT-IR spectra of 3 wt % Zr-TiO2-S: (a) dried at 110 oC 
and (b) calcined at 450 oC.
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Figure 3. XRD patterns of catalysts calcined at 450 oC: (a) TiO2, 
(b) TiO2-S, (c) 0.5 wt % Zr-TiO2-S, (d) 1 wt % Zr-TiO2-S, (e) 3 wt 
% Zr-TiO2-S, and (f) 5wt % Zr-TiO2-S.

at 450 oC. Yet, the weak band observed at 1557 cm-1 (Figure 
2b) assignable to the deformation mode of C-N-H may 
indicate that the dissociation of thiourea is incomplete as it 
left a small amount in the TiO2 lattice.36 Finally, the Ti-S 
band appears at about 590 cm-1,37 and the SO42- band in the 
region 1047-1120 cm-1.38

XRD Analysis. The XRD patterns of TiO2, TiO2-S, and x 
wt % Zr-TiO2-S (x = 0.5, 1, 3, and 5) calcined at 450 oC are 
shown in Figure 3a-f (from bottom to top). The diffraction 
peaks of anatase TiO2 can be observed in all samples 
(JCPDS 21-1272). Both TiO2-S and Zr-TiO2-S show the 
(101) peaks broader than that of TiO2. These observations 
suggest that the lattice structure of TiO2 is locally distorted 
by incorporation of dopants, S or Zr ions into TiO2.17,29,37 To 
clarify the effect of these dopants on the lattice structure of 
TiO2, the lattice parameters of the catalysts were measured 
using (101) and (200) in anatase crystal planes by using 
equations 4.1 and 4.2:

Bragg’s equation: d(hkl) = 지2sin。 (4.1)

d —2(hkl) = h2a~2 + k2b~2 +12c~2 (4.2)

where d(hkl) is the distance between crystal planes of (hkl), 지 
is the X-ray wavelength, B is the diffraction angle of crystal 
plane (hkl), hkl is the crystal index, and a, b and c are lattice 
parameters (in anatase form, 시 = b 芝 c).

The results are summarized in Table 1. The table clearly 
shows that the lattice parameters of all TiO2 samples remain 
almost unchanged along the a- and b- axes, whereas c-axis 
parameter increases due to the presence of adventitious Zr 
and S. Ionic radius of Zr4+ (0.72 A) and S2- (1.7 A) as 
dopants are larger than Ti4+ (0.61 A) and O2- (1.22 A) in the 
TiO2 structure. For possible diffusion of Zr4+ and S2- along 
the c-axis to substitute Ti4+ or O2-, respectively in TiO2, the 
lattice parameters of c increase relative to that of TiO2 

because of larger ionic radius of dopants.29,37,39 Therefore, 
the Zr-TiO2-S lattice exists in a strain form with high lattice 
energy. Consequently, some structural defects such as 
oxygen vacancies might be generated on the surface of Zr- 
TiO2-S.

The average crystallite size of catalysts was measured by 
the Scherrer's equation from the (101) peak of anatase TiO2, 
and listed in Table 1. The average crystallite size of TiO2-S 
(11.3 nm) or Zr-TiO2-S (10.8-8.0 nm) is smaller than that of

Table 1. Lattice parameters and average crystallite size of Zr-TiO2-S

Catalysts -
lattice parameters (A)시 Crystallite 

size (nm)ba=b c
TiO2 3.787 9.356 14.1

TiO2-S 3.779 9.406 11.3
0.5wt % Zr-TiO2-S 3.782 9.548 10.8

1 wt%Zr-TiO2-S 3.783 9.553 9.0
3wt%Zr-TiO2-S 3.776 9.651 8.8
5wt%Zr-TiO2-S 3.782 9.499 8.0

시Estimated according to the equations 4.1 and 4.2. bCalculated according 
to the Scherrer formula (D = k지/BcosB).



1220 Bull. Korean Chem. Soc. 2008, Vol. 29, No. 6 Sun Woo Kim et al.

20 30 40 50 60 70 80
Angle (20)

Figure 4. XRD patterns of 3 wt % Zr-TiO2-S calcined at (a) 600 
oC, (b) 800 oC and (c) 900 oC.

TiO2 (14.1 nm). When the comparison is made within the 
Zr-TiO2-S series, increase in the Zr-content decreases the 
size. This is because the crystallite growth in the TiO2 lattice 
is suppresses as Zr or S replaces Ti4+ ions during the sol-gel 
procedure. Lattice parameters calculation confirms these 
observations as shown in Table 1.

Figure 4 shows the XRD patterns of 3 wt % Zr-TiO2-S 
calcined at various temperatures (600, 800, and 900 oC). The 
anatase phase remains stable enough up to 800 oC for 5 h 
(Figure 4b), and undergoes transition to rutile at higher 
temperatures to leave 36% of anatase at 900 oC (Figure 4c). 
It is worth noting that the highest temperature known so far 
for anatase remains stable is 900 oC.31,40,41

Raman Spectra. Raman spectroscopy provides additional 
information about the anatase crystallinity. Typically TiO2 is 
known to exhibit six Raman-active bands characteristic of 
anatase phase at 144, 197, 399, 515, 519, and 639 cm-1 with 
the symmetries of Eg, Eg, B1g, A1g, B1g, and Eg, respec- 
tively.42 Raman spectra of TiO2, TiO2-S, and 3 wt % Zr- 
TiO2-S calcined at 450 oC is shown in Figure 5a-c, respec
tively. All spectra match quite well with those in the liter
ature. In our hands, however, only five bands appear prob
ably due to overlapping of A1g and B1g bands. At the same

Figure 5. Raman profiles of (a) TiO2, (b) TiO2-S, and (c) 3 wt % 
Zr-TiO2-S calcined at 450 oC (a = anatase).
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Figure 6. Textural properties of catalysts calcined at 450 oC: (a) N2 

adsorption-desorption isotherms and (b) BJH pore-size distribution 
curves.

time, a blue- or red-shift is accompanied for some bands, 
which may be explained in terms of reduction in crystallite 
sizes in the doped TiO2 samples as noted earlier by others.43 
It is worth noting that reduction in the crystallite sizes has 
also been confirmed by the XRD measurements mentioned 
above.

Textural Characterization. Textural properties of cataly
sts calcined at 450 oC were characterized by N2 adsorption
desorption measurements, and the corresponding data 
collected in Table 2. The isotherms for both undoped and 
doped TiO2 clearly demonstrate mesoporosity as they belong 
to type IV in their behavior (Figure 6).44 The average pore 
diameter of catalysts falls within the range of 3.8-6.8nm 
(Table 2), and assigned to the pores among inter-aggregated 
particles.45 The table also shows that the pore diameter 
increases with increase in the content of S as well as Zr. 
These observations with zirconium have some precedence in 
the literature. For instance, metal dopants such as Al, Zr, and 
Nb are known to improve the mesoporosity of TiO2.46 Quite 
interestingly, it is the first time to observe that thiourea can 
be employed as a pore forming agent leading to the 
formation of mesoporosity. In this connection, it is worth 
noting that urea has already been used as a pore forming 
agent.47 All-in-all, Table 2 demonstrates that the modified 
sol-gel method involving the simultaneous co-doping of Zr 
and S provides greatly improved textual properties such as 
the surface area, the pore volume, and the pore diameter.
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Table 2. Textural properties of Zr-TiO2-S

Catalysts BET surface
area (m2/g)a

BJH pore 
volume (cm3/g)b

pore diameter
(nm)c

TiO2 63.37 0.12 3.80
TiO2-S 80.08 0.13 4.11

0.5wt % Zr-TiO2-S 84.30 0.16 5.16
1 wt % Zr-TiO2-S 100.4 0.18 5.17
3 wt % Zr-TiO2-S 112.2 0.22 6.77
5 wt % Zr-TiO2-S 120.4 0.25 6.80

aMeasured by the BET method. bTaken from the volume of N2 adsorbed 
at P/Po = 0.99. cEstimated using desorption branch of the isotherm and 
the BJH method.

TEM Images. The TEM images of 3 wt % Zr-TiO2-S 
calcined at 450 oC for 5h in Figure 7(a) reveal the formation 
of mesopores due to small particle inter-aggregation. The 
average particle size as determined by TEM is approxi
mately 7-8 nm, which is in good agreement with that calcu
lated from XRD patterns. The well-resolved lattice fringes 
with spacing of 3.5 A shown in Figure 7(b) demonstrate 
crystallinity typical of anatase TiO2.2,3

UV-Visible Diffuse Reflectance Spectra (DRS). Figure 8 
shows the DRS spectra of TiO2, 3 wt % Zr-TiO2, and 3 wt % 
Zr-TiO2-S calcined at 450 oC. The figure shows that a 
noticeable red-shift of the optical absorption edges toward 
the visible region of the solar spectrum is observed only in 
the presence of sulfur. Therefore, one would expect band
gap narrowing in TiO2-S and Zr-TiO2-S to operate under 
visible light illumination. The band-gap energies of TiO2, 3 
wt % Zr-TiO2, and 3 wt % Zr-TiO2-S are 3.18, 3.17, and 3.02 
eV, respectively as estimated from the equation, Eg= 1239.8/ 
人 where 人 is the wavelength (nm) of the exciting light.48 The 
figure shows further that calcination temperature also plays a 
role on the band-gap energy (or light-absorption property). 
For instance, the band-gap energy of 3 wt % Zr-TiO2-S is 
smaller when calcined at 450 oC than at 600 oC (3.02 eV vs. 
3.09 eV). Yet, the difference in energy is so small that both 
samples are active enough under visible light irradiation.

XPS Studies. XPS measurements were carried out to 
determine the chemical state of carbon, sulfur, and zirco
nium atoms in 3 wt % Zr-TiO2-S calcined at 450 oC. The 
XPS survey spectrum in Figure 9 demonstrates the presence 
of titanium, oxygen, carbon, and zirconium, and at the same 
time the absence of sulfur. The XPS spectrum for C1s

Figure 7. TEM micrograph of 3 wt % Zr-TiO2-S calcined at 450 
oC: (a) TEM image and (b) High resolution TEM image.
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(Figure 10a) with a binding energy of 283-291 eV, indicating 
that most of carbon atoms present in the TiO2 matrix exist as 
a solid solution (285 eV).49 The small peak at 287.5 eV may 
be assigned to the elemental carbon originated from the 
traces of non-hydrolyzed alkoxy groups,50 the residual 
carbon from the precursor solution,51 and/or adventitious 
element carbon.52 The binding energy of Zr 3d represents in 
180-186 eV (Figure 10b). The peak at 182.2 eV corresponds 
to the Zr 3d5/2 state in the Ti1-xZrxO2 solid solution.29 The 
absence of sulfur peak(s) on XPS explains the fact that there 
is no sulfur found on the surface of nanocrystals. Thus, it can 
be concluded that sulfur is in a high dissolution state in the 
TiO2 lattice rather than an isolated oxide species on the 
surface of the TiO2. The presence of sulfur was confirmed 
by other techniques such as elemental analysis, ICP-Mass, 
and EDS.

Photocatalytic Activity. Figure 1 1(a) illustrates the 
degradation of gaseous toluene by visible light irradiation 
catalyzed by TiO2, TiO2-S, Zr-TiO2, and Zr-TiO2-S calcined 
at 450 oC along with P-25 for comparison. All reactions 
exhibit pseudo first-order kinetics as illustrated in Figure 11, 
and relevant data summarized in Table 3. Most interestingly, 
it is for the first time to observe that our Zr-TiO2-S system is 
quite an effective visible-light active catalyst. The degra
dation of toluene reaches as high as 77% within 4 h. This 
system exhibits much higher reactivity than any of the 
remaining catalysts such as TiO2-S, Zr-TiO2, TiO2, and P-25. 
These observations suggest that co-doping with both 
zirconium and sulfur is more beneficial for the enhancement 
of catalytic efficiency than doping with sulfur or zirconium 
alone. Sulfur has been known to reduce the band-gap energy 
of TiO2, thus for example moving the UV absorption band 
toward the visible region,10,17 as is confirmed by the DRS 
spectra in Figure 8. This fact is also reflected in the en
hanced reactivity of TiO2-S as compared with that of 3 wt % 
Zr-TiO2 or TiO2 (Table 3). Nevertheless surface properties of 
catalysts were enhanced by the zirconium dopants as shown 
by texture properties (Table 2). Therefore, Zr-TiO2-S has 
much better photocatalytic performance compared with that

Figure 8. UV-visible diffuse reflectance spectra of TiO2, 3 wt % 
Zr-TiO2, 3wt % Zr-TiO2-S calcined at 450 oC, and 3wt % Zr-TiO2- 
S calcined at 600 oC.
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Figure 9. XPS spectrum of 3 wt % Zr-TiO2-S calcined at 450 oC.
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Figure 10. XPS spectra of (a)C1s and (b) Zr3dpeaks.

of only sulfur doped TiO2 (Table 3).
Higher catalytic activity with doping can be explained in 

the following ways. Gas-solid heterogeneous photocatalysis 
is a surface-based process, and therefore enhanced surface 
properties of catalysts have positive effects on such process.2 
In general, doping with metal inhibits the crystal growth of 
the catalysts so that the porous structure with high surface 
area can be preserved. Furthermore, some structural defects 
such as vacancies in lattice can be generated as dopants 
replace titanium and oxygen ions.29 Some oxides (O2-) being 
replaced from the surface may trap the photo-generated 
holes (h+) to be oxidized to peroxides (O1-) which in turn

Figure 11. Photocatalytic degradation of toluene under visible light 
irradiation: (a) various catalysts calcined at 450 oC and (b) 3 wt % 
Zr-TiO2-S calcined at 450 oC or 600 oC. C0 = the initial concen
tration; C = the concentration at time t.

trap further holes (h+) to attack as oxygen (O) the chemical 
bonds of surface adsorbed organic pollutants. In addition, 
the holes (h+) also react with surface adsorbed water to 
generate hydroxyl radicals (OH), which have a powerful 
oxidizing power for degradation of organic pollutants.52

When the comparison is made within the Zr-TiO2-S series, 
the reactivity decreases in the following order: 3 wt % Zr- 
TiO2-S>0.5wt % Zr-TiO2-S>5wt % Zr-TiO2-S>1 wt % 
Zr-TiO2-S. This order indicates that there seems to be an 
optimum zirconium content (Zr = 3 wt %) for the highest 
catalytic performance. Finally, the calcination temperature 
also plays a role in the reactivity of Zr-TiO2-S. A slight blue-

Table 3. Photodegradation of toluene under visible light irradiation

Catalysts Degradation (%)a k (min-1)”

P-25 32 0.001615 ± 0.0001
TiO2 31 0.001566 ± 0.0002

3 wt % Zr-TiO2 46 0.002589 ± 0.0003
TiO2-S 56 0.003409±0.0003

0.5wt % Zr-TiO2-S 74 0.005598 ± 0.0006
1 wt % Zr-TiO2-S 59 0.0037±0.0003
3 wt % Zr-TiO2-S 77 0.006081 ±0.0007
5 wt % Zr-TiO2-S 73 0.005427±0.0004

3wt % Zr-TiO2-S (600)c 55 0.00335±0.0003
^Measured after reaction fbr 4 h. "Apparent rate constant calculated from 
the linear fitting of ln(C"C) vs. reaction time. cCalcined at 600 oC.
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shift is observed in the DRS spectrum of 3 wt % Zr-TiO2-S 
when the sample is treated at higher temperature such as 600 
oC (Figure 8) along with decrease in the reactivity (Table 3, 
Figure 11b). These observations can be rationalized in terms 
of removal of sulfur at an elevated temperature.

Conclusions

A series of Zr-TiO2-S were synthesized by a modified sol
gel method developed earlier by us. They were characterized 
by various spectroscopic and analytical techniques. Surface 
properties as well as thermal stability of the anatase phase 
are greatly enhanced by co-doping with zirconium and 
sulfur. The Zr-TiO2-S systems are very effective visible-light 
active catalysts for the degradation of toluene. The synergic 
effect of co-doping with zirconium and sulfur is encountered 
in the catalytic performance of Zr-TiO2-S to show the 
reactivity order as follows: Zr-TiO2-S > TiO2-S > Zr-TiO2 > 
TiO2=P-25. Within the same series the catalytic perfor
mance is found to be a function of Zr-contents as follows: 3 
wt % Zr-TiO2-S>0.5 wt % Zr-TiO2-S>5wt % Zr-TiO2-S> 
1 wt % Zr-TiO2-S. Higher calcination temperature decreases 
the reactivity of Zr-TiO2-S.
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