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a b s t r a c t

A new series of visible-light-driven TiO2 photocatalysts constituting lattice-doped Ni and surface-coupled
SnO2 nanocomposites, xNi–TiO2–SnO2 (x = 0.1, 0.3, 0.5), were synthesized. TiO2 and xNi–TiO2 were pre-
pared by a sol–gel method while the SnO2 was coupled to these via a ligand exchange reaction and finally
ccepted 18 July 2008
vailable online 25 July 2008

eywords:
i–TiO2–SnO2

anocomposites

the catalysts were thermally treated. The presence of Ni ions in the lattice of the photocatalysts was
indirectly confirmed by a red shift in DRS spectra. XRD showed crystalline peaks only assignable to TiO2

anatase phase. XPS analysis confirmed that Sn is present on the surface of the catalysts as SnO2 while
Ni2O3 is absent. The xNi–TiO2–SnO2 nanocomposites showed a promising visible-light-responsive photo-
catalytic activity and were found superior to TiO2, xNi–TiO2 and TiO2–SnO2 for the degradation of toluene
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. Introduction

Titanium oxide (TiO2) is one of the most efficient semiconductor
hotocatalysts for extensive environmental applications because
f its strong oxidizing power, non-toxicity, high photochemical
orrosive resistance and cost effectiveness. Due to these inher-
nt properties, TiO2 is the most suitable candidate for degradation
nd complete mineralization of toxic organic pollutants in water,
oil and air [1–4]. Yet, the widespread technological use of TiO2 is
mpaired by its wide band gap (3.2 eV for crystalline anatase phase)

hich requires the use of UV light. Thus, the possibility of employ-
ng solar light in TiO2 photocatalysis is limited. It is noteworthy that
he UV-radiation fraction of the global solar radiation is only 4–6%
hile its visible light component is 45% [5]. Therefore, development

f an efficient process that can shift the optical response of TiO2
rom the UV to visible spectral range seems to be the most appropri-
te strategy to improve the photocatalytic efficiency of TiO2 under
olar light irradiation [6].

Among others, the substitution of Ti by transition metals
hrough doping is the most widely studied approach for the syn-
hesis of visible-light-active photocatalysts [7–10]. However, unlike

ther metals, there have been relatively few studies on Ni doping
nto TiO2 lattice for photocatalytic degradation of organic pollu-
ants [8]. Nevertheless, Ni2+ has been found to be an efficient
opant for improving the photocatalytic activity of certain semi-
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onductor photocatalyst for hydrogen evolution from water [11].
n principle, transition metal with proper oxidation state replace
ome of the Ti(IV) from lattice producing a impurity state that
educes the band gap of TiO2 [8,12]. However, metal doping has
ome drawbacks, the most crucial of which is that the doped metal
enters act as electron traps, which ultimately results in higher
ate of electron and hole pairs (e−/h+) recombination [13]. There-
ore, further studies are required in order to improve the activity
f these transition-metal-doped TiO2 by holding back the possi-
le accumulation of electrons on TiO2. This will in turn suppress
he recombination of photogenerated e−/h+ and thus will improve
he efficiency of the net charge transfer in photocatalysis. Cou-
ling of two semiconductor particles with different Fermi levels
rovides an interesting approach in this regard. The TiO2–SnO2
ystem seems to be a pair of choice because of the structural anal-
gy between both oxides. The band gaps of SnO2 and TiO2 are
.8 and 3.2 eV, respectively. When these two semiconductor par-
icles are coupled, the conduction band of SnO2 acts as a sink for
hotogenerated electrons. Since the photogenerated holes move

n the opposite direction, they accumulate in the valence band of
he TiO2 particle, therefore, leading to efficient spatial separation
f photogenerated charges and thus suppressing recombination
14,15].

Several methods ranging from thin films and particles to

anofibers have been developed to produce TiO2–SnO2 materials
16–18]. Such a combination is certainly advantageous but can be
ctive only under UV light. Substitution of Sn for Ti in a TiO2 lat-
ice matrix can only bring a blue shift in the absorption spectra of
iO2 because SnO2 have a large band gap than TiO2. Therefore, it

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:tjkim@knu.ac.kr
dx.doi.org/10.1016/j.jhazmat.2008.07.078
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eems crucial for visible light activity that there should be a surface
oupling between the two semiconductors.

The aim of the present study was to change the response of
iO2 from UV to visible light irradiations by doping with nickel
nd to improve the efficiency of mix–metal system by coupling it
ith SnO2 semiconductor. The uniqueness of the system is while
i is introduced at atomic level to replace Ti in the lattice, SnO2 is
oupled to TiO2 only on the surface.

. Experimental

.1. General remarks

All commercial reagents such as tetrabutyl titanate, nickel
hloride, triphenyltin hydroxide, absolute ethanol, hydrochloric
cid (37%) and ammonium hydroxide (28%) were purchased from
ldrich and used as received. All syntheses were carried out using
eionized water and under nitrogen at room temperature. TiO2 was
repared according to the literature method described elsewhere
19].

.2. Preparation of Ni-doped TiO2

Ni-doped TiO2 and xNi–TiO2 (x = 0.1, 0.3, and 0.5 wt%) were pre-
ared initially by taking advantage of a modified sol–gel method
19]. In a typical experiment for the synthesis of 0.1 wt% Ni–TiO2,
o a stirred solution of Ti(OBu)4 (21.3 mL) in EtOH (120 mL) charged
n a two-neck round bottom flask, were added dropwise a solution
f HCl (6.6 mL) in aqueous ethanol (22:120 v/v). Simultaneously
as added dropwise a solution of NiCl2·6H2O (0.02 g) in ethanol

30 mL). After addition, the resulting sol was stirred for an addi-
ional 24 h and subsequently the pH of the solution was raised to
.0 by dropwise addition of NH4OH (1.0 M) solution. The gel thus
ormed was aged for 2 h, filtered and washed thoroughly with dis-
illed water for the complete removal of chlorides as confirmed
y silver nitrate test. The gel was then dried at 110 ◦C for 12 h and
echanically ground to powder. The resulting dry powders were

alcined at 500 ◦C at the rate of 1 ◦C/min and kept at 500 ◦C for
h to obtain nanostructured TiO2 powders. Those with other Ni-
ontents such as 0.3 and 0.5 wt% Ni–TiO2, were prepared in the
ame manner.

.3. Preparation of xNi–TiO2–SnO2 and TiO2–SnO2

A series of xNi–TiO2–SnO2 with various Ni-contents (x = 0.1,
.3, and 0.5 wt%) was prepared using wet-impregnation method;
amely, xNi–TiO2 (4 g prior to calcination) was added to an ethano-

ic solution of (C6H5)3Sn–OH (0.12 g). After stirring for 6 h followed
y aging for 24 h, the suspension obtained was centrifuged and
he residue was washed with distilled water. Then, it was dried
o obtain the powdered product which was calcined to 500 ◦C
t the rate of 1 ◦C/min and kept at 500 ◦C for 5 h to obtain
Ni–TiO2–SnO2.

TiO2–SnO2 was also prepared in the same manner except
Ni–TiO2 was replaced with TiO2.

.4. Characterization

The UV–vis diffuse reflectance spectra were measured by using a

HIMADZU UV-2450 spectrophotometer. The crystallite structures
f the calcined (at 500 ◦C) materials were investigated by analyzing
he X-ray diffraction (XRD) patterns obtained with a Multi-Purpose
-ray Diffractometer (X’pert PRO MRD/X’pert PRO MPD) operated
t room temperature with graphite-monochromated Cu K� radia-

c
d
t
g
c

Materials 163 (2009) 1179–1184

ion. The Scherrer’s formula

rystallite size = k�

W
cos � (1)

with a shape factor k = 0.89) was employed to determine the crys-
allite sizes of samples with fwhms (W) and peak centers obtained
y fitting the (1 0 1) peak to the Lorentzian function; here � is the
avelength of X-ray radiation (1.54 Å). The lattice parameters of the

atalysts were measured using (1 0 1) and (2 0 0) in anatase crystal
lanes by using the following equations:

ragg’s equation : dh k l = �

2 sin �
(2)

ormula for tetragonal system : d−2
h k l

= h2a−2 + k2b−2 + l2c−2 (3)

here dh k l is the distance between crystal planes of (h k l), � is the X-
ay wavelength, � is the diffraction angle of crystal plane (h k l), h k l
s the crystal index, and a, b and c are lattice parameters (in anatase
orm, a = b /= c). X-ray photoelectron spectra (XPS) were recorded
n a VG Microtech, MT 500/1 photoelectron spectrometer. All the
inding energies were referenced to the adventitious C 1s peak at
85 eV.

.5. Measurement of photocatalytic activity

The photocatalytic activity was investigated by the photodegra-
ation of gaseous toluene under visible light irradiation using a
losed circulation reactor (batch type reactor) at ambient condition.
Pyrex-glass tubular reactor, containing the catalyst (300 ± 0.5 mg)
niformly spread over the irradiation area was connected to a peri-
taltic pump through tubing.

The reactor containing the catalyst was placed in a black glass
ox (30 cm × 42 cm × 27 cm) that housed a 150-W halogen lamp
OSRAM HALOLINE) with a 400 nm cutoff filter as a visible light
ource. The photon flux emitted from this lamp was determined
ctinometrically using the potassium ferrioxalate method and was
ound to be 3.9 × 10−6 Einstein/s. The quantum yield was deter-

ined using the following equation as described elsewhere [20].

= (dC0/dt)VT

I0
(4)

here dC0/dt is the degradation rate (mol/dm3 min), VT is the total
ystem volume (dm3) and I0 is the amount of photons entering the
hotocatalytic reaction zone (Einstein/s).

The distance between the lamp and the catalyst was 15 cm.
o introduce toluene for photodegradation study, the reactor was
onnected to a glass-mixing chamber, where the temperature was
aintained at 70 ◦C to ensure the vaporization of toluene. A Master

lex peristaltic pump and tubing was used to homogenize the gas
nside the reactor. The pump constantly circulated the gas inside
he reactor with a flow rate of 320 cm3/min. This ensured both the
as mixing and maintenance of the gaseous concentration of the
aporized toluene to the catalysts. The total volume of the circu-
ation reactor was 1.3 L. The concentration of toluene used in all
xperiments was 177 ppm, using a volume of 1.0 �L. The photore-
ctor was kept in the dark and the gas was circulated for one hour
uring which the gas concentration became constant as monitored
y GC. This indicated that the gaseous toluene achieved a steady
tate between adsorption and desorption on the catalyst surface.
o considerable loss of toluene was observed during the experi-
ents as determined by taking various blanks such as: (i) without
atalyst and visible light, (ii) with catalyst but without visible light
isplayed. In order to monitor the concentration of toluene versus
ime, a Gas Chromatograph (Shimadzu GC-17A) equipped with a
as sampler operating with a flame ionization detector (FID) was
onnected to the reactor. The rate of degradation was estimated to
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vacancy formation for maintenance of charge neutrality [22,23].
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bey pseudo-first-order kinetics and hence the rate constant for
egradation, k, was obtained from the first-order plot according to
q. (5).

n
(

C0

C

)
= kt (5)

here C0 is the initial concentration, C is the concentration after
time (t) of the toluene degradation, and k is the first-order rate

onstant.

. Results and discussion

.1. Synthetic process

Quantitative incorporation of a dopant metal into TiO2 lattice
s feasible provided dopant metal ions have the same ionic radius
s that of Ti4+ (0.75 Å) [8]. In the sol–gel process the incorporation
f active ions in the sol allows the ions to have direct interaction
ith TiO2 and could be doped into the lattice of TiO2. The resulting
aterials will have special optical and catalytic properties [5]. This
eans that the Ni2+ ions having the same ionic radius as that of Ti4+

an successfully replace some of the Ti4+ ions from lattice through
oping using sol–gel method. This process results in the forma-
ion of a mix–metal system of Ni–TiO2 having different optical and
atalytic properties than the parent TiO2.

TiO2 has a large number of highly reactive dandling bonds –OH
n its surface [2]. Triphenyltin hydroxide, used as a precursor in the
resent study, is a bulky compound containing –OH bond. There-
ore, it is possible that ligand exchange takes place between the
andling bonds and triphenyltin hydroxide. Due to attached bulky
rganic groups it is impossible for Sn4+ to exist as solid solution
r replace Ti4+. When annealed at 500 ◦C, the precursor takes a
hermal decomposition and the organic ligands are oxidized and
aporized. It is worth noting that under the applied conditions the
arbon of the organic component fully oxidized to CO2 which is
omparatively less toxic. The oxide remained on the surface is SnO2
oupled with TiO2.
.2. UV–vis absorption spectra

Fig. 1 shows the UV–Vis spectra of TiO2, xNi–TiO2, and,
Ni–TiO2–SnO2. The significant increase in the absorption at a

ig. 1. DRS of (a) TiO2; (b) 0.1 wt% Ni–TiO2; (c) 0.3 wt% Ni–TiO2; (d) 0.5 wt% Ni–TiO2;
e) 0.1 wt% Ni–TiO2–SnO2; (f) 0.3 wt% Ni–TiO2–SnO2; (g) 0.5 wt% TiO2–SnO2; and (h)
wt% TiO2–SnO2.
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avelength lower than 380 nm (ca. 3.18 eV) can be assigned to
he intrinsic band gap absorption of anatase TiO2. SnO2-coupled
iO2 showed blue shift obviously due to a larger band gap of
nO2 (3.8 eV) compared to TiO2 (3.2 eV). The absorption edge of
iO2 shifts towards longer wavelength after Ni doping (Fig. 1).
urthermore, such a red shift depends linearly on the Ni content.
hese observations showed that the absorption edge of TiO2 can be
ngineered towards longer wave length by introduction of Ni into
attice of TiO2. Similar trend was also observed for xNi–TiO2–SnO2
amples. Compared to SnO2-coupled TiO2 which induces a blue
hift, xNi–TiO2–SnO2 causes a red shift probably due to the pres-
nce of Ni ions inside lattice thus causing higher influence than
urface-coupled SnO2. The change in the red shift was of the fol-
owing order: TiO2–SnO2 < TiO2 < 0.1 wt% Ni–TiO2–SnO2 < 0.1 wt%
i–TiO2 < 0.3 wt% Ni–TiO2 ∼ 0.3 wt% Ni–TiO2–SnO2 < 0.5 wt%
i–TiO2 ∼ 0.5 wt% Ni–TiO2–SnO2.

.3. XRD analysis

Fig. 2 shows the XRD patterns of xNi–TiO2, xNi–TiO2–SnO2 and
iO2–SnO2. All diffraction peaks can be assigned as pure anatase
iO2 after calcinations. These observations indicated that there
as been virtually no phase change in TiO2 in the process of dop-

ng, regardless of the type and amount of dopants. Segregation
ppears as a separate phase in the XRD analysis as reported pre-
iously [21]. In Contrast, no segregate phase was found for SnO2
n the XRD pattern and thus most probably SnO2 distributes uni-
ormly on the surface of TiO2. This postulation was confirmed by
he XPS analysis of these samples. No segregate phase was found
or SnO2 and thus most probably SnO2 distributes uniformly on
he surface of TiO2. Table 1 reveals the estimated lattice param-
ters and crystallite sizes. The lattice parameters for all Ni–TiO2
amples remain almost unchanged along a- and b-axes, whereas
he c-axis parameter showed a slight increase with Ni-doping. This
ncrease may be due to the compensating effects between substi-
ution of Ti(IV) by the dopant Ni(II) in the lattice and due to oxygen
or SnO2–TiO2-coupled system the lattice parameters remained
nchanged indicating that no substitution has taken place at lattice
f TiO2.

ig. 2. XRD analysis of (a) TiO2; (b) 0.1 wt% Ni–TiO2; (c) 0.3 wt% Ni–TiO2; (d) 0.5 wt%
i–TiO2; (e) 0.1 wt% TiO2–SnO2; (f) 0.3 wt% TiO2–SnO2; (g) 0.5 wt% TiO2–SnO2; and

h) 1 wt% TiO2–SnO2.
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Table 1
Lattice parameters, average crystallite size, rate constant and quantum yield of xNi–TiO2, xNi–TiO2–SnO2, TiO2, and TiO2–SnO2.

Catalysts Lattice parameters (Å)a Crystallite size (nm)b Kc (min−1) �d

a = b c

TiO2 3.7874 9.4067 18 0.0007 0.02
0.1 wt% Ni–TiO2 3.7820 9.4913 18 0.0039 0.15
0.3 wt% Ni–TiO2 3.7834 9.5006 18 0.0033 0.12
0.5 wt% Ni–TiO2 3.7834 9.5149 18 0.0014 0.07
0.1 wt% Ni–TiO2–SnO2 3.7850 9.4447 16 0.0036 0.11
0.3 wt% Ni–TiO2–SnO2 3.7825 9.4840 16 0.0058 0.18
0.5 wt% Ni–TiO2–SnO2 3.7829 9.4765 15 0.0026 0.11
SnO2–TiO2 3.7811 9.4118 13 0.0003 0.02

a

d
s
x
r
i
w
1

3

e

Estimated according to Eqs. (2) and (3).
b Calculated according to the Scherrer formula (D = k�/B cos �).
c Calculated from linear fitting of ln(C0C) versus the reaction time.
d Calculated according to Eq. (4).

Table 1 shows that the average crystallite size of the catalysts
id not change with the Ni doping possibly due to the very
mall quantity of Ni added as a dopant. On the other hand, in
Ni–TiO2–SnO2 series the presence of SnO2 (1 wt%) on the surface

etarded the crystal growth. Thus these samples showed a decrease
n crystalline size from parent TiO2 as well as xNi–TiO2. This effect
as more pronounced in TiO2–SnO2, where the crystallite size was

3 nm as compared to TiO2 (18 nm) (Table 1).

i
d
N
d

Fig. 3. XPS analysis of calcined 0.5 wt% TiO2–SnO2: (a) s
.4. XPS analysis

XPS is a highly sensitive technique of surface analysis, and is an
ffective method to investigate the surface composition and chem-

cal states of solid samples. XPS measurements were carried out to
etermine the surface composition and chemical state of 0.5 wt%
i–TiO2–SnO2 calcined at 500 ◦C. The XPS survey spectrum in Fig. 3
emonstrates the presence of titanium, oxygen, carbon, and tin, and

urvey analysis; (b) Sn (3 d); (c) Ti (2p); (d) O (1s).
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[(SnO2)ecb
−] + O2 → •O2

−

H2O + hvb
+ → •OH + H+
R. Khan, T.-J. Kim / Journal of Haza

t the same time the absence of nickel on the surface. All the binding
nergies were referenced to the adventitious C 1s peak at 284.6 eV.

The XPS peak position of Ti 2p3 and Sn 3d5 are at 459.02 and
86.4 eV, respectively, demonstrating that the main chemical states
f Ti and Sn are +4 valence according to the handbook of XPS instru-
ent. The O 1s XPS spectrum can be resolved into two components

sing Origin software with Gaussian rule. Both O 1s XPS peaks are
ide and asymmetric demonstrating that there are at least two kind

f O binding states. The one at 530.2 eV is assignable to the crys-
al lattice oxygen (Ti–O, Sn–O) and the other hydroxyl oxygen (OH)
t 531.1 eV to adsorbed O2/OH groups on the surface. The atomic
ercent determined from XPS analysis shows carbon 21.3%, oxy-
en 55.72%, titanium 22.22% and tin 0.76%. The content Sn on the
urface is close to the desired content (1%), illustrating that Sn is
niformly dispersed in the TiO2 sample. In general, for an ideal TiO2
rystal the ratio of Ti to O is 1:2. Here, we found that the content of
xygen is higher than this ratio which may be due to Sn-bound oxy-
en. Furthermore, no XPS peak was found in the region 840–890 eV
hat could be assigned to Ni 2p3 clearly indicating that nickel is not
resent on the surface of TiO2.

.5. Photocatalytic activity

The photocatalytic degradation of toluene under visible light
rradiation was performed in order to benchmark the catalytic
ctivity of xNi–TiO2, xNi–TiO2–SnO2, TiO2 and TiO2–SnO2. All reac-
ions followed pseudo first-order kinetics as the rate of reaction
epends only on toluene concentration while the amount of TiO2
catalyst) is fixed and remained unchanged. A straight line was
btained when In C0/C was plotted against time (data not shown).
able 1 describes the rate constants (K) for each reaction. The
ate constant for 0.3 wt% Ni–TiO2–SnO2 was found to be highest
0.0058 min−1) among the tested catalysts. All samples exhibited
arying degrees of catalytic activity depending on the nature of
oping. xNi–TiO2 were found to be active in visible light while cou-
ling of SnO2 onto the TiO2 surface further increased the efficiency
f these catalysts. The optimum concentration of metal dopant has
een found to be the most the crucial factor in determining the
fficiency of the TiO2 photocatalyst [13,24,25]. Metal concentra-
ion below the optimum level leads to lower absorption of light
hile at higher concentration the dopant act as electron–hole

ecombination center which increase the recombination rate. Both
hese situations yield lower photocatalytic efficiency. In the present
tudy, the 0.3 wt% Ni–TiO2–SnO2 was found to be the best cat-
lyst in the series having the highest quantum yield of 0.18
Table 1 and Fig. 4). According to DRS analysis, both xNi–TiO2 and
Ni–TiO2–SnO2 series showed a red shift in the absorption spectra
f TiO2 due to the presence of Ni ions inside lattice. Furthermore,
uch a red shift was dependent on the Ni content (Fig. 1). It is evident
rom the results that 0.3 wt% Ni–TiO2–SnO2 absorbed more visible
ight than 0.1 wt% Ni–TiO2–SnO2 and thus displayed better photo-
atalytic activity. However, when the Ni concentration was further
ncreased to 0.5 wt%, no significant difference in the visible light
bsorption was observed. Moreover, Ni2+ in higher concentrations
ay act as recombination center for photogenerated electron–hole

airs. Therefore, the photocatalytic efficiency decreased beyond
.3 wt% Ni concentration in the Ni–TiO2–SnO2 series.

The 0.1 wt% Ni–TiO2 showed good photocatalytic activity, how-
ver, the reactivity decreased sharply beyond this concentration
Fig. 4). It has been reported that with the increase in Ni content as

opant it acts as a recombination center [13] and could also be the
ossible reason for the decrease in activity beyond 0.1 wt% in the
resent study. The electron and hole pairs formed can soon recom-
ine generating only heat instead of participating in the oxidation
eaction. However, when Ni-doped TiO2 nanoparticles host SnO2 F
ig. 4. Degradation of toluene under visible light irradiations: 0.1 wt% Ni–TiO2

�); 0.3 wt% Ni–TiO2 (�); 0.5 wt% Ni–TiO2 (�); 0.1 wt% Ni–TiO2–SnO2 (�); 0.3 wt%
i–TiO2–SnO2 (�); 0.5 wt% Ni–TiO2–SnO2 (�) TiO2 (�); Sn–TiO2 (©).

n their surface, the recombination is retarded. Consequently, it can
e seen from the results that all Ni–TiO2–SnO2 samples are photo-
atalytically more active than the corresponding Ni–TiO2 samples
Table 1 and Fig. 4). The SnO2 on the surface of Ni–TiO2 act as a
ink for photogenerated electrons. Though the band gap of SnO2 is
ider than that of TiO2, its conduction band is at a lower energy

evel than that of TiO2 (Fig. 5). Hence, in coupled TiO2–SnO2, it
ould be expected that the photogenerated electrons from TiO2 are
ransferred easily into the SnO2, (TiO2)e−

CB → (SnO2)e−
CB and the

oles flow oppositely. One of the noticeable characteristics of TiO2
s that the oxidizing power of the holes is greater than the reducing
ower of the excited electrons [26], which is now available to attack
urface adsorbed species. Once separated, both the electrons and
he holes can be more involved in interfacial charge transfer reac-
ion. The expected key reactions for the investigated photocatalytic
ystem are as follows:

i–TiO2 → hvb
+ + ecb

−

TiO2)ecb
− → (SnO2)ecb

−

ig. 5. The schematic diagram for proposed electronic transition for Ni–TiO2–SnO2.
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TiO2 as well as TiO2–SnO2 were found inactive under visible light
rradiations. The lack of activity can be explained in terms of large
and gap of the two catalysts as determined by diffuse reflectance
pectra of the samples (Fig. 1).

. Conclusion

A new visible-light-responsive photocatalytic system employ-
ng TiO2 nanoparticles, with Ni2+ in the lattice and Sn4+ on the
urface, was successfully prepared by a sol–gel method followed
y a ligand exchange reaction and finally thermal treatment.
Ni–TiO2–SnO2 samples were photocatalytically more superior to
he corresponding xNi–TiO2 under visible light. The surface cou-
ling of SnO2 to TiO2 acted as a sink for the photogenerated
lectrons and thus decreased the electron–hole pair recombina-
ion rate and subsequently improved the photocatalytic activity
f the TiO2 under visible light irradiation. This newly developed
hotocatalytic system has enormous potential applications in the
eep mineralization of recalcitrant organics by avoiding the accu-
ulation of electrons on metal oxide semiconductors. Moreover,
ith this system in hand, solar light can be used as the most avail-

ble and cost effective energy source for practical applications.
verall, the lattice-doped metal and surface-coupled semicon-
uctor system developed in the present study proved to be a
romising tool for the photodegradation of toluene under visible

ight.
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