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a b s t r a c t

ZnO/TiO2 photocatalysts coupled with various ZnO dosages (0.5–10 mol%) were prepared by wetness
impregnation method and characterized in this study. X-ray photoelectron spectroscopy results indi-
cated that zinc ions did not enter TiO2 lattice and was more likely to bond with oxygen atoms to form ZnO
coupled on the surface of TiO2. The coupling of ZnO on the surface of TiO2 retarded the crystal phase trans-
formation from anatase to rutile phase for TiO2 calcined at temperatures higher than 500 ◦C. The specific
surface area of ZnO/TiO2 calcined at 700 ◦C was notably higher than that of pure TiO2 possibly because the
aggregation and agglomeration of particles were inhibited by the indirect contact of TiO2 particles dur-
ing the calcination. Photocatalytic reduction of hexavalent chromium, Cr(VI), in aqueous solutions using
ZnO/TiO2 was evaluated under 365 nm UV light illumination. ZnO/TiO2 containing 2.0 mol% ZnO exhibited
etness impregnation, Interparticle
lectron transfer

the lowest photoluminescence emission intensity and the maximum photocatalytic reduction of Cr(VI) in
aqueous solutions due to the enhancement of charge separation by interparticle electron transfer. How-
ever, excessive ZnO on the surface of TiO2 may serve as recombination centers of electron–hole pairs
to decrease the photocatalytic activity of ZnO/TiO2. Moreover, the decreased photocatalytic reduction of
Cr(VI) using ZnO/TiO2 calcined at higher temperatures was assumed to be attributed to the decrease of
specific surface areas.
. Introduction

Increasing concerns on various environmental contaminations
as stimulated vital development of various treatment technolo-
ies. Photocatalytic processes using semi-conductors as catalysts
nder appropriate illumination are attracting extensive atten-
ion mainly because of the relatively mild reaction conditions
equired to the satisfactory decomposition of refractory pollutants.
umerous innovative technologies associated with TiO2-assisted
hotocatalytic reactions were developed intensively for the decom-
osition of numerous organic compounds in aqueous and gaseous
treams [1,2]. Recently, the application of photocatalytic reduc-
ion process using TiO2 is reported to effectively reduce various
eavy metals in aqueous solutions to less-toxic states. Ku and

ung [3] investigated the hexavalent chromium, Cr(VI), reduction
n aqueous solution by the photocatalytic process and indicated
hat Cr(VI) was reduced almost completely within 5 h for experi-

ents conducted in acidic solutions containing 0.5% ethanol. Yoon

t al. [4] also revealed that the photocatalytic reduction of Cr(VI)
as favored in acidic solutions because of the electrostatic affin-

ty between Cr2O7
2− and TiO2. Jiang et al. [5] demonstrated that
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the prepared sulfated TiO2 photocatalyst provided an acid environ-
ment over the catalyst surface to markedly promote the reduction
of Cr(VI).

Titanium dioxide (TiO2) is the most studied photocatalyst for
environmental applications because it is photocatalytically sta-
ble, inexpensive, and harmless. However, electron transfer and the
recombination between electron-hole pairs results in low quan-
tum yields for most photocatalytic reactions [6]. The application of
coupled semiconductors in the photocatalytic process is regarded
as an alternative to enhance the photocatalytic activity of photo-
catalyst by inhibiting the recombination of electron–hole pairs [7].
ZnO is considered to be a suitable semiconductor to be coupled with
TiO2 due to its high photocatalytic activity, approximative band gap
energy and similar photocatalytic mechanism of reaction as com-
pared to TiO2 [8,9]. Serpone et al. [10] indicated that the transfer of
electrons and holes using ZnO/TiO2 semiconductors is important in
the photocatalytic oxidation of aromatic compounds and proposed
the transfer mechanism of electrons and holes at the interface
of the coupled photocatalyst as shown in Fig. 1. ZnO and TiO2
possessed different redox energy levels for their corresponding
conduction and valance bands. Once illuminated UV light induced

electron–hole pairs on ZnO and TiO2 surfaces simultaneously, the
difference of redox energy levels between the two semiconduc-
tors drove the charge separation to enhance the photocatalytic
activity.

dx.doi.org/10.1016/j.molcata.2011.04.003
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:ku508@mail.ntust.edu.tw
dx.doi.org/10.1016/j.molcata.2011.04.003


Y. Ku et al. / Journal of Molecular Catalysis A: Chemical 342–343 (2011) 18–22 19

F
c

Z
p
5
f
f
s
o
o
b
t
[
p
t
P
p

p
i
c
a
d
c
t
s
u
e

2

i
r
i
s
D
s
t
a
i
t
T
d
K
a

◦

ig. 1. Schematic diagram of transfer mechanism of electrons and holes for photo-
atalytic process using ZnO/TiO2.

Shifu et al. [11] prepared ZnO/TiO2 by ball milling of TiO2 and
nO particles in H2O solution. The authors indicated that no intense
eak of ZnO was observed for ZnO/TiO2 containing ZnO lower than
wt% because ZnO particles were highly dispersed on the TiO2 sur-

ace or between the interfaces of TiO2 aggregates. Zou et al. [12]
abricated ZnO/TiO2 nanoparticles by sol–gel method and demon-
trated that Zn was distributed on the surface of TiO2 in the form
f ZnO. Their experimental results also indicated that the coupling
f ZnO on the TiO2 surface retarded the aggregation of particles
ecause ZnO particles distributed on the surface of TiO2 might avoid
he direct contact of TiO2 particles during calcination. Wang et al.
13] investigated effect of ZnO coupling dosage of ZnO/TiO2 on the
hotocatalytic oxidation of nitric oxide. The authors indicated that
he photocatalytic activity of ZnO/TiO2 was higher than the Degussa
-25 TiO2, and ZnO/TiO2 containing 0.5% ZnO demonstrated highest
hotocatalytic activity.

The objective of this study is to fabricate ZnO/TiO2 cou-
led photocatalysts with various ZnO dosages by wetness

mpregnation method. ZnO/TiO2 coupled photocatalysts were
haracterized using a series of materials analysis techniques, such
s Brunauer–Emmett–Teller surface area measurements, X-ray
iffraction, X-ray photoelectron spectroscopy, and photolumines-
ence emission spectra. Effect of the coupled ZnO dosage on
he photocatalytic reduction of hexavalent chromium in aqueous
olution was also studied. The reaction rates were determined
nder various operating conditions and the rate parameters were
xpressed in terms of an apparent first order rate equation.

. Materials and methods

ZnO/TiO2 coupled photocatalyst was prepared by wetness
mpregnation method in this study. Predetermined amount of
eagent grade ZnSO4·7H2O was added into 40 ml double deion-
zed water, and the solution was vigorously stirred by a magnetic
tirrer until zinc sulphate dissolved completely. Certain amount of
egussa P-25 TiO2 powder was suspended in this solution, and the

uspension was subsequently sonicated for 1 h at room tempera-
ure. Then the suspension was aged at room temperature for 8 h
nd was sonicated again for 12 h. Finally, the suspension was dried
sothermally at 80 ◦C for 12 h, and then the residual was put into
he muffle furnace at various temperatures for 3 h for calcination.

he phase and lattice parameters of prepared photocatalyst were
etermined by a D/MAX-RC X-ray diffractometer equipped with Cu
� at 40 kV. The BET specific surface area of the prepared photocat-
lyst was measured by N2 adsorption at 250 ◦C using an adsorption
Fig. 2. Schematic diagram of the photocatalytic system. 1 – Magnetic stirrer, 2 –
Pyrex photometer, 3 – magnet, 4 – UV lamp, 5 – isothermal controller, 6 – variable
voltage transformer, 7 – power supply.

instrument (Quantachrome, Autosorb-1). Chemical bindings and
composition of the coupled photocatalyst were investigated by the
X-ray photoelectron spectroscopy (Kratos Axis Ultra DLD). Photo-
luminescence (PL) emission spectra of the prepared samples were
recorded at room temperature with a spectrometer (Horiba Jobin
Yvon iHR 550) equipped with a He–Cd laser lamp at an excitation
wavelength of 325 nm.

The schematic diagram of the photocatalytic reaction system is
shown in Fig. 2. Aqueous solution containing 20 mg/l Cr(VI) and
0.2 g photocatalyst was put into the inter-irradiation-type Pyrex
photoreactor with effective volume of 200 ml. The batch photore-
actor was water-jacketed to maintain the solution temperature at
25 ◦C during experiments. A 10 W low-pressure mercury lamp with
emitted wavelength mainly of 365 nm was used as light source
in this study. The solution pH was controlled at 5.5 by dripping
the 1 N HNO3 and NaOH solutions. The prepared suspension was
stirred without irradiation for 30 min to achieve adsorption equilib-
rium. Photocatalytic reduction of Cr(VI) was assumed to be started
when the pre-warmed light source within the reactor was turned
on. Aliquots of reaction solution were then sampled at each inter-
mittent periods, and were measured for Cr(VI) concentration of by
an UV–visible spectrophotometer (Jasco, V-550) at the wavelength
of 349 nm.

3. Results and discussion

3.1. Characterization of ZnO/TiO2

In this study, ZnO/TiO2 photocatalysts containing various cou-
pled ZnO dosages (0.5, 2.0, 4.0 and 10.0 mol%) were prepared
by wetness impregnation method and calcined at temperatures

ranging from 300 to 700 C. The XRD patterns of the ZnO/TiO2 pho-
tocatalysts containing various coupled ZnO dosages at an angle of
2� from 20 to 80◦ are presented in Fig. 3. It is noticed that the diffrac-
tion peak intensities of both anatase and rutile were decreased
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Table 1
Effects of calcined temperature on the specific surface area for pure TiO2 and
ZnO/TiO2 with various coupled dosage of ZnO.

Coupled ZnO dosage (mol%) Specific surface area (m2/g)

300 ◦C 400 ◦C 500 ◦C 600 ◦C 700 ◦C

Pure TiO2 53 50 48 46 10
0.5 54 53 50 47 21
2 53 49 47 42 21

464.3 eV corresponding to Ti2p3/2 and Ti2p1/2, respectively, desig-
nated to the presence of Ti4+. Spectrum of Zn2p region depicted
in Fig. 5(b) demonstrated two peaks at 1021.8 eV (Zn2p3/2) and

0.5 mol% ZnO/TiO2
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ig. 3. XRD patterns of pure TiO2 and ZnO/TiO2 coupled with various ZnO dosages.

ith the increase of coupled ZnO dosage, possibly because the
ighly dispersed ZnO particles might shelter the TiO2 surface from
he emitted X-ray diffraction. Moreover, no intense peak of zinc
xide was observed for samples examined in this study because
he amount of coupled ZnO might be too low to be detected, simi-
ar to the experimental results reported by Shifu et al. [11] and Zou
t al. [12].

Fig. 4 shows the XRD patterns of 2.0 mol% ZnO/TiO2 calcined at
emperatures ranging from 300 to 700 ◦C. Both anatase and rutile
hases of TiO2 could be observed from the XRD spectra of 2.0 mol%
nO/TiO2. The phase transformation from anatase to rutile was
ound to be enhanced for samples calcined at higher temperatures.
lmost no intense peak of anatase phase (2� = 25.306◦) for pure
iO2 could be observed at the calcined temperature of 700 ◦C for
ost photocatalytic researches. The crystal phase transformation
as found to be less evident for ZnO/TiO2 calcined at temperatures
igher than 500 ◦C as compared to pure TiO2. Zou et al. [12] also
eported this phenomenon and indicated that the presence of ZnO
n the surface of TiO2 might inhibit the phase transformation.

Effects of calcined temperature on the specific surface areas

or pure TiO2 and ZnO/TiO2 with various coupled dosages of ZnO
re listed in Table 1. The specific surface areas of pure TiO2 and
nO/TiO2 with various coupled ZnO dosages slightly decreased
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ig. 4. XRD patterns of 2 mol% ZnO/TiO2 under various calcination temperatures.
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10 49 47 40 34 24

with increasing calcined temperature from 300 to 600 ◦C and then
severe decreased for those calcined at 700 ◦C, possibly because the
particles of photocatalyst were aggregated. It was also found that
the specific surface area of ZnO/TiO2 calcined at 700 ◦C was signif-
icantly higher than that of pure TiO2. Zou et al. [12] indicated that
the coupling of ZnO on the TiO2 surface might avoid the direct con-
tact of TiO2 particles during the calcination and thereby retarded
the aggregation and agglomeration of ZnO/TiO2 particles.

The high resolution XPS spectra of the Ti2p and Zn2p regions for
TiO2 and ZnO/TiO2 are shown in Fig. 5. As illustrated in Fig. 5(a), the
binding energies of Ti2p region exhibited two peaks at 458.8 eV and
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Fig. 5. High resolution XPS spectra of (a) Ti2p region and (b) Zn2p region for pure
TiO2 and ZnO/TiO2 coupled with various ZnO dosages.
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Table 2
Contributions of O–Ti and –OH bonding to the O1s oxygen atoms for pure TiO2 and
prepared ZnO/TiO2 coupled with various ZnO dosages.

Coupled ZnO dosages � i
a(%)

O1s (O–Ti, 529.9 eV) O1s (–OH, 531.2 eV)

Pure TiO2 ∼100.00 ∼0.00
0.5 mol% 85.12 14.88
2.0 mol% 79.83 20.17

ZnO/TiO2 under 365 nm UV irradiation. The calculated apparent
first-order rate constants are shown in Fig. 8. Experiments con-
ducted with ZnO/TiO2 demonstrated much higher Cr(VI) reduction
rates than that conducted with pure TiO2, amongst ZnO/TiO2 con-
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ig. 6. High resolution XPS spectra of the O1s region for (a) pure TiO2 and ZnO/TiO2

oupled with various ZnO dosages and (b) ZnO/TiO2 coupled with 10 mol% ZnO.

044.7 eV (Zn2p1/2), indicating that Zn2+ was bonded with oxygen
toms to form ZnO. These results provided the evidence that zinc
ons did not enter TiO2 lattice, but existed as ZnO particles, because
here was no other Zn2p peak appeared in XPS spectra.

The high resolution XPS spectra of O1s on the surface of pure
iO2 and prepared ZnO/TiO2 are shown in Fig. 6. As shown in
ig. 6(a), the broad and asymmetric peak of O1s was partitioned
nto two peaks, 529.9 eV and 531.2 eV, corresponding to O–Ti bond-
ng of TiO2 and hydroxyl group (–OH) on the surface of ZnO/TiO2,
espectively, referring to the results reported by Yu et al. [14].
he results of curve fitting of high resolution XPS spectra for the
1s region of ZnO/TiO2 containing 10.0 mol% ZnO are displayed in
ig. 6(b). As the results shown in Fig. 6, the full width at half max-
mum (FWHM) of O1s peak at 529.9 eV for ZnO/TiO2 was found
o be slightly increased due to the overlapping of the O–Zn and
–Ti bindings. This phenomenon also implied that the coupled Zn

ons existed as ZnO on TiO2 surface. Moreover, the surface-bound
ydroxyl groups were considered to be the chemically adsorbed
2O, because physically adsorbed H2O should be easily desorbed

n the super high vacuum surrounding of XPS system. The contri-
utions of O–Ti and –OH bonding to the oxygen atoms for pure
iO2 and prepared ZnO/TiO2 are calculated and listed in Table 2.
he contribution of hydroxyl group was found to increase signif-

cantly with increasing ZnO dosage. Papp et al. [15] and Fu et al.
16] prepared the TiO2/WO3, TiO2/MO3, TiO2/SiO2, and TiO2/ZrO2
hotocatalysts and indicated that the TiO2 surfaces covered with
10.0 mol% 74.10 25.90

a � i (%) represents the ratio of Ai/�Ai (Ai is the area of each peak).

abundant hydroxyl groups resulted from the coupling of metal
oxides were more capable to accept the light-induced holes and
to oxidize organic molecules adsorbed on TiO2 surface.

ZnO/TiO2 may absorb the photons with enough energy to gener-
ate electron–hole pairs, and the subsequent recombination of the
photoexcited electrons and holes can release energy in the form
of photoluminance (PL). Therefore, several previous researchers
[17–19] reported that lower PL emission intensities might indicate
lower recombination of electron–hole pairs. In this study, the PL
emission spectra of pure TiO2 and prepared ZnO/TiO2 using a He–Cd
laser light with 325 nm wavelength are depicted in Fig. 7. The PL
emission intensities of pure TiO2 and prepared ZnO/TiO2 exhibited
peak values at approximately 405 nm corresponding 3.07 eV. Pure
TiO2 sample demonstrated the highest PL emission intensity, indi-
cating that electrons and holes were more easily recombined. The
PL emission intensity was found to be decreased with the coupling
of ZnO, possibly because the different redox energy levels of con-
duction and valance bands for ZnO and TiO2 led to the interfacial
charge transfer to inhibit the recombination of electron–hole pairs.
The PL emission spectrum for ZnO/TiO2 containing 2.0 mol% ZnO
was much lower than those for pure TiO2 and ZnO/TiO2 containing
10.0 mol% ZnO. The recombination was recommenced for ZnO/TiO2
containing excessive dosages of ZnO because the new recombina-
tion centers provided by the abundant ZnO particles [13].

3.2. Photocatalytic activity of ZnO/TiO2

Experimental results of photocatalytic reduction of Cr(VI) in
aqueous solutions were carried out by using pure TiO2 and prepared
Wavelength (nm)

Fig. 7. Photoluminance spectra of pure TiO2 and ZnO/TiO2 coupled with various
ZnO dosages.
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ig. 8. Effect of coupled ZnO dosage on the apparent reaction rate constant for
hotocatalytic reduction of Cr(VI) in aqueous solutions.

aining 2.0 mol% ZnO exhibited highest reduction rate. Based on
he transfer mechanism of electrons and holes at the interface
f ZnO/TiO2 reported by previous researchers as presented in
he Introduction section, the enhanced photocatalytic activity for
r(VI) reduction is possibly because that the difference of redox
nergy levels between ZnO and TiO2 drove the charge separation
o inhibit the recombination of electron–hole pairs. The reduc-
ion of Cr(VI) tended to be retarded for experiments conducted
ith ZnO/TiO2 containing higher than 2.0 mol% ZnO. Shifu et al.

11] investigated the application of ZnO/TiO2 on the photocat-
lytic oxidation of methyl orange, and also reported that ZnO/TiO2
ontaining 2.0 mol% ZnO showed the highest photocatalytic activ-
ty. The authors attributed this phenomenon to the formation of
ew recombination centers of electron–hole pairs at the excessive
osages of ZnO. In addition, experimental results on the photo-
atalytic reduction of Cr(VI) conducted with ZnO/TiO2 containing
arious dosages of ZnO were found to be agreed with the results on

L spectra previously shown in Fig. 7.

Fig. 9 shows the effect of calcined temperature of ZnO/TiO2 con-
aining 2.0 mol% ZnO on the calculated first-order photocatalytic
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reduction rate constant of Cr(VI). The reduction rate of Cr(VI) was
decelerated using ZnO/TiO2 calcined at higher temperatures. Liao
et al. [20] also reported that the photocatalytic activity of ZnO/TiO2
for methyl orange degradation decreased with increasing calcined
temperature. The authors ascribed these results to the transforma-
tion of TiO2 from anatase to rutile and to the appearance of ZnTiO3.
However, the phase transformation of TiO2 from anatase to rutile
at higher calcined temperatures was found to be inhibited by cou-
pling of ZnO as shown in Fig. 4. No intense peak of the impurity
of ZnTiO3 was detected for samples examined in this study. As the
BET results shown in Table 1, the specific surface area of ZnO/TiO2
was decreased with the increase of calcined temperature because
of the particle aggregation. Consequently, the decreased photo-
catalytic reduction of Cr(VI) was assumed to be attributed to the
decrease of specific surface areas of ZnO/TiO2 calcined at higher
temperatures.

4. Conclusions

ZnO/TiO2 photocatalysts containing various ZnO dosages pre-
pared by wetness impregnation method and calcined at various
temperatures were characterized in this study. Even through no
intense XRD peak of zinc oxides was observed for samples exam-
ined, XPS results represented that zinc ions did not enter TiO2
lattice and was more likely to bond with oxygen atoms to form
ZnO on the surface of TiO2. The coupling of ZnO on the surface
of TiO2 inhibited the crystal phase transformation from anatase
to rutile phase for TiO2 calcined at higher temperatures. ZnO/TiO2
containing 2.0 mol% ZnO exhibited the lowest PL emission intensity
and maximum photocatalytic reduction of Cr(VI) in aqueous solu-
tions due to the enhancement of charge separation by interparticle
electron transfer. However, the presence of excessive coupled ZnO
may serve as new electron–hole recombination centers to reduce
photocatalytic reduction of Cr(VI). The decrease of photocatalytic
reduction of Cr(VI) using ZnO/TiO2 calcined at higher temperatures
was attributed to the decrease of specific surface areas of ZnO/TiO2
induced by the aggregation and agglomeration of particles.
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