Applied Surface Science 258 (2012) 8704-8712

Contents lists available at SciVerse ScienceDirect o

applied
surface science

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Preparation and characterization of SnO,/Zn0O/TiO, composite semiconductor
with enhanced photocatalytic activity

Guidong Yang®P:¢, Zifeng YanP*, Tiancun Xiao ©**

2 Department of Chemical Engineering, State Key Laboratory of Multiphase Flow in Power Engineering, Xi’an Jiaotong University, Xi’an 710049, China
b State Key Laboratory for Heavy Oil Processing, China University of Petroleum, Qingdao 266555, China
¢ Department of Chemistry, Inorganic Chemistry Laboratory, University of Oxford, Oxford OX1 3QR, UK

ARTICLE INFO ABSTRACT

Article history:

Received 4 February 2012

Received in revised form 15 May 2012
Accepted 15 May 2012

Available online 23 May 2012

In this study, Sn0,/Zn0O/TiO, composite photocatalysts were successfully synthesized using sol-gel and
solid-state methods. The as-prepared samples were characterized for the phase structure, optical absorp-
tion, thermal stability and surface property using X-ray diffraction (XRD), Raman spectroscopy, UV-vis
diffuse reflectance spectra (DRS), X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis
(TGA) and scanning electron microscopy (SEM). The photocatalytic activity was tested with photode-
composition of Methyl Orange under both visible and UV light irradiations. The results indicated that

Iéf,ﬁogfft; semiconductor the Sn0,/Zn0O/TiO, composite materials have an apparent visible light absorption, combining TiO, with
Heterojunction SnO, and ZnO could promote the TiO, phase transition from anatase to rutile. The SnO,/ZnO/TiO, het-
Visible light erojunctions with the highest performance was the one prepared using Sn(Zn)/Ti molar ratio of 0.05. It
Sno, was found that the enhanced photocatalytic activity could be attributed to the increased separation of
Zn0 the charge carriers, which therefore depress the charge pair recombination and prolonged the electron
TiO, lifetime in the composite structure, and a large number of electrons could take part in the photoreaction.

Photocatalyst Based on the results of the present study, a tentative mechanism for the enhanced photocatalysis of the

Sn0,/Zn0/TiO, composite catalyst has been proposed.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Combining some semiconductors with different band gaps to
form heterojunctions in photocatalytic systems has become a pri-
mary focus of researchers in recent year because of their somewhat
unique properties not existed in the individual nanomaterial aris-
ing from the interfacial interaction at the nanoscale [1-5]. For
example, it can efficiently reduce the recombination rate of the
photogenerated charge carriers in the use of environmental purifi-
cation and remediation. It also can significantly enhance the optical
adsorption of photocatalyst [1-5].

TiO, [6], SnO; [7] and ZnO [8,9], as three well-known semi-
conductors, have been intensively investigated in the fields of
photocatalysis, solar cell and gas sensors due to their special
electronic and optical properties. Among these, TiO,-based pho-
tocatalysts received more attention because of the peculiarities of
high photo-oxidization, photostablility, low cost and non-toxicity
[10-12]. However, with the wide band gap (~3.2 eV), TiO, shows a
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weak photoresponse to the visible light region, as well as a high
electron (e~)-hole (h*) pairs recombination rate greatly reduc-
ing the quantum efficiency, both of which limited the further
widespread application of TiO, for solar energy conversion, envi-
ronmental cleanup and hydrogen generation [10-14]. With the
purpose of decreasing the recombination of photogenerated charge
carriers and improving the photocatalytic efficiency of TiO,, consid-
erable efforts have been devoted to develop highly active titanium
dioxide photocatalysts by doping, metal deposition, surface sen-
sitization and coupling of semiconductors [13,14]. The latter, in
particularly, is thought to be the most promising technology for
increasing the electron-hole pair separation efficiency to enhance
the quantum yield of TiO,, and the corresponding photocatalyst
has been proven to perform well in the photocatalysis [15-19].
Tin dioxide (SnO,) is a direct wide-band-gap semiconductor
with a band gap of ~3.8 eV, which has no absorption of light with
a wavelength longer than 330nm [7]. In fact, the quantum effi-
ciency of SnO, is quite low, however, such material may have a
merit regarding their band structures. It is well known that the
conduction band (CB) of Sn0O, is lower than that of TiO,, but the
valence band is higher than that of TiO,, when coupled with tita-
nium dioxide, its band gap is well matching the band levels with
TiO, and this leads to the enhancement of the photocatalytic activ-
ity of coupling semiconductor under visible light [17-19]. Zinc
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oxide (ZnO) is also one of the most widely investigated materials
for its unique catalytic, optical and electronic properties and many
promising applications in environmental and energy areas [8,9].
Similarly, coupling TiO, with ZnO as a complex system (ZnO/TiO,)
has attracted much attention [20-22]. It is reported that this sys-
tem can considerably improve the photocatalytic activity of TiO,
which is attributed to the enhancement of the charge carrier sep-
aration due to the different energy band gap position of TiO, and
ZnO, leading to the formation of a cascadal structure [21,22].

On the basis of the discussion above, the mixed oxides of two
semiconductors (e.g. ZnO/TiO, and Sn0,/TiO,) as coupling sys-
tem have attracted extensive interests, and the catalyst samples
have been also intensely produced by a variety of synthetic routes
[17-22].Here, we report on the synthesis of Sn0,/Zn0O/TiO, hetero-
junctions through combining TiO, with both SnO, and ZnO by two
simple methods: one is a modified sol-gel technique and the other
is solid state synthesis. Our findings suggest that incorporation of
Sn0; and ZnO into TiO, as a complex system can extend the spectral
response to the visible region and that the photocatalytic activity
is greatly enhanced due to the promotion of the electron transfer
through the interfacial potential gradient in the hybrid structure.
Moreover, the effect of different Sn and Zn dopant concentration
on the structural changes of coupling system such as the phase for-
mation, the crystalline phase and the optical absorption, as well as
the surface property was systematically studied. The liquid-phase
photocatalytic degradation of Methyl Orange (MO) is chosen as a
model reaction to evaluate the catalytic activity of the synthesized
materials.

2. Experimental
2.1. Materials

All chemicals were used as received without further purification.
Analytical grade tetrabutyl orthotitanate (C1gH304Ti, >97% Fluka
Chemicals), tin tetrachloride pentahydrate (SnCly-5H,0) and zinc
acetate dihydrate ((CH3C00),Zn-2H,0) were utilized in the syn-
thesis of composite photocatalyst by sol-gel method. Zinc oxide
(Zn0, 99.99%, Aldrich), tin oxide (Sn0;, 99.99%, Aldrich) and tita-
nium dioxide powders (TiO,, 99.7%, Aldrich) were used in the
synthesis of composite photocatalyst by the solid-state method.

2.2. Preparation of Sn0,/Zn0O/TiO, composite photocatalyst

Sol-gel and solid-state methods were adopted to synthesize
Sn0,/Zn0O|TiO, composite system in the present work. The sol-gel
synthesis method was modified compared to those reported previ-
ously [19]. In brief, 0.02 mol tetrabutyl orthotitanate were added
dropwise into 50 ml absolute ethanol to give a solution which
was then vigorously stirred for 20 min at room temperature. The
desired amounts of SnCl4-5H,0 and (CH3C00),Zn-2H, 0 (the molar
ratio of Sn to Zn was 1:1) were then added in the reaction mix-
ture while stirring continuously for 60 min until the Sn and Zn
dopant dissolved. An amount of 2 mL of deionized water was then
dropped into the above solution. Afterwards, the resultant solu-
tion mixture was maintained at room temperature with continuous
stirring for 24 h to form a gel which was then aged for 12 h at room
temperature. After being dried at 80 °C overnight, the as-prepared
Sn0,/Zn0O|TiO, samples were obtained and then annealed at 400,
500 and 600°C for 3 h to give a yellowish material. The resultant
composite materials coupled with different Zn and Sn contents by
adjusting the molar ratio of Sn(Zn) to Ti from 0.05 to 0.20 were
named as SG-0.05, SG-0.10, SG-0.15 and SG-0.20, respectively.

The solid-state preparation method was similar to those
reported elsewhere [24]. In a typical procedure, TiO,, SnO; and ZnO

powders weighed in the desired ratio (the weight ratio of SnO,
and ZnO to TiO, is 3wt%, 6wt% and 9wt%) and placed together
in an agate mortar. The resulting mixture was transferred into an
alumina boat and kept at 900°C in air for 10 h. The heated mix-
ture was then removed from the oven and allowed to cool to room
temperature naturally. The as-synthesized samples were marked
as SS-3wt%, SS-6wt% and SS-9wt¥%, respectively. For comparison,
the reference samples (undoped TiO,, Zn/Ti-6wt% and Sn/Ti-6wt%)
were prepared using the same approach.

2.3. Material characterization

X-ray diffraction (XRD) patterns of the composite samples were
recorded on a Philips X-PeRT Pro Alpha 1 diffractometer oper-
ating with Cu Ko radiation (A=1.5406A) at a tube current of
40mA and a voltage of 45kV. Data were collected over 26 val-
ues from 20° to 80° at a rate of 1°/min. The X-ray photoelectron
spectroscopy (XPS) measurements were carried out using a Perkin-
Elmer RBD upgraded PHI-5000C ESCA system with monochromatic
Mg Ka excitation and a charge neutralizer. All bonding ener-
gies were calibrated to the C 1s peak at 284.8 eV of the surface
adventitious carbon. Laser Raman spectra were obtained using a
Perkin-Elmer RamanStation 400F Raman spectrometer. UV-vis dif-
fuse reflectance spectra were recorded in a Perkin Elmer Lambda
750S UV/vis spectrometer equipped with an integrated sphere. The
geometry and morphology of the Sn0,/Zn0O/TiO, composite mate-
rial were investigated with [SM840F scanning electron microscopy
(SEM). The thermogravimetric analysis (TGA) was performed using
TGA Q50 instrument (TA Instrument, United States) under air and
N, atmosphere, respectively, and the heating rate was 10°C min~!
from room temperature to 900 °C.

2.4. Photocatalytic test

Photocatalytic reactions were conducted in an open reactor
with a cooling-water-cycle system keeping the reaction tem-
perature constant. The light source was a 300W Xenon lamp
(Trusttech, Beijing, China), emitting UV and visible light simultane-
ously. For visible light measurements, a 400 nm cut-off glass filter
was mounted before the output of light source to remove UV light
and admit only visible light to enter into the reactor. The synthe-
sized Sn0,/Zn0O/TiO, composite catalyst (150 mg) was suspended
in 150 ml of Methyl Orange (MO, 10 ppm) solution. Before the pho-
toreaction, the suspension was stirred in the dark for 60 min to
make sure the mixture had achieved adsorption/desorption equi-
librium; then 3 ml of the solution was taken from the reactor every
30 min, the sample powder was separated from the solution by a
centrifugation method. Concentration of MO was determined by
UV-vis spectrophotometer. The UV photocatalysis test was per-
formed in the same reactor; a 300 W Xenon lamp without UV glass
filter was used as illuminating source. Typically, 50 mg compos-
ite catalyst and the MO aqueous solution (50 ml, 10 ppm) were
added into the reaction system. All of suspensions were magnet-
ically stirred in dark for 60 min to ensure the establishment of
adsorption/desorption equilibrium of MO before the irradiation.
After 40 min irradiation, the light source was switched off; 3 ml
of the solution was taken out and centrifuged to remove the cat-
alysts. The remaining transparent liquid was analyzed in a UV-vis
spectrophotometer. It should be worthy noted that no sacrificial
agent and oxygen were added into the solution during the reaction
process.

3. Results and discussion

Fig. 1 shows the XRD data of solid state synthesized
Sn0,/Zn0O|TiO, composite catalysts with different amount of SnO,
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and ZnO combined including the data for only SnO, coupled TiO,
and only ZnO coupled TiO, catalysts, used here as a reference, which
has mixture of rutile TiO, and impurity phase such as SnO, or
ZnO crystalline. Compared to the reference samples, the TiO, in
the composite system shows a clear set of diffraction peaks char-
acteristics of rutile phase for all samples. Moreover, the ZnO and
rutile SnO, crystalline phase were observed within each sample.
The inset of Fig. 1 shows the position change of the peak located at
20 of 27.6°. Compared to the undoped TiO,, a shift of the rutile TiO,
(11 0)diffraction peaks towards lower 26 angles with increasing Sn
and Zn doping content was observed, which indicates that the Sn
ions might incorporate into the TiO, lattice by the substitution of
Sn onto Ti sites, leading to the expansion of the TiO; unit cell [24].
The SS-3wt% specimen shows a more obvious shift in the diffrac-
tion peak than other catalysts. This maybe due to the smaller grain
size of the SS-3wt% powder, whereby the dissolution of SnO, and
ZnO in TiO, is more significant than that of SS-6wt% and SS-9wt%
powder.

Fig. 2 shows the X-ray diffraction patterns of SnO,/ZnO/TiO,
composite semiconductors synthesized by sol-gel method, the
calcinations temperatures were 400 °C, 500°C and 600 °C, respec-
tively. It can be seen from Fig. 2(a) that the composite photocatalyst
annealed at 400 °C exhibit pure anatase structure of TiO, at low
Sn and Zn doping level (SG-0.05), no other phases were detected
in the SG-0.05 heterojunctions. With the increase of the metal
cations doping level, the SG-0.10 mainly has anatase structure, with
a minor content of rutile structure. Further increasing the Sn(Zn)
doping content, the main (110) Bragg peak of rutile is observed
to become sharper and more intense, indicating that the formation
of a large amount of rutile structure in the Sn0O,/Zn0O/TiO, com-
posite catalyst. Moreover, a strong diffraction peak at around 26.6°
was observed in the XRD patterns of SG-0.20 sample indicating the
presence of a small amount of rutile SnO,.

Fig. 2(b) shows the XRD data of SnO,/ZnO/TiO, composite semi-
conductors annealed at 500 °C. It can be observed that the SG-0.05
sample has anatase as the dominant phase, and the main struc-
ture of SG-0.10 sample is still anatase structure, while a weak peak
appears at around 27.2°, indicating the formation of a small amount
of rutile phase. Compared with SG-0.10, the SG-0.15 sample heated
at 500°C shows a main rutile structure, with some anatase peaks
remaining. Whereas, a pure rutile phase is observed in SG-0.20

G. Yang et al. / Applied Surface Science 258 (2012) 8704-8712

sample, suggesting that the phase transition from anatase to rutile
in the sample occurs. Besides the diffraction peaks for anatase and
rutile TiO,, there are two new crystalline structures (rutile SnO,
and ZnTiO3, respectively) formed in SG-0.20 sample after anneal-
ing, which may be explained by that the tin and zinc atomic content
have reached saturation in the lattice at higher doping level.

The XRD spectra of SnO,/ZnO/TiO, composite semiconduc-
tors annealed at 600°C shows that the significant structure
change occurs compared with those of the composite photocat-
alyst annealed at 400 and 500 °C. As can be seen from Fig. 2(c), the
SG-0.05 sample shows a mixture of anatase and rutile phase, in
addition to the impurity peaks corresponding to ZnTiO3 that are
also present in the composite Sn0O,/Zn0O/TiO, sample. With the
increase of tin and zinc doping level, the diffraction peaks corre-
sponding to anatase TiO, disappeared and only rutile TiO, as well
as ZnTiO3; phase was observed for the SG-0.15 sample, implying
the anatase structure is completely transformed into rutile phase.
Interestingly, we also observed the significant diffraction peaks of
rutile phase SnO, in the XRD spectra of the SG-0.20 sample except
for the TiO, and ZnTiO3 structure.

On the basis of the above analysis, it could be found that the
Sn and Zn ions doped in TiO, can promote the phase change
from anatase to rutile TiO, in the range of annealing temperature
from 400°C to 600°C. Moreover, higher annealing temperature
(600°C) not only leads to the formation of the impurity such as
ZnTiOs3, but also favors the growth of rutile structure and gives
Sn0,/Zn0O|TiO, catalysts with larger particle size (Table S1). This
finding is in accordance with the previous XRD results. Thus, a fine
control of calcination temperature is crucial for obtaining a pure
Sn0,/Zn0|TiO, heterostructure.

Raman spectroscopy was used to further evaluate the phase
components of Sn0O,/ZnO/TiO, catalysts prepared by different syn-
thesis routes in this work. According to the previously reported
data [25], anatase TiO, has six Raman bands at 144cm~! (Eg),
197 cm™! (Eg), 399 cm™! (Byg), 513 cm™! (Aqg), 519 cm~" (Byg) and
639 cm~! (Eg). Rutile TiO, and SnO;, belong to the same space group
D4p(P4;/mnm) and indicate four Raman active vibrational modes,
Aig+Big +Byg +Eg [26]. Fig. 3(a) shows the Raman spectra of SS-
3wt%, SS-6wt% and SS-9wt%, and the Raman spectra of Sn/Ti-6wt%
as well as Zn/Ti-6wt% for comparison. It can be observed that the
main features of the Raman spectra of all Sn0,/Zn0O/TiO, samples
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Fig. 1. X-ray diffraction patterns of solid state synthesized Sn0O,/ZnO/TiO, composite catalysts with different amounts of SnO, and ZnO content. The inset shows the

magnification of the diffraction peak around 27.6°.
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Fig. 2. X-ray diffraction patterns of sol-gel synthesized Sn0,/Zn0O/TiO, composite
catalysts with different amounts of SnO; and ZnO coupling and different calcinations
temperatures: (a) 400 °C, (b) 500°C and (c) 600°C.

are very similar, which all show the characteristic Raman bands
of the rutile phase, with no evidence for the corresponding bands
of the anatase phase, this finding is in accordance with the result
of the X-ray diffraction measurements. The broad peak around
235cm~! is a combination band [26], and the By vibration, located
at 826 cm! is not detected owing to its weak intensity. In addition,
the bands corresponding to SnO, and ZnO are not observed.

In Fig. 3(b), we show the Raman spectra of SnO,/ZnO/TiO,
catalysts synthesized by sol-gel methodology, and the obtained
samples were annealed at 500°C for 3h in air. Here, it can
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Fig.3. Raman spectra of SnO,/Zn0/TiO, composite catalysts with different amounts
of SnO, and ZnO loading: (a) catalysts synthesized by solid state method and (b)
catalysts synthesized by sol-gel method; the inset is the magnification of the Raman
shift range from 300cm~" to 900 cm~': (a’) SG-0.05, (b’) SG-0.10, (¢’) SG-0.15 and
(d’) SG-0.20; these samples were annealed at 500°C for 3 h.

be seen that all Raman spectra of composite catalyst samples
exhibit rather similar spectra, four well-defined bands at 144, 399,
514 and 639cm~! were observed, which are characteristics of
anatase structure [25]. Interestingly, as the Sn(Zn) dopant content
increases, the intensity of main Raman band at 144 cm~! assigned
to anatase TiO, gradually reduced, indicating a lower crystallinity
and small amount of anatase TiO, for the composite photocata-
lysts. The inset of Fig. 3(b) shows the localized profile of Raman
spectra range from 300 cm~! to 900 cm~!, which can provide more
information of phase evolution of the catalyst materials. Besides
the characteristic Raman peaks of anatase TiO, (marked as “A”),
two peaks at 447 and 612 cm~! (marked as “R”) were observed [6],
which are attributed to the presence of rutile structure in samples
SG-0.10 and SG-0.15, implying that two-phase co-exist with pre-
dominance of the rutile phase in the heterojunctions. When the
Sn(Zn) doping content increased, only rutile phase was observed
in sample SG-0.20, it is therefore concluded that the Sn and Zn
co-doping could induce the phase change from anatase to rutile
phase, which is in good agreement with those from XRD data. The
main Raman bands at 776, 636, 574 and 490cm™! attributed to
SnO, are all undetectable [27], indicating the metal ions either has
been doped into the titania lattice and does not exist as a separate
crystalline oxide phase, or maybe the bands assigned to SnO, are
overlapped with the crystalline plane of TiO5.
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It is well known that the diffuse reflection spectroscopy is a
powerful technique to detect the optical absorption properties of
semiconductor and the information on its band gap. Fig. 4(a) shows
the corresponding UV-vis diffuse reflectance spectra and the band-
gap energies calculated from the adsorption edges of composite
semiconductor samples prepared by solid-state method. For com-
parison, the reference sample Zn/Ti-6wt% and Sn/Ti-6wt% are also
shown in Fig. 4(a). All the composite photocatalysts have a strong
and broad absorption feature in the UV region (below 388 nm)
due to the inter band electronic transitions [28]. Moreover, all the
Sn0,/Zn0O|TiO, catalysts including the reference samples show sig-
nificant optical absorption in the visible region from 390 nm to
430 nm due to the characteristic of rutile structure TiO,, which is
formed after being annealed at 900 °C. The absorption profiles of
the reference samples were similar, with peak at 415 nm (Zn/Ti-
6wt%) and 416 nm (Sn/Ti-6wt%), which correspond to band gaps
of 2.99 and 2.98 eV, respectively. In comparison with the reference
samples, the band absorption in the spectra of the composite cata-
lysts shows that TiO, combining Sn and Zn could result in a slight
red-shift of absorption edge. Interestingly, a monotonic decrease in
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Fig. 4. Optical absorption spectra of Sn0,/ZnO|TiO, catalysts with different
amounts of SnO, and ZnO loading. (a) Catalysts synthesized by solid state method:
(') SS-3wt%, (b') SS-9wt%, (¢') SS-6wt%, (d') Zn/Ti-6wt% and (e’) Sn/Ti-6wt%. (b) Cat-
alysts synthesized by sol-gel method: (a”) SG-0.05, (b”) SG-0.10, (¢”) SG-0.15, (d")
SG-0.20, (e”) Sn/Ti-0.15 and (f") Zn/Ti-0.15. The inset shows the corresponding XRD
data of reference samples.

the UV-vis DRS spectra of composite samples was observed, indi-
cating that the absorption threshold of the samples shift decreased
with the increase of Sn and Zn dopants content. Fig. 4 shows that
the absorption band edge shifted to 420 nm (2.95eV) for the SS-
3wt% sample, whereas when with 9 wt% Sn(Zn) co-doping, a shift
in the optical absorption edge of TiO, into visible light region, at
417 nm, was observed, which correspond to a band gap of 2.97 eV.
The results demonstrate that the degree of tin and zinc coupling
affect the visible light absorption of TiO5.

The diffuse reflectance UV-vis spectroscopic analysis has been
carried out for the SnO,/ZnO/TiO, heterojunctions prepared by
sol-gel method and the reference Sn/Ti-0.15 and Zn/Ti-0.15 cata-
lysts. Fig. 4(b) shows the corresponding UV-vis diffuse reflectance
spectra (DRS) of the samples annealed at 500°C for 3 h. It can be
seen that the absorption thresholds of the reference samples show
a significant difference. For the Zn/Ti-0.15 sample, there is a strong
optical absorption at the wavelength range lower than 390 nm
mainly attributed to the electron transitions from the valence band
to conduction band, and the visible light absorption is not observed,
suggesting the reference Zn/Ti-0.15 sample is pure anatase struc-
ture, which is consistent with XRD analysis (the inset of Fig. 4(b)). In
contrast, the sample, Sn/Ti-0.15 presents an apparent visible light
absorption in the range of 400-430 nm due to the presence of a
small amount of rutile phase TiO, in this sample (the band gap of
rutile TiO; is 3.0 eV), which has been confirmed by the X-ray diffrac-
tion data that Sn-only doping can accelerate the transition of TiO,
from anatase to rutile. In comparison with the reference catalysts,
the optical absorption edges of Sn0,/Zn0O/TiO, samples locate in
the range of 412-430 nm, corresponding to a band gap energy (Eg)
of approximately 3.0-2.88 eV. It also can be seen that the band gap
decreases monotonically with increasing Sn and Zn concentration,
implying that the level of Sn and Zn co-doping has a remarkable
effect on the optical absorption of Sn0O,/Zn0/TiO, composite cata-
lysts. There is, moreover, a very broad and flat absorption tail that
extends across much of the visible light region down to 600 nm
observed for SG-0.05 and SG-0.20 photocatalysts, which is reason-
able because of less Sn cations occupying sites at surface or grain
boundary interfaces [24].

XPS analysis was performed to investigate into the surface com-
position and the existing chemical states of Sn and Zn ions in
Sn0,/Zn0O|TiO, composite catalysts. Fig. 5 shows the typical XPS
results of SG-0.15 catalyst annealed at 500 °C for 3 h. As can be seen
from Fig. 5(a), the X-ray photoelectron spectroscopy survey spec-
trum indicates that the SG-0.15 sample contains predominantly O,
Ti, Sn, Zn and C elements. It is thought to be the residual carbon
from the organic precursor solution and the adventitious carbon
from the XPS instrument itself are the main reason to cause the
presence of C element. The O 1s XPS spectrum is shown in Fig. 5(b).
It can be observed that the broad peak of O 1s is asymmetric, and
that can be fitted by two peaks at 528.8eV and 530.1eV, indi-
cating there are two independent chemical states for O within
SG-0.15. The low binding energy (BE) of 528.8 eV is ascribed to
the lattice oxygen of TiO, (OL) [29], and the peak located at high
binding energy (530.1eV) for O element can be corresponded to
surface hydroxyl groups such as Ti-OH and Ti-O-0 resulting from
chemisorbed water (OH) [30]. In Fig. 5(c), the Ti 2p XPS spectra of
SG-0.15 has two peaks centered at 458.5 and 463.9 eV, which are
attributed to the Ti 2p3j; and 2pyj, spin-orbital splitting photo-
electrons in Ti%*, these data agree well with previously reported
XPS data for TiO, [22]. Additionally, the band located at the low
binding energy (458.5 eV) is broad and asymmetric, demonstrating
that there are at least two kinds of Ti chemical states. After curve
fitting, besides the peak corresponding to the Ti*", the other peak
at 457.4 eV were identified, suggesting the existence of Ti3* in the
composite catalyst [31,32], and the formation of Ti3* shows the
presence of lots of oxygen vacancies during the doping process.



G. Yang et al. / Applied Surface Science 258 (2012) 8704-8712

8709

Intensity (a.u.)

T T
1200 1000 800

T T T
600 400 200 0

Binding energy (eV)

Intensity (a.u.)

T T T T T T T
522 524 526 528 530 532 534 536 538

Binding energy (eV)
(d)
£l
&
Zz
2]
=
2
k=
T T T T T T T T T T
480 485 490 495 500 505

Binding energy (eV)

©

Intensity (a.u.)

T T T T T T T
452 454 456 458 460 462 464 466 468
Binding energy (eV)

Zn?2
(¢) P
~ Zn 2p 12
3
&
2
R7)
=
g
=
T T T T
1010 1020 1030 1040 1050

Binding energy (eV)

Fig. 5. The XPS spectra of SG-0.15 sample: (a) the survey spectra, (b) O 1s, (¢) Ti 2p, (d) Sn 3d and (e) Zn 2p.

Fig. 5(d) shows the Sn 3d XPS spectra of SG-0.15 annealed at
500°C for 3 h. The binding energy of 485.6 and 494.6 eV is ascribed
to Sn 3ds); and Sn 3ds),, respectively, assigned to Sn in 4+ state
species [23-29]. According to the literature [23], the peak position
corresponding to Sn 3ds), is centered between those of Sn 3d3),
(485.0eV) in metallic Sn and Sn 3d3), in SnO, (486.6eV), which
suggests the Sn** ions incorporated into lattice of TiO, and cause a
small structural distortion in SG-0.15 sample. Besides, it is worthy

to be noted that the peak at 499.0eV is due to a plasmon peak (P)
in clean Sn metal [33].

The XPS spectra of Zn 2p region was shown in Fig. 5(e). The dou-
blet peak corresponding to Zn 2p3); and Zn 2p;, were observed.
The peak positions of Zn 2p3, and Zn 2py, is located at 1020.4 and
1043.4 eV, respectively, and the binding energy distance between
Zn 2p3p; and Zn 2pq ), is 23.0€V, indicating the Zn species mainly
existed as the chemical state of Zn%* [34], which coincide with the
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Fig. 6. SEM images of SG-0.05 (a) and SG-0.15 sample (b). All the samples annealed at 500 °C.

Zn%* position with oxygen. It is known that the radius of Zn%* is
0.88 A, which is larger than that of Ti4* [22]. Thus, the Zn2* ion is
very hard to replace the Ti** site and occupy its position in the-
ory during the preparation. It is therefore thought that the Zn ions
either possibly resided over the surface of catalyst particle with a
form of ZnO cluster or the formation of ZnTiO3 on the surface of
SG-0.15.

Fig. 6 shows the representative SEM images of SG-0.05 and
SG-0.15 samples, respectively. It can be seen that the typical mor-
phology observed in all of the preparations is composed of solid
particle structure. Comparing these two SEM images, it is found
that the surface of SG-0.05 is smooth, in contrast to the rugged
surface of SG-0.15 sample, no noticeable changes have been found
for the catalysts with various Sn(Zn) doping level. The EDX anal-
ysis was also employed to detect the chemical compositions of
the Sn0O,/Zn0O/TiO, composite catalysts. Table S2 lists the chemical
compositions and concentration of Sn0,/Zn0O/Ti0O, samples with
different Sn(Zn) content. The results of EDX analysis clearly reveal
that the SG-0.15 mainly composed of Ti, O, C, Zn and Sn, indicating
that the as-prepared composite catalyst have the well-mixed het-
erojunctions, consistent with XPS and XRD finding. However, zinc
element was not observed in the SG-0.05 sample. This is proba-
bly due to the zinc content is quite low and dispersed unevenly on
Sn0,/Zn0O|TiO, when the Zn doping level is 0.05.

Fig. 7 shows the TGA curve for the SG-0.15 sample, which was
performed in the N5 and air atmosphere, respectively. Here, both of
the TGA spectra are rather similar: five peaks appeared in the TGA
curve, the mass loss of SG-0.15 can be identified in the TG curve. A
broad endothermic peak existed in the range of 20-160°C due to
the desorption of the physical adsorbed water and ethanol [35], and
the mass loss is greatest in the stage, which is up to 9%. The sharp
endothermic at about 224°C was observed owing to the decom-
position of unhydrolyzed Ti(OBu), remained in the TiO, xerogel
powders [36], and the mass loss was about 7.5%. In the range of
300-500°C, there were two small peaks which can be assigned to
the oxidation of remnant organic compounds and the phase trans-
formation process from amorphous to anatase phase [29,37]. The
mass loss process is quite slow in this stage, only 4% mass loss was
observed. A small and broad peak at around 590 °C corresponds to
the thermal effect caused by the phase transition from anatase to
rutile TiO,, and no mass loss was observed [29]. The results further
confirmed that the Sn and Zn doped in TiO, could favor the phase
change of anatase to rutile. (Generally, most pure TiO, particles
were transformed into rutile above 700°C.)

In order to test the photocatalytic activity of the as-prepared
Sn0,/Zn0O|TiO, composite catalysts, we chose Methyl Orange (MO)
as a model pollution to evaluate the catalytic behavior of the sam-
ples. Fig. 8(a) shows the degradation of MO dye over the composite

catalysts annealed at 500 °C for 3 h, including data for the reference
samples, which was illuminated with a 300 W Xe lamp irradiation
equipped with a cut-off glass filter (A >400 nm). It is clear that the
MO solution is very stable and no decomposition in absence of
photocatalysts can be observed at all. However, the use of the com-
posite catalysts could lead to an obvious inactivation of MO without
adding any sacrificial agent, owing to the enhanced transfer of
charge carriers and light absorption capability of the composite
catalyst. It can also be seen that the co-doping level affects the
photocatalytic activity, with the SG-0.05 sample displaying the
highest photocatalytic activity under visible light irradiation, on
which more than 45% MO was decomposed in 300 min reaction
time; this is due to the well crystallized anatase TiO, could facil-
itate the transfer of photogenerated electron from bulk to surface
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Fig. 7. TGA curves of SG-0.15 sample: (a) N, atmosphere and (b) air atmosphere.
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and thus inhibit the recombination of electron-hole pairs. The
SG-0.15 sample showed lower photodegradation performance with
a MO conversion of 13% under the same visible light irradiation
time, which only showed a little better activity than Zn/Ti-0.15. The
photodegradation of MO on Zn/Ti-0.15 can be attributed to dye sen-
sitized photocatalysis since Zn/Ti-0.15 has no optical absorption in
the visible light region (see Fig. 4).
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Fig. 9. Photocatalytic activity curves of degradation of Methyl Orange over SS-6wt%
catalysts and P25 TiO; under visible light irradiation (A >400 nm).

Fig. 8(b) shows the results obtained from the photocatalytic
experiment for the inactivation of MO over the composite catalysts
annealed at 500°C for 3 h and reference samples under UV light
irradiation. It can be seen that all the photocatalysts showed some
activity under UV light irradiation, and the SG-0.05 sample exhibits
the highest photocatalytic activity among these samples; the degra-
dation yield of SG-0.05 approaches to 85% after 40 min irradiation.
Besides the SG-0.05 sample, the degradation rates of SG-0.10, SG-
0.15 and SG-0.20 are poorer than that of bare TiO, (P25). Among
the three samples, the SG-0.15 sample demonstrates much worse
catalytic performance, both under UV and visible irradiations, this
may result from the synergic effect of the small surface area, low
MO absorption capability and low crystallinity of the sample [20].
On the other hand, the formation of the rutile phase at the high
Sn-Zn doping level is also an important factor to result in a signifi-
cant decrease of the catalytic decomposition of MO for the SG-0.15
sample. In Fig. 9, we show the visible-light-induced photocatalytic
activity for the degradation of MO over SnO,/ZnO/TiO, heterojunc-
tions synthesized by solid-state method. It can be seen that P25 TiO,
cannot be activated by visible light due to its large energy band gap,
and the SS-6wt% sample showed enhanced photocatalytic activity
under visible light, with a MO conversion of 27% can be observed
after 240 min irradiation.

We have also attempted to understand the enhancement of
the visible light-induced photocatalytic activity of SnO,/ZnO/TiO,
composite semiconductor. As previously reported [2,18,34,39,40],

Zn0O

H,0/OH-

‘OH

Fig. 10. Schematic energy band structure and electron-hole pair separation process of Sn0,/ZnO/TiO, composite semiconductor system.



8712 G. Yang et al. / Applied Surface Science 258 (2012) 8704-8712

there are several factors accounting for the enhancement mecha-
nisms of catalytic activity of composite catalysts. Firstly, the higher
specific surface area of Sn0,/ZnO/TiO, heterojunctions would
provide stronger adsorption ability of the catalytic surface toward
target molecules and better ability to photoexcite the electron-hole
pairs in the active sites [38]. Moreover, the special band structure
of Sn0,/Zn0|TiO, heterojunctions plays vital role in the enhance-
ment of photocatalytic activity for the discoloration of MO solution.
Therefore, a tentative mechanism for the band configuration at
the contacted interface of Sn0,/Zn0O/TiO, material was proposed.
Fig. 10 shows the schematic diagram of the energy band gap and
the charge transfer in the SnO,/ZnO/TiO, composite semiconductor
system. As we have known, the band gap of SnO,, ZnO and TiO; is
3.8eV,3.37eVand 3.2 eV, respectively, suggesting that these semi-
conductors have different electron affinity and band configuration.
TiO, has the conduction band (CB) edge that is below that of ZnO
and above that of SnO,. Thus, a “staggered” type Il heterojunction
at the interface of the SnO,/Zn0O/TiO, is formed. Under UV or vis-
ible light irradiation, electrons in the valence band (VB) of TiO,
were excited to its conduction band (CB), while the hole remains
in VB, and due to the Fermi energy level of TiO, is higher than that
of Sn0,, the electrons in CB was driven by the potential energy to
transfer to the CB of SnO,. Conversely, the photogenerated hole can
move from VB of SnO, to that of TiO, [39,40]. It can be seen that
in this process the electrons and holes were separated efficiently
at the Sn0,/TiO, interfaces, resulting in a large number of charge
could participate in decolorized reaction and enhance quantum
efficiency. Similarly, when the electron-hole pairs are generated
in the ZnO, electrons can be separated from holes by migrating to
TiO, and then SnO, in a cascadal way along the potential gradient
as shown in Fig. 10 [21,34]. Consequently, the electrons eventually
localized the conduction band of SnO,, reducing O, to form super-
oxide ions (O,*~), and the hole located in the valence band of ZnO
then reacts with hydroxyl group to produce the hydroxyl radical
(*OH), which are responsible for the discoloration of the Methyl
Orange in the photoreaction.

On the basis of the above analysis, we tentatively concluded
that combining three semiconductors with different energy lev-
els to form a ternary hybrid catalyst can facilitate the transfer of
the electrons, reduce the recombination probability and increase
the charge carrier lifetime, as a consequence of the enhancement
of the photocatalytic activity for SnO,/ZnO/TiO, samples. Indeed,
enhanced activity was observed for the synthesized SG-0.05 het-
erojunction, indicating that the recombination of charge carrier is
inhibited greatly among all the SnO,/ZnO/TiO, samples.

4. Conclusions

In this work, two facile approaches, e.g. sol-gel method and
solid-state method were developed to synthesize SnO,/ZnO/TiO,
composite semiconductor in this work. The XRD and Raman anal-
ysis reveals that incorporating SnO, and ZnO can promote the
formation of rutile TiO,, and also shows that these cations inter-
diffusion caused variations in the crystalline phase composition.
The results of XPS exhibit Sn** ions can be doped into the TiO,
lattice by substituting the Ti** ions, and Zn ions exist in the form
of ZnTiO3 or oxide on the surface of TiO,. Regarding photocatalytic
activity for the degradation of Methyl Orange, an obvious beneficial
effect is observed in all SnO,/Zn0O/TiO, composite catalysts. This
induces favorable charge separation and inhibits the recombina-
tion of electron-hole pairs, thereby facilitating the electron transfer
from bulk to surface within the composite structure. In addition, the
composite catalysts synthesized by sol-gel method show a much
stronger photocatalytic activity than that of the catalysts synthe-
sized by solid-state method.
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