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g r a p h i c a l a b s t r a c t
� Ti3þ self-doped titaniumezinc
hybrid oxides heterojunctions were
synthesized.

� The Ti3þ enhanced the photo-
absorption and increased the elec-
tron transfer rate.

� The heterojunctions exhibits excel-
lent photocurrent and photocatalytic
activity.

� A synergetic effect of photocatalysis
in the photocatalytic process.
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a b s t r a c t

Ti3þ self-doped titaniumezinc hybrid oxides with different phase compositions and morphologies were
successfully synthesized using Zn powder as the reductant and Zn source by a chemical-reduction pre-
cipitation method with subsequent thermal treatment. The fabricated Ti3þ self-doped TiO2(A)/TiO2(R),
TiO2(A)/TiO2(R)/ZnTiO3, and TiO2(A)/ZnO heterojunctions were characterized by X-ray diffraction, trans-
mission electron microscopy, high-resolution transmission electron microscopy, X-ray photoelectron
spectroscopy, and UVeVis diffuse reflectance spectroscopy. The effects of various Ti/Zn molar ratios and
preparation processes on the structural, morphological, optical, photocurrent and photocatalytic properties
of the resultant samples were investigated systematically. Results reveal that Ti3þ self-doping enhances the
photoabsorption capability of titaniumezinc hybrid oxides in the visible-light region. Moreover, different
processes and Ti/Zn molar ratios play great influences on the structure, morphology, optical, photocurrent
and photocatalytic properties of the final products. Ti3þ self-doped titaniumezinc hybrid oxides exhibit
excellent photocurrent and photocatalytic activity than pure TiO2 and ZnTiO3 under visible-light irradiation
(l � 400 nm). The most active Ti3þ self-doped titaniumezinc hybrid oxides photoanode presents signif-
icantly improved water splitting performance. The synergistic effect between the Ti3þ self-doped and
heterojunctions is responsible for the enhanced performance of these materials.

Published by Elsevier B.V.
d Materials Science, Ludong

anl.gov (J. Lu).
1. Introduction

Photocatalysis has been continuously developed as a promising
alternative technology for water splitting and environmental
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purification. As photocatalytic materials, TiO2 and ZnO are tech-
nologically important because of their versatile applications in
decontamination of polluted water, hydrogen generation, solar cell,
pigments, and UV shielding materials, etc [1]. Photocatalytic ac-
tivity is well known to be strongly related to physical properties,
such as crystal phase, particle size, crystallinity, and morphology
[2,3]. Various tailored morphologies, such as nanorods, nanotubes,
and nanoflakes, have been observed to perform an important
function in achieving fast charge transfer and efficient charge
separation to achieve improvements in photocatalytic activity
[4e6]. By selecting different preparation methods and controlling
synthesis conditions, TiO2 and ZnO can be easily used to form
various types of nanostructures for applications in photocatalysis or
solar cell [7].

However, major drawbacks, such as wide band gaps (anatase
TiO2 (TiO2(A)) and ZnO, 3.2 eV; rutile TiO2 (TiO2(R)), 3.0 eV) and
poor quantum yields caused by rapid recombination of photoin-
duced electrons and holes, impede the practical applications of
pristine TiO2 and ZnO-based photocatalytic oxidation. Only UV light
can be utilized to generate electronehole pairs and initiate the
photocatalytic oxidation process. Thus, enhancing the light har-
vesting and quantum efficiency of TiO2 and ZnO photocatalysts is a
worthwhile endeavor [1].

An effective method to control the recombination of photoin-
duced electrons and holes is to form heterojunction structure be-
tween TiO2 and ZnO with similar band gaps and staggered band
positions. Such a heterojunctions will increase the electronehole
separation, prolong charge lives, extend the photoresponsive range,
and increase photocatalytic efficiency [8e11]. The superior photo-
catalytic activity of bicomponent semiconductors containing titania
and zinc is attributed to a decrease in the electronehole pair
recombination rate and an increase in lifespan [12,13]. Funda-
mental studies on the phase and characterization of TiO2eZnO
systems have been conducted, and five compounds have been
observed to exist in this binary system, including ZnTiO3 (cubic,
hexagonal), Zn2TiO4 (cubic, tetragonal), and Zn2Ti3O8 (cubic)
[14,15]. Recent studies have shown that the hexagonal phase
ZnTiO3 can be used as a photocatalyst [15,16]. However, similar to
pure TiO2 and ZnO, ZnTiO3 is a wide-band gap semiconductor that
cannot be activated by visible light [15]. In order to expand the
absorption of ZnTiO3 to the visible-light region or improve the
photocatalytic efficiency, the metal-doped ZnTiO3 or ZnTiO3/TiO2
heterojunction structure were reported [17,18]. Surendar et al. [17]
have prepared La-doped ZnTiO3 nanoparticles and studied their
photocatalytic activity, which indicated that the sample with a
cubic phase showed the best catalytic performance. Cai et al. syn-
thesized ZnTi3/TiO2 heterojunction structure with ZnTiO3 nano-
sheets and TiO2 tubular array. However, the process is rather
complicated with the additional utilization of laser ablation [18].

Self-doped TiO2 and ZnO, which contain an oxygen vacancy
(Ov), have recently been reported to exhibit significant photo-
catalytic activity in the visible-light region [19,20]. Compared with
conventional doping methods, Ov is a type of self-doping that does
not introduce impure elements into thematerial, which is favorable
for preserving the intrinsic crystal structures and high stability of
TiO2 or ZnO during the visible light photocatalytic progress. A sig-
nificant amount of research has been focused on the relationship
between the oxygen defects and photocatalytic activity of TiO2 and
ZnO [21e24]. For TiO2, the Ov can form a localized state under the
conduction band edge of TiO2; while, for ZnO, the Ov can form a
localized state above the valence band edge. When the concen-
tration of Ov is increased, the impurity states become more delo-
calized and overlap with the CB or VB edge, resulting in the band
gap narrowing. This makes the self-doped TiO2 and ZnO absorb
visible light. Thus, evaluating facile synthetic methodologies for
self-doped TiO2 and ZnO with active visible-light response is
particularly recommended [25].

Based on the results of past investigations, we introduce a
simple method to prepare Ti3þ self-doped titaniumezinc hybrid
oxides. In our previous work, we reported a hydrothermal process
for synthesizing Ti3þ self-doped TiO2(A)/TiO2(R) heterojunctions
using Zn powder as the reductant [26]. Heterojunction architec-
tures and Ti3þ contents may be controlled by adjusting the tem-
perature of hydrothermal treatment. In this study, we used Ti(SO4)2
as a Ti source and zinc powder as a reducing agent and Zn source,
Ti3þ self-doped titaniumezinc hybrid oxides were prepared
through heat treatment of the solid precursors obtained from
different stages during the preparation process. The effects of Ti/Zn
molar ratios and preparation processes on the structure,
morphology, composition, photoelectrochemical and photo-
catalytic performance in visible light were studied in detail. The
formation of TiO2(A)/TiO2(R), TiO2(A)/TiO2(R)/ZnTiO3 or TiO2(A)/
ZnO heterojunctions improved the separation efficiency of the
charge carriers, which improved photoelectrochemical and pho-
tocatalytic activities for water splitting and photocatalytic degra-
dation of RhB under visible-light irradiation. The formation and
photocatalytic mechanisms of Ti3þ self-doped titaniumezinc
hybrid oxides were investigated. The novel system proposed in this
work presents potential advantages of enhanced or tunable sun-
light absorption, improved photogenerated electronehole separa-
tion, and efficient charge transfer.

2. Experimental

2.1. Sample preparation

Ti(SO4)2, Zn powder, and NaOH were of reagent grade, obtained
from Ruijinte Chemical Reagent Co. (Tianjin, China), and used
without further purification. Double distilled water was used
throughout the experiments. In a typical procedure, 2.40 g of
Ti(SO4)2 powder was dissolved in 40 mL of deionized water. Sub-
sequently, Zn powder was added to the Ti(SO4)2 solution at
different molar ratios under vigorous stirring. The suspension was
continuously stirred for 30 min at room temperature and then
filtered to yield a black precipitate and clear bluish violet solution.
Following filtration, 0.6 mol/L NaOH was added to the resultant
solution to adjust the pH to 5,6 and formed a bluish violet precip-
itate. The black and bluish violet precipitates obtained were dried
at 80 �C in vacuum. Further heat treatment was conducted at 550 �C
for 3 h under a nitrogen atmosphere. The heating rate was
5 �C min�1 and the flow rate of nitrogenwas 10 mL min�1. Samples
with different amounts of Zn powder were prepared under iden-
tical conditions to investigate the effect of the amount of Zn powder
on the structure, morphology, and photocatalytic properties of Ti3þ

self-doped titaniumezinc hybrid oxides. For convenience, samples
obtained from the black and bluish violet precipitates were desig-
nated as TB-x and TV-x, respectively, where -x indicates the molar
ratio of Ti/Zn. For comparison, pure TiO2 and ZnTiO3 were prepared
according to the literature [15].

2.2. Characterization

The phases of the final products were identified using an X-ray
diffractometer (XRD; Rigaku D/max-2500VPC) with Ni-filtered Cu-
Ka radiation (l ¼ 1.5418 Å) from 2q ¼ 20�e80� with a scan rate of
0.02�/s. Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) measure-
ments were carried out on a JEOL-2100 microscope. X-ray photo-
electron spectra (XPS) measurements were performed on an X-ray
photoelectron spectrometer (VG Micro Tech ESCA 3000) using



Fig. 1. XRD patterns of the samples obtained at different process and Ti/Zn molar ratio.
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monochromatic Al-Ka with photon energy of 1486.6 eV and a
reference C1s peak of 284.6 eV. UVeVis diffuse reflectance spectra
(DRS) were recorded on a Shimadzu UV-2550 UVeVis spectro-
photometer at room temperature from 200 nm to 800 nm, inwhich
fine BaSO4 was used as the reflectance standard.

2.3. Photoelectrode preparation

Ti3þ self-doped titaniumezinc hybrid oxides, pure TiO2, and
ZnTiO3 photoelectrodeswere prepared by spreading aqueous slurry
of the samples over 1.0 cm2 of FTO (F-doped SnO2) glass substrates.
A suspension of 2.5 g/L samples was prepared in ethanol by ultra-
sonication for more than 30 min. A 25 mL suspension was then
printed onto an FTO conductive glass substrate through a screen
mesh to form a transparent film. All samples were dried in an oven
at 120 �C for 30 min and then annealed at 300 �C for 2 h.

2.4. Photocatalytic activity measurements

The photocatalytic performances of the as-prepared samples
were evaluated by the degradation of RhB dyes. A Xe lamp (power,
300 W; PLS-SXE300, Beijing Trusttech Co., Ltd., China) equipped
with a UV cutoff filter was used as a light source to provide visible
light (l � 400 nm). The visible light illumination intensity is
80 mW cm�2. During the degradation of RhB dye, a total sample
mass of 0.04 g was added to 100 mL RhB aqueous solution (con-
centration, 5.0 � 10�4 M) in a customized quartz reactor. The
concentration of RhB was monitored by UVeVis spectroscopy. Each
suspension was magnetically stirred in the dark for 30 min to
obtain a good dispersion and reach an adsorptionedesorption
equilibrium between RhB and the photocatalysts; the suspensions
were then irradiated by visible light. After 10 min intervals during
visible-light illumination, about 3 mL aliquots were taken out and
centrifuged to remove the trace particles. The absorbance of the
centrifuged solutionwas measured from 200 nm to 800 nm using a
UVeVis spectrophotometer (Shimadzu UV-2550). During the
photoreactions, no oxygen was bubbled into the suspension.
Similar measurements were also performed on the pure TiO2 and
ZnTiO3 for comparative purposes.

Active species capture and hydroxyl radical (�OH) testing ex-
periments were conducted to study the photocatalytic mechanism
of the oxide products and detect active species during photo-
catalytic reactivity in detail. The experimental procedure is similar
to photocatalysis. For active species capture experiments, 1.0 mM
tert-butanol (TBA, a quencher of �OH), ammonium oxalate (AO, a
quencher of hþ), and p-benzoquinone (BQ, a quencher of �O2

�) so-
lutionwere added to RhB solution. For �OH testing experiments, the
aqueous solution of RhB was replaced by 5 � 10�4 M terephthalic
acid (TA) solution with 2 � 10�3 M NaOH. Following 10 min of
irradiation, 2.0 mL of the solution was obtained, centrifuged, and
subjected to fluorescence spectroscopy using a PerkinElmer LS 55
fluorescence spectrometer. An excitation light wavelength of
320 nm was used to record fluorescence spectra. No oxygen was
bubbled into the suspension during the photoreactions.

2.5. Photoelectrochemical and hydrogen evolution measurements

Photocurrent was measured on a standard three-electrode cell
using a CHI 600E potentiostat/galvanostat (Shanghai Chenhua
Instrumental Co., Ltd., China). The as-prepared photoelectrodes
were used as working electrode; the Pt wire and a saturated
calomel electrode (SCE) were worked as counter electrode and
reference electrodes, respectively. A 0.25 M Na2S and 0.35 M
Na2SO3 aqueous solution was used as electrolyte. The visible-light
source was the same as the photocatalytic process. The amount of
H2 evolved was determined with a gas chromatograph (Techcomp-
GC7890-II, nitrogen as a carrier gas), which connected to a circu-
lation line and equipped with thermal conductivity detector (TCD).
3. Results and discussion

3.1. Characterization of the samples

The Ti3þ self-doping enhances the photoabsorption capability of
titaniumezinc hybrid oxides in the visible-light region. Moreover,
the Ti/Zn molar ratio is a key factor that has significant impact on
the structure, morphology, and composition of the products. The
crystalline structures of samples obtained using different processes
and Ti/Zn molar ratios were determined by X-ray diffraction (XRD).
The average crystallite sizes of the samples were estimated by using
the DebyeeSherrer formula. The XRD results (Fig. 1) reveal that the
different processes and Ti/Zn molar ratios significantly influenced
the phase transformation and composition of the products. At a
high molar ratio of Ti/Zn, the sample from the black precipitate was
pure anatase TiO2 (Fig. 1; TB-4) and the sample from the bluish
violet precipitate was a mixture of anatase and rutile TiO2 (Fig. 1;
TV-4). The peaks at 2q ¼ 25.3�, 37.9�, 48.1�, 54.1�, 55.1�, 62.7�, 68.8�,
70.3� and 75.0� were indexed to (101), (004), (200), (105), (211),
(204), (116), (220) and (215) crystal planes of anatase TiO2 (JCPDS
Card No. 21-1272); the peaks at 2q ¼ 27.5�, 36.0�, 41.3�, 54.4�, 56.4�

and 69.0� were assigned to (110), (101), (111), (211), (220) and (301)
crystal planes of rutile TiO2 (JCPDS Card No. 21-1276), respectively.
The average crystallite sizes of the TiO2(A) and TiO2(R) were 7 nm
and 15 nm, respectively, based on the TiO2(A) peak (101) and
TiO2(R) peak (101). When the molar ratio of Ti/Znwas 3, the sample
obtained from the black precipitate was primarily composed of a
mixture of anatase and rutile TiO2, although traces of other prod-
ucts were also observed (Fig. 1; TB-3). Peaks at 2q ¼ 32.7� and 35.4�

were indexed to the (104) and (110) crystal planes of hexagonal-
phase ZnTiO3 (JCPDS Card No. 26-1500), respectively. By contrast,
the sample obtained from the bluish violet precipitate was pri-
marily composed of hexagonal-phase ZnTiO3 and a small quantity
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of TiO2 (Fig. 1; TV-3). The peaks at 2q ¼ 21.3�, 24.0�, 32.8�, 35.4�,
40.5�, 48.9�, 53.5�, 56.9�, 61.8�, 63.4�, 68.7� and 74.7� were indexed
to (101), (012), (104), (110), (113), (024), (116), (018), (214), (300),
(208) and (220) crystal planes of hexagonal phase ZnTiO3 (JCPDS
Card No. 26-1500), respectively. The ZnTiO3 average crystallite size
of the sample TV-3 is 17 nm that was estimated from the (104)
peak. Based on a ZnOeTiO2 phase diagram previously obtained
[27], hexagonal-phase ZnTiO3 forms at approximately 700 �C. Kong
et al. determined that pure hexagonal-phase ZnTiO3 can be ach-
ieved at 800 �C for 3 h and that this product exhibit high photo-
catalytic activity under solar light irradiation [15]. However, we
obtained hexagonal-phase ZnTiO3 at 550 �C for 3 h; here, the heat
treatment temperature is lower by approximately 200 �C than that
reported in the literature. When the molar ratio of Ti/Zn reached
2:1, the product obtained from the black precipitate included TiO2
and ZnO; but there is a small amount of incomplete reaction of the
Zn powder (Fig. 1; TB-2). Peaks at 2q ¼ 38.9�, 43.1�, and 54.2� were
indexed to the (100), (101), and (102) crystal planes of Zn (JCPDS
Card No. 65-5973). The peaks at 2q ¼ 31.5�, 34.3�, 36.1� and 56.5�

were indexed to (100), (002), (101) and (110) crystal planes of
zincite ZnO (JCPDS Card No. 36-1451). The product from the bluish
violet precipitate contained anatase TiO2 and zincite ZnO only
(Fig.1; TV-2). The average crystallite sizes of the ZnO is about 23 nm
(based on the (101) peak of ZnO).

As XRD analysis indicated that Ti/Zn molar ratios and pre-
cipitates obtained from different precipitation processes affect the
composition of the final products, we assumed that these factors
may also affect the product morphologies. Our hypothesis was
confirmed by the sample microstructures obtained via trans-
mission electron microscopy (TEM) and high-resolution trans-
mission electron microscopy (HRTEM).

Fig. 2 shows the TEM and HRTEM images of the samples ob-
tained from different precipitation processes and Ti/Zn molar ra-
tios. When the molar ratio of Ti/Zn was 4:1, the sample from the
black precipitate consisted of slight aggregates particles (Fig. 2a,
TB-4). The morphology of the sample obtained from the bluish
violet precipitate grew regularly and comprised nanoparticles and
some nanorods (Fig. 2b, TV-4). The corresponding HRTEM image
(Fig. 2c) displayed two types of clear lattice fringes. One set of the
fringes spacing was ca. 0.35 nm, corresponding to the (101) plane of
TiO2(A). The distance between the lattice fringes of 0.32 nm in the
nanorodswas ascribed to the interplanar distance of the (110) plane
of TiO2(R). The HRTEM result was consistent with the XRD results
that indicated the formation of TiO2(A)/TiO2(R) heterojunctions for
sample TV-4 [26]. When the molar ratio of Ti/Zn was 3, the sample
from the black precipitate was made of a large number of nano-
particles and a small quantity of nanorods and small nanoflakes
(Fig. 2d, TB-3). The sample obtained from the bluish violet pre-
cipitate comprised many thin nanoflakes and a small amount of
nanoparticles attached to the nanoflake surfaces (Fig. 2e, TV-3).
Fig. 2f is the HRTEM image of the sample TV-3. The fringes
spacing was about 0.27 nm, corresponding to the (104) plane of
hexagonal ZnTiO3. Based on the XRD and HRTEM results, it can be
concluded that the nanoparticles and nanorods are in the anatase
and rutile TiO2 phases and that the nanoflakes are hexagonal-phase
ZnTiO3. These results also indicated that the TiO2(A)/TiO2(R)/ZnTiO3

heterojunctions were formed when the molar ratio of Ti/Zn was 3.
Sample TB-2 was composed of regular spherical nanoparticles with
slight aggregation between nanoparticles (Fig. 2g). Themorphology
of sample TV-2 grew irregularly and comprised nanoparticles and
nanoflakes (Fig. 2h). HRTEM image in Fig. 2i displays two types of
lattice fringes. The 0.35 nm fringes spacing corresponding to the
(101) plane of TiO2(A), while lattice spacing of about 0.25 nm cor-
responds to the (101) plane of ZnO, which indicated the formation
of TiO2(A)/ZnO heterojunctions for sample TV-2.
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive
technique used to confirm the presence and chemical states of Ti,
Zn, and O in the samples. Fig. 3 shows the survey and high-
resolution XPS spectra of Zn 2p, Ti 2p, and O 1s of samples TV-4,
TB-3, TV-3, and TV-2; fitting results of the experimental data for
Ti 2p and O 1s for TV-4 are also shown.

Fig. 3a shows the XPS survey spectra of the samples, which
indicated the presence of Ti, Zn, O, and C. The peak intensities of Ti
and Zn differed among the samples obtained under different
preparation processes and Ti/Zn molar ratios; such results reveal
that the Ti and Zn contents change with variations in preparation
process and Ti/Znmolar ratio. According to the peak intensities of Ti
and Zn, the molar ratios of Ti/Znwere estimated and the results are
4, 3, 2 and 1 for sample TV-4, TB-3, TV-3 and TV-2, respectively.
Fig. 3b shows the high-resolution spectrum of Zn 2p. Peaks at
1022.0 and 1045.1 eV were ascribed to Zn 2p3/2 and Zn 2p1/2,
respectively. The peak separation between Zn 2p3/2 and Zn 2p1/2
was 23.1 eV, which was assigned to the þ2 oxidation state of Zn
[28]. The Ti 2p high-resolution XPS spectrum (Fig. 3c) shows two
peaks at binding energies of approximately 458.1 (Ti 2p3/2) and
463.9 (Ti 2p1/2) eV. Pure TiO2 exhibited typical binding energies at
459.4 and 464.7 eV corresponding to the binding energies of Ti 2p3/
2 and Ti 2p1/2, respectively. The Ti 2p peak showed slight defor-
mation at the lower side of the binding energy, which corresponds
to the different oxidation states of Ti and strong electronic in-
teractions between Zn and Ti atoms in the mixed oxide structure
[29]. Fitting results of the Ti 2p3/2 peak revealed the presence of a
major peak at 458.1 eV with a shoulder at 457.6 eV. The Ti 2p1/2
peak was deconvoluted into two binding energies at 463.9 and
463.2 eV. The peaks at 458.1 and 463.9 eV were assigned to the 2p3/
2 and 2p1/2 core levels of Ti4þ, respectively. Peaks at 457.6 and
463.2 eV were ascribed to the 2p3/2 and 2p1/2 core levels of Ti3þ,
respectively (Fig. 3d). The shifts were attributed to the existence of
Ov around Ti4þ. Ti3þ species were formed in the heterojunction
samples to satisfy the requirement of charge equilibrium. Shifts of
the Ti 2p peak to lower energies differed with changes in prepa-
ration conditions, which indicate that different processes and Ti/Zn
molar ratios influence the concentration of Ti3þ. Ti3þ is essentially a
defective state and acts as a hole trap to enhance charge separation
and suppress recombination of electronehole pairs [30].

The high-resolution O 1s spectra of samples TV-4, TB-3, TV-3,
and TV-2 are shown in Fig. 3e. The regions of XPS spectra include
a main peak with a binding energy of 529.5 eV and a minor peak
with a binding energy of 531.1 eV. Primary and secondary peaks
were attributed to lattice oxygen in TiO2, ZnTiO3, and ZnO (i.e., TieO
and ZneO) and oxygen in surface hydroxyl groups (i.e., TieOH and
ZneOH), respectively [31]. Peak separation of the O 1s spectrum for
TV-4 exhibited three types of oxygen bands with binding energies
of 529.5, 531.1, and 532.2 eV (Fig. 3f). The band at 529.5 eV was
attributed to Ti(IV)eO and Zn(II)eO bonds, and bands at 531.1 eV
were attributed to TieOH and ZneOH [32]. The peak observed at
532.2 eV corresponded to surface defects, such as Ov (surface Ti3þ).
On the one hand, these defects can act as hole traps to enhance
charge transfer and catalytic activity and suppress recombination of
electronehole pairs [30]. On the other hand, abundant adsorbed
water and hydroxyl groups on the surface can potentially trap holes
to form important oxidative �OH for photodegradation of organic
molecules [33].

3.2. Formation of Ti3þ self-doped titaniumezinc hybrid oxides

XRD and TEM results indicate that the compositions and mor-
phologies of the samples change dramatically with changes in Ti/Zn
molar ratio and preparation process. XPS results show that the
content and chemical state of Ti and Zn differ among the samples



Fig. 2. TEM and HRTEM images of the samples obtained at different process and Ti/Zn molar ratio.
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obtained under different conditions. When the molar ratio of Ti/Zn
was 4:1, no ZnO or ZnTiO3 were detected in the samples and the
obtained TiO2 showed a unique crystalline structure. As the molar
ratio of Ti/Zn decreased, ZnTiO3 and ZnO began to appear in the
sample. However, the proportions of TiO2 to ZnTiO3 and ZnO
differed among samples obtained from different synthesis pro-
cedures. This finding indicates that different processes and Ti/Zn
molar ratios influence the phase composition and morphology of
the resultant samples. As such, we analyzed the formation process
of the samples.

Based on the conventional electrode potentials (TiO2þ/Ti3þ,
4A
q ¼ 0.1 V, Ti3þ/Ti2þ, 4A

q ¼ �0.37 V, Zn2þ/Zn, 4A
q ¼ �0.76 V), Ti4þ is

easily reduced toTi3þ and even toTi2þ by Zn. Given that Ti(SO4)2 is a
strong acideweak base salt, its aqueous solution is acidic. When Zn
powder is added to the Ti(SO4)2 solution, the following reactions
mainly occur:

2Ti4þ þ Zn ¼ 2Ti3þ þ Zn2þ (1)

Zn þ 2Hþ ¼ Zn2þ þ H2 (2)

As the reaction progressed, the concentrations of Ti3þ and Zn2þ

and the pH increased at the same time. Given that the Ksp of Ti(OH)3
(1.0 � 10�40) and TiO(OH)2 (1 � 10�29) is far lower than that of
Zn(OH)2 (2.09 � 10�16), the initial precipitation pH values of Ti4þ

and Ti3þ are lower than that of Zn2þ. Therefore, when the molar
ratio of Ti/Zn was 4, the first black precipitate generated was
Ti(OH)3 and TiO(OH)2. The sample obtained from the black pre-
cipitatewas Ti3þ self-doped anatase TiO2 (Fig.1; TB-4). When NaOH
solution was added to the filtrate and the pH was adjusted to 5,6,
the concentrations of Ti3þ, Ti4þ, and Zn2þ in the filtrate precipita-
tion increased at the same time. However, given that the concen-
tration of Zn2þ in the solution was low, Zn(OH)2 existed among
Ti(OH)3 and TiO(OH)2 as a crystal nucleus. During heat treatment,
the ZnO crystal nucleus generated accelerates the phase trans-
formation of anatase TiO2 to rutile TiO2. As such, the sample ob-
tained was a TiO2(A)/TiO2(R) heterojunction (Fig. 1; TV-4). The XRD
patterns of the samples (Fig. 1; TB-4 and TV-4) failed to exhibit Zn
oxides and Ti4þ is hardly replaced by Zn2þ because of the large
difference in their ionic radii (Zn2þ, 0.88 Å; Ti4þ, 0.745 Å). Therefore,
Zn could primarily exist in the form of ZnO clusters or as an
amorphous material on the TiO2 surface [34]. Zn2þ may weaken
surface oxygen bonds, thereby increasing the probability of oxygen
loss from the surface. The remaining electrons may be trapped at
Ti4þ interstitial sites to form Ti3þ [35]. Mair et al. reported that
increases in Ov concentration can enhance nucleation process and
that metal doping can enhance anatase-to-rutile transformation by
increasing Ov concentrations [36]. Thus, the tunable two-phase
structure may be attributed to the synergistic effects of Zn doping
and oxygen vacancies [37]. Zn2þ can affect the structure of OeTieO
bonds and favor TiO2(R) nanorod formation from amorphous
titania and TiO2(A) [38].

When the molar ratio of Ti/Zn reached 3:1, the black precipitate
was mainly composed of Ti(OH)3 and TiO(OH)2. When the con-
centration of Zn2þ increased, the concentration of Zn(OH)2 in the
precipitate also increased. Moreover, a small amount of ZnTiO3 was
generated during subsequent heat treatment. At this time, the
morphology of TiO2 consisted of irregularly aggregated



Fig. 3. XPS spectra of TV-4, TB-3, TV-3 and TV-2: (a) survey spectrum and high resolution XPS spectra for (b) Zn 2p, (c) Ti 2p, and (e) O 1s; fitting results of the experimental data for
(d) Ti 2p and (f) O 1s for sample TV-4.
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nanoparticles while ZnTiO3 consisted of irregular nanoflakes. A
large amount of Zn2þ remained in the filtrate. When NaOH was
added to adjust the solution pH, the remaining Ti3þ, Ti4þ, and Zn2þ

in the solution precipitated concurrently. Thus, ZnTiO3 was the
primary product obtained after heat treatment. The flake-like
morphology of this produce became prominent, which indicates
that intergrowth of ZnTiO3 nanoflakes occurs as the Zn2þ concen-
tration increases in the system. When Ti(OH)3, TiO(OH)2, and
Zn(OH)2 were completely mixed, hexagonal-phase ZnTiO3 was
obtained under low heat treatment. When the molar ratio of Ti/Zn
reached 2:1, Zn powder did not entirely react with Ti4þ under low-
acidity conditions. As such, the black precipitate contained metal
Zn (Fig. 1; TB-2). When NaOH solution was added to the filtrate, a
large amount of Zn(OH)2 and small amounts of Ti(OH)3 and
TiO(OH)2 were observed in the bluish violet precipitate. Given that
the proportions of Ti(OH)2, TiO(OH)2, and Zn(OH)2 were not
balanced, ZnTiO3 cannot be obtained. However, corresponding
oxides were generated, and the obtained product was composed of
both ZnO and TiO2 (Fig. 1; TV-2).
3.3. Optical properties and photocatalytic activity

Fig. 4 shows the UVeVis diffuse reflectance spectra of pure
ZnTiO3, TiO2, and samples obtained via different precipitation
processes and with Ti/Zn molar ratios. The spectra of the experi-
mental samples show a redshift compared with those of pure
ZnTiO3, TiO2 and exhibit broad absorption bands between 400 and
800 nm covering the entire visible-light range. This redshift and
enhanced visible-light absorption may be attributed to Ti3þ self-
doping effects as well as synergistic interactions between TiO2,
ZnTiO3, and ZnO in the heterojunction samples. Ti3þ species can
introduce localized states in the forbidden band gap of TiO2 at
approximately 0.75e1.18 eV below the conduction band (CB) edge
of TiO2 such that absorption expands to the visible-light region
[39]. Thus, for the present Ti3þ self-doped titaniumezinc hybrid
oxides, the minimum energy required for excitation of an electron
from the valence band (VB) to the CB is considerably higher than
those required for pure TiO2, ZnTiO3, and ZnO. The degree of red-
shifting and absorption intensity in the visible-light range



Fig. 4. UVeVis DRS spectra of pure ZnTiO3, TiO2 and the samples obtained at different
precipitation process and Ti/Zn molar ratio.
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differed among the samples obtained under different conditions,
which indicates that the Ti3þ content and proportion of tita-
niumezinc oxide are different in the samples. Although TB-2
showed strong absorption in the visible-light region, its absorp-
tion in the UV region was weaker than those of other samples. We
believe that the strong absorbance of TB-2 in the visible-light re-
gion may be attributed to unreacted Zn powder in the sample. As
shown in Fig. 1, the characteristic diffraction peaks of Zn may be
detected in sample TB-2. Regardless of these slight variations in
absorption, enhanced light adsorption of the Ti3þ self-doped tita-
niumezinc hybrid oxides allows full utilization of visible light and
results in production of more electronehole pairs under visible-
light illumination and, ultimately, higher photocatalytic activity.

As a common xanthene dye, RhB is often used as a test model
pollutant in semiconductor photocatalysis. Fig. 5a shows the
adsorption and photodegradation abilities of the prepared Ti3þ self-
doped titaniumezinc hybrid oxide samples on RhB solutions in
comparisonwith those of pure TiO2 and ZnTiO3. The Ti3þ self-doped
titaniumezinc hybrid oxide samples exhibited excellent adsorption
and visible-light photocatalytic activities compared with those of
pure TiO2 and ZnTiO3. Prior to switching the light on, the concen-
trations of RhB in the presence of the experimental samples were
depleted faster than those in pure TiO2 and ZnTiO3. In particular,
TB-4 exhibited specific adsorption capacity because its crystalline
structure is relativelyweak and its particle size is fairly small (Figs.1
and 2). Thus, sample TB-4 should have the largest surface area
among the samples obtained.

After switching the light on, all samples showed higher photo-
catalytic activity under visible light compared with pure TiO2 and
ZnTiO3. This finding may be attributed to the properties of Ti3þ self-
doped TiO2 and ZnTiO3 or ZnO composites. Among the samples
obtained, TB-3 showed the highest visible-light photocatalytic
activity.

The photocatalytic activity of the powders can be quantitatively
evaluated by comparing their apparent reaction rate constants. The
photocatalytic oxidation of organic pollutants in aqueous suspen-
sions follows the LangmuireHinshelwood model [40], which is
expressed as follows:

ln
�
C0
Ct

�
¼ kapp � t
where Ct is the concentration of aqueous RhB at reaction time t, C0
is the initial concentration of RhB, and kapp is the first-order rate
constant. The first-order rate constant kapp could be obtained from
the linear time dependences of ln(C/C0), as shown in Fig. 5b. The
kapp values for pure TiO2, ZnTiO3, TB-4, TV-4, TB-3, TV-3, TB-2, and
TV-2 calculated based on the data in Fig. 5b were 0.0029, 0.0028,
0.015, 0.0271, 0.0325, 0.0105, 0.0101, and 0.0213 min�1, respec-
tively. We note that: (1) under visible-light irradiation, the rate
constants of RhB degradation followed the sequence: TB-3 > TV-
4 > TV-2 > TB-4 > TV-3 > TB-2 > pure TiO2 > pure ZnTiO3 and (2)
TB-3 showed a first-order rate constant of kapp ¼ 0.0325, which is
approximately 11.2 and 11.6 times greater than those of pure TiO2
and ZnTiO3, respectively, under visible-light irradiation.

Detection of the main oxidative species in a photocatalytic
process is important for elucidating the photocatalytic mechanism.
The main oxidative species in the photocatalytic process can be
detected by trapping radicals and holes in experiments involving
the use of 1.0 mM tert-butanol (TBA, a quencher of �OH), ammo-
nium oxalate (AO, a quencher of hþ), and p-benzoquinone (BQ, a
quencher of �O2

�) [41]. As shown in Fig. 6a, addition of AO induced
only a small change in RhB photodegradation in the TB-3 system.
When the �OH scavenger (TBA) was added to the experimental
systems, photocatalytic performance evidently decreased. The
photocatalytic activity of the TB-3 sample was significantly sup-
pressed by addition of the �O2

� scavenger (BQ). Thus, �O2
� radicals are

mainly responsible for RhB photodegradation, followed by �OH and
finally hþ.

�OH radicals can react with terephthalic acid (TA) in basic so-
lution to generate 2-hydroxyterephthalic acid, which emits a
unique fluorescence signal with an emission peak at approximately
426 nm [42]. The fluorescence intensity is directly proportional to
the amount of �OH radicals formed in water. The larger the for-
mation of �OH radicals, the higher the separation rate of electro-
nehole pairs in the photocatalysts [43]. Fig. 6b shows the
photoluminescence (PL) emission spectra obtained upon excitation
of the TA solution at 320 nm; here, spectra were obtained after
every 10 min of illumination. The PL intensity and number of �OH at
approximately 426 nm gradually increased with the irradiation
time. The maximum number of �OH radicals was formed by using
the TB-3 samples during photoreaction; this finding agrees the
results of RhB photodegradation (Fig. 5a). Linear correlations be-
tween fluorescence intensity and irradiation time (inset in Fig. 6b)
confirm the good stability of Ti3þ self-doped titaniumezinc hybrid
oxides. These results clearly indicate that Ti3þ self-doped tita-
niumezinc hybrid oxides exhibit considerably higher photo-
catalytic activities than P25 TiO2 and ZnTiO3; such high activity can
be attributed to improvements in photogenerated electronehole
separation and extension of the lifetimes of photogenerated car-
riers [8].

3.4. Photoelectrochemical and hydrogen evolution properties

Photocurrentmeasurements provide a direct value to determine
the separation efficiency of the photoinduced electrons and holes
and estimate the electronic interaction in the resultant photo-
anodes. The higher the photocurrent was, the better the electron
and hole separation efficiency would be [44]. Linear sweeps vol-
tammetric technique and transient photocurrent density responses
against the time were used to study the photocurrent properties of
the different photoanodes electrode in 0.25 M Na2S and 0.35 M
Na2SO3 aqueous solution with visible-light illumination at a scan-
ning rate of 0.02 V s�1 and a fixed potential bias of þ1.0 V versus
saturated calomel electrode (SCE). For comparison, the photo-
electrochemical responses of pure TiO2 and ZnTiO3 were also
determined. Fig. 7(a) shows that, under visible-light illumination,



Fig. 5. (a) The photodegradation of RhB solutions by using pure TiO2, ZnTiO3 and Ti3þ self-doped titaniumezinc hybrid oxides as photocatalyst under visible light irradiation in
neutral suspension. (b) Variation in the normalized ln(C/C0) of the RhB concentration as a function of visible-light irradiation time.

Fig. 6. (a) Photodegradation efficiency of RhB on sample TB-3 by added the active species capture. (b) �OH trapping in the PL spectra during irradiation by using sample TB-3 in a
5 � 10�4 M TA solution (excitation wavelength, 320 nm). Inset: Temporal dependence of the fluorescence intensity at 426 nm of visible-light irradiated using the TB-4, TV-4, TB-3,
TB-2 and TV-2 samples.
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the pure TiO2 and ZnTiO3 photoanodes yielded relatively low
photocurrent densities. On the contrary, the Ti3þ self-doped tita-
niumezinc hybrid oxides photoanodes showed increased photo-
current density.

The transient photocurrent response of different photo-
electrodes were measured under a visible light pulse of 50s.
Fig. 7(b) compares the transient photocurrent response of different
samples. The pure TiO2 and ZnTiO3 photoanodes only generates a
negligible photocurrent under the visible light illumination, which
can be easily explained by their poor optical light absorption
properties. The Ti3þ self-doped titaniumezinc hybrid oxides pho-
toanodes exhibit significant enhancements in photocurrent, which
may be attributed to the formation of the TiO2(A)/TiO2(R), TiO2(A)/
TiO(R)/ZnTiO3, TiO2(A)/ZnO heterojunction structure and exists of
Ti3þ. When the light was turned off, the current rapidly decayed to
a lower level, indicating that the current was completely due to the
activity of the photoanode and that charge transport was very fast.
These results indicated that the Ti3þ self-doped titaniumezinc
hybrid oxides signifies an improved optical absorption capability,
enhanced separation of photoinduced electrons and holes and
suppressed the recombination of electron and holes.

The photocurrents of the TV-4 and TB-3 photoanodes were
significantly enhanced compared with those of the other photo-
anodes, indicating that the separation and transport efficiencies of
photogenerated electronehole pairs were much higher than those
other photoanodes. This is mainly attributed to the TiO2(A)/TiO2(R),
TiO2(A)/TiO2(R)/ZnTiO3 heterojunction structure and exists of Ti3þ.
The heterojunction structure can promote the separation of
photoinduced electrons and holes, the Ti3þ can improve the elec-
tron conductivity and absorb visible light [20]. Therefore, the het-
erojunction has a high transport rate and a lower recombination of
photoinduced electrons and holes.

The Ti3þ self-doped titaniumezinc hybrid oxides photoanodes
show advanced enhanced light absorption and fast charge separa-
tion with a low recombination rate, which indicate a promisingly
photoanode for water splitting. Fig. 8 shows the hydrogen evolu-
tion abilities of the prepared Ti3þ self-doped titaniumezinc hybrid
oxide photoanodes in comparison with pure TiO2 held at 0.4 V vs.
saturated calomel electrode. The Ti3þ self-doped titaniumezinc
hybrid oxide samples exhibited excellent hydrogen evolution ac-
tivity compared with those of pure TiO2. Sample TB-3 presents the
most excellent activity at 0.4 V vs. saturated calomel electrode,
producing about 68 mmol h�1 H2 with an almost constant rate
during 9 h.



Fig. 7. (a) Linear sweeps voltammograms and (b) Comparison of transient photocurrent response of the different photoanodes under visible light irradiation with 0.25 M Na2S and
0.35 M Na2SO3 aqueous solution as electrolyte at 0.4 V vs. SCE.
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3.5. Proposed mechanism for the enhanced photoelectrochemical
and photocatalytic performance

The aforementioned results demonstrate that our samples are
Ti3þ self-doped titaniumezinc hybrid oxides. Alongwith changes in
preparation conditions, the structure, morphology, and composi-
tion of the samples also changed, leading to different optical
properties, photoelectrochemical and visible-light photocatalytic
performances. When the molar ratio of Ti/Zn was 4:1, the samples
were mainly composed of TiO2(A) or TiO2(A)/TiO2(R) and contain
trace amounts of Zn2þ. When the molar ratio of Ti/Zn was 3:1, the
sample was composed of TiO2(A), TiO2(R), and ZnTiO3. When the
molar ratio of Ti/Zn reached 2:1, the sample was composed of
TiO2(A) and ZnO. Photoelectrochemical and photocatalytic activity
mainly depends on effective separation of electronehole pairs.
Appropriate proportions of Ti3þ self-doped anatase and/or rutile
TiO2 and ZnTiO3 or ZnO can form suitable heterojunctions, such as
TiO2(A)/TiO2(R), TiO2(A)/TiO2(R)/ZnTiO3, or TiO2(A)/ZnO, and speed
up separation of electrons and holes. In addition, Ti3þ and Ov
Fig. 8. The hydrogen evolution activities of the different electrode under visible-light
illumination measured at 0.4 V vs. saturated calomel electrode.
perform essential functions in photocatalytic processing over TiO2-
based photocatalysts. Ti3þ doping extends the absorption of TiO2 to
the visible-light region, and Ov on the particle surface can adsorb
oxygenmolecules and be used as an electron capture agent, thereby
reducing the electronehole pair recombination rate [45,46].

In addition, photodegradation results (Fig. 5a) indicate that pure
TiO2 and ZnTiO3 exhibit slight visible-light photocatalytic activity.
Pure TiO2 and ZnTiO3 semiconductors have a wide band gap that
cannot be directly excited by visible-light illumination. Therefore,
visible-light photocatalytic activity may be attributed to dye
sensitization of RhB. Electrons in the highest occupied molecular
orbital of RhB molecules could be excited to the lowest unoccupied
molecular orbital under visible-light irradiation to generate the
excited-state RhB* [47]. RhB* donates electrons to the CB of TiO2 or
ZnTiO3, where electrons are scavenged by molecular oxygen to
yield �O2

� radical anions and oxidize RhB molecules [48]. The
enhanced photoelectrochemical and photocatalytic activities of
Ti3þ self-doped titaniumezinc hybrid oxides compared with those
of pure TiO2 and ZnTiO2 are attributed to the following reasons: (i)
Ti3þ self-doping extends the absorption of TiO2 to the visible-light
region and accelerates the electron transfer rate; (ii) appropriate
proportions of Ti3þ self-doped anatase and rutile TiO2, ZnTiO3, or
ZnO in the titaniumezinc hybrid oxide composites form suitable
heterojunctions and speed up separation of electronehole pairs at
the heterojunction interface; and (iii) photocatalytic activity is
enhanced by hydroxyl groups on the particle surface. A possible
mechanism of the charge separation process of the Ti3þ self-doped
titaniumezinc hybrid oxides is shown in Fig. 9.

Fig. 9 shows that the presence of Ti3þ and Ov introduces
continuous states between the VB and CB of TiO2(Aþ R) that extend
the absorption of TiO2 to the visible-light region (Fig. 4). Under
visible-light irradiation, the electrons could be excited from the VB
of TiO2 to the continuous states, progressively shifting to the CB of
TiO2 [Fig. 9(1)]. When the molar ratio of Ti/Zn was 4:1, the sample
obtained from the black precipitate was anatase TiO2 (Fig. 1; TB-4),
and separation of photoinduced electrons and holes is shown in
Fig. 9a. The sample obtained from the bluish violet precipitate was
anatase and rutile TiO2 (Fig. 1; TV-4), and separation of photoin-
duced electrons and holes is shown in Fig. 9b [26]. Differences
between the band edges of the twoTiO2 phases could appropriately
facilitate charge transfer [49]. Photoexcited electrons in TiO2(R)
migrate to the CB of TiO2(A), whereas holes in TiO2(A) migrate to
the VB of TiO2(R) [Fig. 9(4)]. These results imply that electronehole
recombination is suppressed. When the molar ratio of Ti/Zn was



Fig. 9. Synergetic mechanism of the visible-light response and separation of electronehole pairs of Ti3þ self-doped titaniumezinc hybrid oxides systems.
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3:1, the samples were composed of anatase, rutile phase TiO2, and
ZnTiO3 (Fig. 1; TB-3 and TV-3), and separation of photoinduced
electrons and holes is shown in Fig. 9c. Electrons were transferred
from the CB of rutile TiO2 to the CB of anatase TiO2, and holes were
transferred from the VB of anatase TiO2 to the VB of rutile TiO2 and
then to the VB of ZnTiO3 [Fig. 9(4)], thereby inhibiting recombi-
nation of electronehole pairs and increasing their lifetimes [50].

When the molar ratio of Ti/Zn was 2:1, the samples were
composed of anatase TiO2 and ZnO (Fig. 1; TB-2 and TV-2). Under
visible-light irradiation, electrons are excited from the VB of
anatase TiO2 to continuous states, progressively shifting to the CB of
TiO2(A). Holes are transferred from the VB of anatase TiO2 to the VB
of ZnO [51]. In all cases, adsorbed RhB molecules were excited to
form the excited-state RhB* and subsequently injected electrons to
the CB of anatase TiO2 [Fig. 9(2)]. The excited-state electrons
transferred to the TiO2 surface to react with dissolved oxygen,
generate the main active groups of superoxide anion radicals (�O2

�),
and further oxidize RhB [Fig. 9(3)]. In addition, holes at the VB of
ZnTiO3 can simultaneously oxidize the surface OH� and H2O groups
to generate �OH [Fig. 9(5)] and/or directly oxidize organicmolecules
[Fig. 9(6)]. These highly active species (e.g., �O2

�, �OH, and hþ) mainly
cause RhB degradation [52]. The relevant reactions may be
expressed as follows:

TiO2(A)/TiO2(R) þ hy / TiO2 (e�) þ TiO2 (hþ) (3)

RhB/TiO2 þ hy / TiO2 (e�) þ RhB* (4)

O2 þ e�CB/�O�
2 (5)

TiO2(hþ)/ZnTiO3 / TiO2 þ ZnTiO3 (hþ) (6)

H2O/OH� þ hþ / �OH þ hþ (7)

4. Conclusions

In summary, Ti3þ self-doped titaniumezinc hybrid oxides with
different phase compositions and morphologies were successfully
synthesized using Zn as the reductant and Zn source by a chem-
icalereduction precipitation method and subsequent thermal
treatment. Ti3þ self-doping enhanced the photoabsorption capa-
bility and photoelectrochemical performance of titaniumezinc
hybrid oxides in the visible-light region. Moreover, the Ti/Zn molar
ratio influenced the structure, morphology, and composition of the
final products. Heterojunctions formed at the interfaces of TiO2(A)/
TiO2(R), ZnTiO3/TiO2(A) and TiO2/ZnO exhibited redshifted ab-
sorption and improved separation efficiency of charge carriers,
thereby improving the water splitting and photocatalytic activities
of the final products compared with those of pure TiO2 and ZnTiO3
under visible-light irradiation. Our experimental results provide
meaningful guidance for future developments of potential Ti-based
photocatalytic composite materials for water splitting and organic
pollutant degradation under solar irradiation.
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