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Abstract

A multicomponent oxide, BisTi30,/TiO, heterostructure was successfully synthesized via a two-step synthesis route based on an anodic
oxidation procedure and a subsequent hydrothermal technique. X-ray diffraction confirmed that the composition of the as-fabricated sample was a
Bi,4Ti30,,/TiO, composite. Scanning and transmission electron microscopy observation reveals that the as-synthesized sample consisted of TiO,
nanotubes decorated with BisTi301, nanocubes. The photocatalytic property of BiyTi30,,/TiO, heterostructure was evaluated by decomposing
methyl orange as a model organic compound. Compared with the unmodified TiO, nanotube arrays, BiyTi;O,,/TiO, heterostructure exhibits a
higher photocatalytic activity in the decomposition of methyl orange under UV light. The prominent photocatalytic activity could be ascribed to
the formation of the heterostructure between BiyTizO;, and TiO, as well as a good dispersity of BisTi30;, nanocubes, which could effectively

separate the photogenerated carriers and reduce the electron—hole recombination.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Since Fujishima and Honda discovered TiO, photochemical
electrode for splitting of water in 1972 [1], TiO, has attracted great
attention because of its unique optical and chemical properties in
photocatalysts, solar cells, biosensors and gas sensors [2—8]. The
special properties originate from the generation of charge carriers,
electrons in the conduction band and holes in the valence band,
as a result of photo-excitation of TiO,. Therein, TiO, nanotube
arrays (NTAs) prepared by electrochemical anodization of titanium
have been of great interest. The NTAs exhibit obvious advantages
such as high surface areas, three-dimensional open structure, and
preferential morphology for ease to dealing and recycling [9,10].
However, due to its large bandgap (about 3.2 eV for anatase), TiO,
can only be activated under ultraviolet light no longer than
387.5 nm, which largely limits its overall efficiency under natural
sunlight. In addition, the high rate of electron—hole recombination
results in a low quantum yield and poor efficiency of photocatalytic
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reactions [11]. To handle this problem, numerous strategies has
been performed by researchers, which include doping with ions
(e.g. Fe**, Mo®") [12,13], loading noble metals (e.g. Au, Ag)
[14-16], sensitizing with organic dyes (e.g. N3, N719) [17,18], and
coupling with semiconductor (e.g. CdS, ZnS) [19,20], etc.
Besides bismuth titanate is a promising candidate for various
technological applications due to its particular physical properties
[21-24]. In bismuth titanate family that contains several phases in
the Bi-Ti—O system, Bi,TiO; nanorods [25], Bi;;TiO,, nano-
wires [26] and BiyTi30;, nanoparticles [27] have been reported
as visible light-driven photocatalysts. In particular, Bi;TizO;, has
a great potential for piezoelectric and electro-optic device as a
typical ferroelectric material with a bandgap of 3.08 eV [28,29].
These studies revealed that bismuth titanate could be performed
as a photocatalytic material and photoelectric conversion material.
More interestingly, the composite semiconductor would lead to
novel functionalities that are independent of the individual
components [30,31]. For ferroelectric-semiconductor composite,
the spontaneous polarization of ferroelectrics is expected to regu-
late the interface electric field. However, to the best of our know-
ledge, little work has been done on fabrication of Bi;TizO;,/TiO,
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heterostructure and evaluation of their photocatalytic activity to
degradation of organic pollutants.

Herein, the BiyTi30,,/TiO, heterostructure was prepared via
anodic oxidation and hydrothermal routes. In this study, TiO,
NTAs can be acted as both initial reactant and template, ensuring
close contact between Bi,Ti;O;, nanotubes and TiO, NTAs. The
photocatalytic performances of Bi Ti30;,/TiO, heterostructure
and TiO, NTAs were evaluated by the degradation of methyl
orange (MO) in aqueous solution. Photocatalytic tests show that
the BiyTi30,,/TiO, exhibit high activity toward degrading MO.
The enhanced photocatalytic mechanism of BiyTi30,,/TiO, was
discussed.

2. Experimental
2.1. Synthesis

TiO, NTAs were fabricated as previously reported [32].
In the subsequent hydrothermal process, all chemicals were of
analytical grade and directly used without any treatment. In a
typical procedure, 8 mg Bi(NO3)3 -5 H,O and a piece of TiO,
NTAs stripe (2 cm?) was infused into KOH solution. The
hydrothermal synthesis was conducted at 200 °C for a certain
time (12, 18 and 24 h, respectively). And then BiyTiz0,,/TiO,
heterostructure was collected and washed with distilled water
and absolute alcohol several times, vacuum-dried, and kept for
further characterization.

2.2. Characterization

Phase structure of the as-synthesized samples was examined by
X-ray diffraction (XRD) with Cu-Ka radiation (1=1.5406 A).
SEM images were taken with a field emission scanning electron
microscope with energy dispersive X-ray spectroscopy (EDX)
detector (FESEM, JEOL model: JSM-6700 F). Transmission
electron microscopy, selected area electron diffraction (TEM/
SAED, FFEI Tecnai G20) operated at an accelerating voltage of
200 kV. Photoluminescence (PL) spectra was measured at a room
temperature by using fluorescence spectrophotometer (LS55,
Perkin—Elmer) with xenon lamp as excitation source (=350 nm).

2.3. Photocatalytic measurement

The photocatalytic activities of samples were evaluated by
removing of MO with an internal light source (a 50 W high-pre-
ssure mercury lamp with main emission wavelength of 365 nm).
For each degradation test, a 50 ml aqueous MO solution with an
initial concentration of 10 mg L™' was added into a Pyrex Petri
Dish containing BisTi30,,/TiO, heterostructure and TiO, NTAs
as catalysts (2 cm?). The mixture was putting in the dark for
30 min to reach the MO adsorption equilibrium prior to the test.
The changes in the concentration of MO were surveyed by mea-
suring the maximum absorption at A=464 nm using a UV-vis
spectrophotometer (UV-3100, Shimadzu).

3. Results and discussion
3.1. Structural characterization

The crystal structures of BiyTi30,,/TiO, heterostructure hydro-
thermal treatment for 18 h as well as TiO, NTAs were chara-
cterized by XRD analysis. The curve a in Fig. | revealed that the
crystal phase of TiO, NTAs was anatase with the major diffra-
ction peaks with 26 values of 25.3°, 37.7°, 48.0°, 53.8° and 55.0°,
which could be perfectly indexed to the (101), (004), (200), (105)
and (211) crystal faces of anatase TiO, (PDF card 21-1272, JCP-
DS). And the appearance of diffraction peaks at about 20=40.2°,
53.0° and 70.6° belong to titanium metal (PDF card 44—1294,
JCPDS). After hydrothermal treatment, the additional diffraction
peaks with 26 value of 30.06°, 32.9°, 44.2°, 50.3° and 51.4° were
noted to match with BisTi30y, crystals (PDF card 35-0795,
JCPDS), indicating that part of TiO, was successfully converted
into BiyTiz0,,. Moreover, XRD peaks belonging to Bi4Ti;O, in
the BiyTi30,,/TiO, heterostructure did not shift compared with
pure TiO, NTAs, which could be deduced that Bi did not subs-
titute Ti and enter into the TiO, lattices.

3.2. Morphologies of heterostructure

The morphology of the samples was observed by FESEM.
Before hydrothermal treatment, uniformly sized hollow nano-
tubes with a diameter of 70-80 nm had a smooth surface without
secondary nanostructure can be observed on the anodized surface
(Fig. 2a). After 18 h hydrothermal treatment, the as-fabricated
sample remained as NTAs morphology. Nevertheless, the surface
was no longer smooth. Instead, it was decorated with the num-
erous BiyTi3O;, nanocubes, as shown in Fig. 2b. Additionally,
EDX analysis was carried out to determine the chemical com-
position of the heterostructure. It is evident that the heterostruc-
ture was composed of Bi, Ti and O. The appearance of Pt is due
to the SEM sample preparation.

Further information of BisTi;0,»/TiO, heterostructure was
obtained by TEM, as shown in Fig. 3. It can be seen that the Biy
Ti;0,, nanocubes were implanted into the TiO, nanotube and did
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Fig. 1. XRD patterns of typical BiyTi30,,/TiO, heterostructure and pure
TiO, NTAs.
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Fig. 2. SEM images of (a) TiO, NTAs, (b) BisTi30;,/TiO, heterostructure. EDX spectrum from (c) bare TiO, NTAs, and (d) the exposed surface of BiyTi;O1o/

TiO, heterostructure.

Fig. 3. TEM images of (a) TiO, NTs, and (b) BisTizO,/TiO, heterostructure. The inset shows SAED of the single nanocube.

not fall off the TiO, NTAs during the ultrasonic process,
suggested that they were deeply grown into the surface of the
TiO, NTAs. A selected-area electron diffraction (SAED) pattern
(inset Fig. 3b) from a single nanocube clearly demonstrated the
single-crystal nature of the BiyTi301,.

3.3. Photocatalytic activity

The photocatalytic degradation of MO was chosen as a model
reaction to evaluate the photocatalytic activity of Bi;TizO,,/TiO,
heterostructure and pure TiO, NTAs. Fig. 4a shows the degra-
dation curves of MO by pure TiO, and Bi Ti30,,/TiO, hetero-
structure under UV irradiation (Cy is the original concentration
of the MO and C; is the real concentration at different times).

The results indicated that the photocatalytic activity of pure TiO,
NTAs was improved by sensitizing with BiyTi;0,,. However,
a decrease in photocatalytic activity was observed when hydro-
thermal time exceeds 18 h. Phototcatalytic degradation of MO
follows roughly the pseudo-first-order reaction kinetics for low
dye concentrations [33]:

In(C./Co) =k - t

where k is the apparent first order kinetic constant, used as the
basic kinetic parameter for different photocatalysts. The pseudo-
first-order rate constants of the degradation reaction procured
from Fig. 4b are 0.0054, 0.01256, 0.02715 and 0.00338 min™"
for TiO, and BiyTiz0,/TiO, 12 h, 18 h and 24 h, respectively.
These results clearly indicate that BisTi30,,/TiO, samples treated
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Fig. 4. (a) Photocatalytic degradation of MO under UV light irradiation on pure TiO, NTAs and the Bi,Ti;0,,/TiO, heterostructure, and (b) the first order kinetics
plots of MO degradation tests for pure TiO, NTAs and the BisTi;0,,/TiO, heterostructure.

less than 18 h have enhanced photocatalytic activity compared to
TiO, NTAs.

Photoluminescence emission spectroscopy (PL) has been
widely used to investigate the lifetime of electron—hole pairs in
solid semiconductor materials and can provide information on
charge separation/recombination of photo-induced charge car-
riers. Low PL intensity suggests a low density of recombina-
tion centers and consequently long lifetime of photogenerated
carriers. Fig. 5 exhibits the PL spectra of bare TiO, NTAs and
Bi4Ti30,,/TiO, heterostructure. Compared with the strong
emission of pure TiO, NTAs, BiyTiz0;,/TiO, heterostructures
treated with 12 h and 18 h show weaker PL peak in the region
of 400-600 nm, indicating that the appearance of BisTizO;, on
TiO, NTAs may act as an active center for hindering the rapid
recombination of photoinduced electron—hole pairs.

3.4. Photocatalytic mechanism

A mechanism for photocatalytic enhancement of the BiyTi;O;,/
TiO, heterostructure is described as follow: under UV light irra-
diation, photogenerated electrons on the BiyTiz0;, surface transfer
easily to the conduction band (CB) of TiO, via interfaces due to
different CB edge, while the holes flow into the valence band (VB)
of BisTi30,, [34], as shown in Fig. 6. The band structure between
the heterostructure interfaces could benefit the separation of the
electron—hole pairs, and lower the electron—hole recombination
probability. The generated holes in BiyTi;0;, react with H,O and
produce reactive oxygen species OH". Meanwhile, the generated
conduction band electrons (e¢~) probably reacted with dissolved
oxygen molecules to yield superoxide radical anions, O3, which on
protonation generated the hydroperoxy, HO;, radicals, producing
the hydroxyl radical OH", which was a strong oxidizing agent to
decompose the organic dye [35]. The relative reactions could be
happened below.

BisTiz0 ,+hv— BiyTiz0;, (e”+h™)
TiO,+hv—TiO, (h™4e7)
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Fig. 5. PL spectra of the TiO, NTAs and the BisTi30,,/TiO, heterostructure.
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Fig. 6. Schematic diagram of photocatalytic mechanism in aqueous solution
for the BiyTi30,,/TiO, heterostructure.
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Although the heterostructure favored charge carrier transfer,
the photocatalytic activity decreased to some extent with longer
hydrothermal time. The Bi,Ti30;, nanocubes growed to become
larger nanocrystallites and occupied much area of NTAs at longer
hydrothermal time with continuous substitution of Bi, since most
of excited light and organic dye were absorbed by Bi,Ti;O,, the
inner TiO, nanotube, being lost in its conversion to BiyTizO0,,
has little influences on transporting electrons.

In addition, the ferroelectricity of BisTiz;O;, may play as an
important part in improving photocatalytic property. Owing to
enhanced interface electric field by the spontaneous polarization
of ferroelectrics, the photogenerated carriers could be effectively
separated between the interfaces, probably reducing recombina-
tion of the carriers and increasing their lifetime. Further study on
the ferroelectric-semiconductor heterostructure interface effect is
being carried out.

4. Conclusion

In summary, a novel composite photocatalyst of Bi;Ti30,,/TiO,
heterostructure was developed by hydrothermal growth of Bi,Tis
Oy, nanocubes on TiO, NTAs. The enhanced photocatalytic
activity of BiyTi30;,/TiO, heterostructure results from a lower
recombination rate of photogenerated charge carriers which was
confirmed by the results of PL spectra. The Bi;Ti30,,/TiO, nano-
structures are expected to have applications in DSSC solar cells
and other light harvesting devices. Moreover, the method emp-
loyed here may be extended to synthesize other ternary complex
oxide/TiO, NTAs heterostructure for various applications.
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