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The boron doped titanium oxide hybrid hollow microspheres were easily prepared by hydrothermal
method. The scanning and transmission electron microscopy images demonstrated that the hybrid hollow
microspheres possessed smooth outer shell and hollow interior. Their crystal structure, chemical state,
amount of surface active groups and spectral response region were characterized by X-ray diffraction,
X-ray photoelectron spectroscopy, infrared spectra and UV-Vis diffuse reflection spectra, respectively.

Methylene blue aqueous solution served as a target pollutant to evaluate the photo-catalytic activity
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under simulated sunlight. It turned out a higher photo-catalytic activity of boron doped hybrid hollow
microspheres, comparing with the undoped ones.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since the photo-electro-chemical splitting of water using tita-
nium dioxide (TiO;) electrodes was reported in 1972 [1], large
amounts of efforts have been put in developing high active photo-
catalytic materials in the past three decades [2-6]. TiO; is one of
the most important semiconductor materials, widely used in envi-
ronment purification, photoelectric conversion solar cells and gas
sensing [7-9]. Due to its band gap of 3.2 eV, TiO, shows catalytic
activity only under ultraviolet light. As a consequence, it fails to
use visible light accounting for near 49% of sunlight spectrum [10].
Thus, many chemists and material scientists pay much attention
to extending spectral response in the visible region, and improving
the photo-catalytic efficiency of TiO, as well. Doping metals or non-
metal element, such as Ag, Fe, N, S and B, into TiO, is an effective
method to get the red shift of absorption band of photo-catalyst
[11-13]. Besides, many natural materials, e.g. TiO,, usually show
fascinating property resulting from their unique structure [14-16].
Recently, potential applications of hollow nanomaterials, especially
hollow spheres, have been explored in the optical, electronic, mag-
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netic, catalytic, bio-medicine. Compared with general core/shell
nanostructures, they stand out with special internal cavity, high
surface area and low density [17-19]. There are several routes on
the synthesis of hollow spheres, such as template method, chemi-
cally induced self-transformation route [20] and Ostwald ripening
approach [11]. Specifically, templates include hard template using
polyethylene spheres [21] or silica spheres [22] as scarified reagent
and soft template using surfactant [23] or ionic liquid [24] as scar-
ified template.

In our previous works [25,26], the hydrothermal route was
successfully applied in preparation of Fe-doped, N-doped, (Fe, N)-
codoped and undoped TiO,, and the sol-gel auto-ignition route in
N-doped TiO,. The N-doped TiO, resulted in better photo-catalytic
activity. However, some others [27-29] found that boron dop-
ing TiO, could get a higher photo-catalytic performance, while
the absorption edge of photo-catalyst shifted towards the longer
wavelength region. Up to now, there are few publications about
the B modified TiO, hollow microspheres, but without reference
of their microstructure changes. Zaleska et al. [30] argued that
the formation of Ti-O-B species in TiO, powders was responsi-
ble for its higher photo-activity. In this work, we focused on a new
and facile hydrothermal synthesis of B-doped TiO, hybrid hollow
microspheres, using glucose, (NH4 ), TiFg and H3BO3 as raw materi-
als. The photo-catalytic activity was evaluated by decolorization of
MB, for the samples with and without doping boron. In particular,
the microstructure of as-prepared hollow spheres is tunable and
their photo-catalytic activity varies with the B doping.
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Fig. 1. FE-SEM images of the B-doped titanium oxide microspheres. (a) before calcination (x10,000), (b) before calcination (x40,000), (c) after calcination (x10,000), and (d)

after calcination (x80,000).

2. Experimental
2.1. Sample preparation

The B-doped TiO; hybrid oxide was synthesized by one-pot hydrothermal
method as that in Li’s report [31]. (NH4 ), TiFs, H3BO3 and glucose were utilized as
titanium source, boron source and template, respectively. Under intensive stir con-
dition, a clear solution was obtained from a mixture with ratios as follows: 35 ml
distilled water with 7.5g glucose, 10 ml distilled water with 0.092g H3BO3; and
20 ml distilled water with 1.5 g (NH4),TiFs. Then, the mixture was transferred into
a Teflon-lined stainless steel autoclave and operated by hydrothermal treatment at
180°C for 10 h. After the reaction, products were prepared through a series of oper-
ations: cooling (room temperature), filtration, washing (with de-ionized water and
absolute ethanol), drying (at 80°C for 10 h), calcining (at 500°C for 4 h). For com-
parison, pure TiO, hollow spheres were also prepared by the same method only
without the addition of H3BOs.

2.2. Characterizations of the hollow microspheres

Various measuring instruments were involved in describing the as-synthesized
hollow microspheres. For example, FE-SEM (Inspect, FEI Corporation) and TEM
(Tecnai G2 F20 S-Twin) were used for their morphologies. XRD measurement was
for the structure and phase purity on a Philips X’'pert PRO diffractometer using
Cu Ka radiation (A =0.15406 nm), with an accelerating voltage of 40kV and tube
current 40 mA. In addition, XPS was conducted with a VG ESCALAB Mk II spec-
trometer with Al Ko radiation (1486.6eV). The charging effects were corrected
with reference to the C 1s value of the adventitious carbon (284.6eV). IR spectra
were performed at room temperature on a Bruker Tensor 27 FTIR spectrometer
with KBr pellets, which was at a resolution of 4cm~' and 16 scans. UV-Vis DRS
were recorded on a Hitachi U-3010 spectrophotometer with an integrating sphere
attachment, in the wavelength range of 200-700 nm. BaSO4 was used as a refer-
ence.

2.3. Evaluation of photo-catalytic activity

Photo-catalytic activity of the samples was evaluated by decolorization of aque-
ous solution of methylene blue (MB) ina 250 ml quartz reactor. A300 W Xenon-lamp
was used to simulate the sunlight spectrum. Meanwhile, 200 ml MB solution with
an initial concentration of 10mgl-! was mixed with 50 mg catalyst under stir. In
order to establish MB adsorption-desorption equilibrium before the reaction, the
mixture was stirred using a magnetic stir-bar in the dark for 2 h. The MB solution
was kept with distance of 20cm from the Xenon-lamp. During the reaction, the
temperature was controlled at 30+ 2 °C through continuously cooling the reactor
with a fan. At the same time, air was bubbled into the reactor. The MB concentration
was timely determined through taking a sample every 10 min. These samples were
firstly centrifuged at 4000 rpm for 10 min, finally measures using a V-5000 spec-
trophotometer at 660 nm. For comparison, the commercialized Degussa P25 was
also used for decoloration of MB solution.

3. Results and discussion
3.1. Electron microscope images

Fig. 1 shows the typical FE-SEM images of B-doped microspheres
before and after calcination. The microspheres have a diameter
ranging from 3 to 6 pum and a smooth surface before calcination (see
Fig. 1a and b). A distinct shrinkage is observed when the core car-
bon of microspheres are removed after calcination, with a diameter
range from 0.5 to 2 pm (see Fig. 1c and d). According to the previ-
ous report [31], the hollow interior could be easily generated from
the removal of numerous carbon templates during calcination. The
TEM images of the B-doped microspheres are presented in Fig. 2
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Fig. 2. (a) TEM result of the B-doped TiO, microspheres and (b) TEM image of one single microsphere of the sample after calcination.

for further investigation of internal structure and morphology. The
obvious electron density difference between the bright centers and
the dark edges confirms the existence of hollow interior [32-34].
In addition, novel double shelled hollow structures appear at the
hollow microspheres. It demonstrates that the hydrothermal syn-
thesis method using glucose as template can facilely and efficiently
synthesize B-doped titanium oxide hollow microspheres. Further-
more, the sizes and the shell thickness of the microspheres would
be adjusted by changing the precursor content and technological
conditions [35,36].

3.2. Photo-catalytic performance of the new microspheres

Fig. 3 depicts the MB degradation rate and the apparent rate con-
stants of various photo-catalysts under the simulated sunlight. To
evaluate the photo-catalytic of the as-prepared microspheres, the
degradation of methylene blue dye with the initial concentration of
10mgl-! was carried out. The experimental data were converted
to observed rate constants using pseudo-first-order kinetics model
[37], shown in the upper left corner of Fig. 3. It is illustrated that
there is no obvious degradation under light irradiation only, with-
out any photocatalyst. Instead, the simulative sunlight lasting for
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Fig.3. Methylene blue degradation rate under visible and of various photo-catalysts.
Inset: the apparent rate constants.

60 min is conducive to the degradation rate, 84.1% and 72.9% for the
B-doped and undoped microspheres, respectively. Evidently, the
former reaction rate is much higher than the latter, but is slightly
lower than that of P25. Subsequently, several characterization tech-
niques were taken into consideration to analyze the reasons for this
phenomenon.

3.3. XRD patterns of the microspheres

The powder XRD experiments of as-prepared hollow micro-
spheres were performed to investigate the changes of TiO, phase
structure after boron doping. The XRD patterns are presented in
Fig. 4. It shows that the anatase phase is the main crystal form of
TiO, in both the B-doped and undoped TiO, hollow microspheres
after calcination at 500, (JCPDS 21-1272). Moreover, a certain extent
of anatase has been presented in the sample before calcination.
However, there were neither B,O3 phase nor TiB, phase in any of
these samples. Differently, the presence of rutile can be observed in
the undoped TiO, hollow microspheres, but failed in the B-doped
sample. According to the previous report, when the atomic ratio of
B to Ti was higher than 5/100, the boron would retard the anatase-
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Fig. 4. XRD patterns of three prepared samples (a) B-doped TiO; after calcination,
(b) pure TiO; after calcination, and (c) B-doped TiO, before calcination.
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Fig. 5. UV-Vis DRS (a) B-doped microspheres and (b) undoped microspheres. Inset:
Kubelka-Munk transformed reflectance spectra.

to-rutile transformation [38]. The result in this study with the atom
ratioof 20/100is in accordance with the conclusion. In addition, the
diffraction peaks’ intensities of B-doped microspheres are larger
than those of the undoped sample, which demonstrates that the
crystallinity of TiO, could be improved by B doping. Paulose and co-
workers [39,40] reported that, as the charge-carrier recombination
centers, the amorphous regions and grain boundaries of TiO, will
be reduced as the crystallinity increases, herein the photo-catalytic
performance of TiO, after B doping is increased.

3.4. UV-Vis DRS

Fig. 5 gives the UV-Vis DRS of prepared B-doped and undoped
microspheres. As compared to undoped sample (390 nm), the spec-
tra show the absorption edge shift to longer wavelength (408 nm)
after doping B. The UV-Vis DRS can be employed to estimate the
shift in the band gap transition of the photo-catalysts. Due to the
Kubelka-Munk function, the band gap energy E (eV) for each spec-
imen can be calculated by the absorption coefficient of adsorption
spectra [41,42]. The Kubelka-Munk transformed reflectance spec-
tra of B-doped and undoped microspheres are 3.04eV and 3.17 eV,
respectively. These results suggest that the B-doped microspheres
would possess a better response to the visible light. Several factors
determine the red-shift in B-doped sample: B atoms were incor-
porated into the lattice of TiO,, partial O atoms were substituted
by B atoms, the 2p orbit of B was mixed with the O 2p orbit, etc.
[42,43]. What's more, the substitution of B for O leads to the photo-
absorption region widened and the band gap narrowed. It will
facilitate the excitation of an electron from the valence band to the
conduction band and finally enhance the photo-catalytic activity of
TiO, [44].

3.5. X-ray photoelectron spectroscopy (XPS) studies of the
microspheres

The DRS results indicated the replacement of O by B in the
TiO, lattice. Thus, it comes to the question how it changes the
microstructure of TiO, after B doping. X-ray photoelectron spec-
troscopy is utilized to investigate the chemical states of the
elements in the microspheres. B 1s XPS spectra of B-doped micro-
spheres and undoped microspheres are presented in Fig. 6. A B
1s peak is shown at the nearby ca. 191 eV for the B-doped micro-
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Fig. 6. B 1s high-resolution XPS spectra of (a) B-doped TiO, microspheres and (b)
undoped TiO, microspheres.

spheres. However, there is no distinct peak for the undoped sample.
The standard binging energy of B 1sin B,03 and TiB; is 194.1 eV and
188.2 eV, respectively [42]. The results indicated that the B atom
was incorporated into TiO, and the Ti-O-B structure was formed
by its substitution of O atom [40,42,45]. Zaleska et al. [30] reported
that the formation of Ti-O-B species after doping B will improve
the photo-activity of TiO,.

The high-resolution XPS spectra of the O 1s of the samples are
also shown in Fig. 7. The O 1s peaks of the undoped microspheres
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Fig. 7. O 1s high-resolution XPS spectra of (a) B-doped TiO, microspheres and (b)
undoped TiO, microspheres.
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Fig. 8. FTIR spectra of (a) B-doped TiO, microspheres and (b) undoped TiO, micro-
spheres.

at 529.9eV and 531.4eV are attributed to the crystal lattice oxy-
gen (Ti-0) in TiO, and hydroxyl groups (O-H) on the microspheres
surface, respectively [25,42]. The similar two peaks at 530.2 eV and
531.9eV of the B-doped microspheres are also corresponding to
oxygen in the Ti-O bond and O-H bond, respectively. The signifi-
cant increase in binding energy of crystal lattice oxygen after the
B-doped (0.5eV) indicated that the microstructure of the micro-
spheres has been really changed by the boron incorporation. It is
well known that the hydroxyl groups on the TiO, surface have posi-
tive impacts on the photo-catalytic reaction [46]. In the case of the O
1s peak area, the hydroxyl group content on the surface of undoped
microspheres is 20.30%, while it increases to 23.84% after the boron
doping. In addition, the sum of the two kinds of oxygen species in
B-doped sample is higher than that in unpoded one. As a conse-
quence, it may also account for the enhancement of photo-catalysis
efficiency resulting from the boron incorporation.

3.6. IR spectra study of the microspheres

Fig. 8 shows the IR spectra of B modified and unmodified sam-
plesin the range 4000-500 cm~!. The spectra around the 650 cm™!,
which are assigned to the vibrations of the Ti-O bonds in the
deformed octahedra of anatase titania, exhibit distinct expansion
of band regions [25,47]. The bands at 3423cm ~! and 1630cm™!
correspond to the surface adsorbed water and hydroxyl groups
[31]. As to the B-doped microspheres, a distinct peak at 1394 cm™!
can be observed, which refers to the Ti-O-B bond [38,48]. How-
ever, this peak cannot be found for the undoped TiO, samples.
It demonstrates that the B atoms have entered into the lattice of
TiO, and O atoms are substituted by B atom to form the Ti-O-B
structure. This is in well agreement with the result of XPS studies
above.

4. Conclusions

In summary, the boron doped titanium oxide hybrid hollow
microspheres with higher photo-catalytic activity under visible
light have been successfully fabricated by a facile hydrothermal
route. The boron addition exhibits a significant positive influ-
ence on the crystallinity, microstructure, surface hydroxyl groups
and photo-catalytic performance of the TiO, hollow microspheres.
Results showed the substitution of O atom by the incorporated

boron in the lattice. The boron doping conduced to the improve-
ment in crystallinity of anatase titania and the increase in amount
of superficial hydroxyl groups. In addition, the improvement of TiO,
hollow microspheres in the UV-Vis spectral response and photo-
catalytic activity can be achieved by the boron incorporation in the
new microspheres. All in all, the present work provides a conve-
nient and effective way to prepare TiO; hollow microsphere, which
shows high photo-activity in visible region.
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