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Abstract: Neodymium doping titania was loaded to silicon dioxide to prepare Nd/TiO,-SiO, by sol-gel method and Nd/TiO,-SiO,
was characterized by X-ray diffractometry (XRD), scanning electron microscopy (SEM), Fourier transform-infrared spectroscopy
(FT-IR) and diffuse reflectance spectra (DRS). Photocatalytic activities of Nd/TiO,-SiO, with different neodymium contents were
evaluated by degradation of methyl orange. The light absorption of Nd/Ti0O,-SiO, increased with increasing doping neodymium in a
visible light range of 388—619 nm, and Nd doping was in favor of decreasing the recombination of photo-generated electrons with
holes. Nd and SiO, improved the photocatalytic activity of TiO,. The optimal molar fraction of Nd to Ti was 0.1%, and the optimum
calcination temperature was 600 °C. The highest degradation rate of methyl orange was 82.9% after irradiation for 1 h.
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1 Introduction

Photocatalysis allows pollution abatement under
mild condition (room temperature and pressure), and
TiO, is the most widely used photocatalyst because of its
high photocatalytic activity, non-toxicity, low cost and
photochemical stability[1]. However, the light energy
used for titania must be equal to or exceed the bandgap
of 3.2 eV for anatase, thus, ultraviolet light with
wavelength (1) shorter than 387 nm is required as
excitation source[2]. Rare earth ions are known for their
f-orbitals to form complexes with various Lewis bases
and their oxides having characteristics of adsorption
selectivity and thermal stability[3]. In recent years, many
groups have examined the effect of rare earth ions
doping on photocatalytic properties of TiO, and found
the bandgap of the catalysts shift into the visible
region[4—6]. However, practical applications of
photocatalysis are limited because of the difficulty in
separation and recycling of TiO, powder from the
reaction medium. An alternative method is to immobilize
TiO, powder on supporters, such as glass[7], SiO,[8] and
activated carbon[9]. Supported photocatalysts are often
prepared by different methods, such as sol-gel
processes[10], liquid phase deposition[11] and

electrochemical deposition[12]. Compared with other
methods, sol-gel method presents certain advantages,
such as the possibility of deposition onto
complex-shaped substrates, obtaining uniform pore size,
high pure and homogeneous products at low temperature
and easy control of the doping level.

In this work, neodymium doping TiO, was loaded to
Si0, to prepare Nd/TiO,-SiO, using inexpensive SiO, as
supporter. The Nd/TiO,-Si0, samples were characterized
by XRD, SEM, DRS and FT-IR, and their photocatalytic
activity to the degradation of methyl orange was also
investigated. The aim of this work was to obtain high
efficient photocatalysts which were convenient for
recycling, and the description of the chemical and
physical properties providing a deeper understanding of
the photocatalytic mechanism.

2 Experimental

2.1 Preparation of Nd/TiO,-SiO, photocatalysts
Nd/TiO,-SiO, photocatalysts with Nd-doping
content from 0.05% to 0.8% (molar fraction) were
prepared by sol-gel method. The size of commercial SiO,
particles was in the range of 75—150 um. The preparation
was carried out as follows: pure alcohol and
diethanolamine (DEA) were added to titanium(IV)-
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n-butoxide (Ti(OBu)y), and then a given amount of
alcohol solution of neodymium nitrate was added
dropwise under stirring for 30 min. The molar ratio of
Ti(O-Bu),s to EtOH to DEA was 10:234:10. SiO, of 2 g
was heated at 180 °C in an oven for 2 h and mixed with
50 mL pure alcohol, 0.5 mL redistilled water and 1.2 g
cetyltrimethylammonium bromide (CTAB) under stirring
at 25 °C. After the adsorption equilibrium was reached
over 12 h, the solution of Ti(O-Bu), was added dropwise
under ultrasonic treatment for different time. The
solution was refluxed and most solvent was evaporated
at 50 °C. Then the samples were dried at 70 °C. The
above samples were annealed in air at different
temperatures for 3 h and sieved using standard sieves
with sizes of 0.075 and 0.150 mm, respectively. A series
of Nd/TiO,-SiO, photocatalysts with Nd-doping content
ranging from 0.05% to 0.8% were obtained. TiO,/SiO,
without neodymium nitrate was prepared for comparison.

2.2 Characterization

X-ray diffraction (XRD) spectra were recorded with
a MSAL-XD2 diffractometer (1=0.154 06 nm) using
Cu K, radiation and standard Bragg-Brentano diffraction
geometry. The morphology was characterized by
scanning electron microscope (SEM, FEI-XL30). FT-IR
spectra were recorded using a Nicolet-510P infrared
spectrophotometer and referenced to KBr. Diffuse
reflectance spectra were performed using a HITACHI
U-3010 UV-Vis spectrophotometer in the range of
200—700 nm and referenced to BaSO,.

2.3 Photocatalytic activity

Aqueous slurries were prepared by adding 0.4 g
photocatalyst to 800 mL methyl orange aqueous solution
with concentration of 20 mg/L, and irradiations were
performed using a high-pressure mercury lamp of 125 W.
The aqueous slurries were stirred and bubbled with
oxygen for 30 min prior to the irradiation. At 10 min
intervals, aliquots of suspension were extracted. The
filtrates were analyzed with a spectrophotometer by
measuring their absorbances at 465 nm. The methyl
orange photocatalytic degradation was evaluated using a
plot of ¢,/c versus time (¢), where ¢, and ¢ denote the
methyl orange concentrations at =0 and #=t, respectively.

3 Results and discussion

3.1 X-ray diffraction analysis

Fig.1 shows the XRD patterns of 0.1% Nd/TiO,-
SiO; calcined at different temperatures. The crystal phase
of Nd/TiO,-SiO, calcined from 450 to 800 °C was all
anatase. With further increase of the calcination
temperature to 900 °C, Nd/Ti0,-Si0, was a mixture of
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Fig.1 XRD patterns of 0.1% Nd/TiO,-SiO, calcined at different

temperatures

anatase and rutile. It was shown that Nd/TiO,-SiO,
displayed good thermal stability because both SiO, and
Nd inhibited the anatase-rutile phase transformation of
TiO,[13-14].

3.2 SEM analysis

The SEM images of SiO, and 0.1% Nd/TiO,-SiO,
calcined at 600 °C are shown in Fig.2. Fig.2(a) shows
that the surface of commercial SiO, was slick, and some
nanometer particles were on its surface. Fig.2(b) shows
that a layer of Nd/TiO, was obvious on the surface of
Si0O,, and its surface was uniform.

3.3 FT-IR spectra analysis

Fig.3 shows the FT-IR spectra of 0.1% Nd/TiO,-
SiO, calcined at different temperatures. The multiple
absorption bands in the region of 420—800 cm ™' could be
assigned to various vibration modes of Ti—O bond, and
the absorption bands at about 3 500 and 1 640 cm ™' were
attributed to stretching vibrations of physically adsorbed
and hydroxyl. With increasing calcination
temperature, the broad peak at 450 cm ' gradually
sharpened, indicating the increase of particle size[15],
and the absorption band intensity of physically adsorbed
water and hydroxyl increased. The broad peaks at 962
and 1 095 cm ' were assigned to the vibration of
Si—O—Ti and the asymmetric stretching vibration of
Si—O—Si, respectively. The broad peak at 962 cm™
indicated that TiO, was supported on the surface of SiO,,
and a Ti—O—Si bond formed[16].

water

3.4 DRS analysis

The diffuse reflectance spectra indicated the effect
of Nd-doping content on the UV-vis absorption of
Nd/Ti0,-Si0O;, calcined at 600 °C, as shown in Fig.4. It
was seen that the light absorption of Nd/TiO,-SiO; in the
visible region of 506—619 nm (see the inset in Fig.4) was
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Fig.2 SEM images of SiO, (a) and 0.1% Nd/TiO,-SiO; (b)
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Fig.3 FT-IR spectra of 0.1% Nd/TiO,-SiO, calcined at different
temperatures
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Fig.4 DRS of Nd/TiO,-Si0, with different Nd-doping contents
calcined at 600 °C

higher than that of TiO,-SiO,, and increased with
increasing neodymium content. It was generally thought

that the visible light absorption was caused by the new
energy level in the bandgap[17], and the visible light
absorption of Nd/TiO,-SiO, could be attributed to the
charge transfer between the TiO, valence or conduction
band and the 4f level of neodymium ion[4, 17]. As a
result, Nd/TiO,-SiO, showed a trapping level which
decreased the TiO, band-gap, and Nd/TiO,-SiO, had
visible-light absorption.

3.5 Photocatalytic studies

Fig.5 shows the effect of Nd-doping contents on the
photocatalytic activity of Nd/TiO,-SiO,. It was shown
that the photocatalytic activity of Nd/TiO,-SiO,
increased with increasing neodymium content and then
decreased when Nd-doping content was up to 0.1%. The
optimum Nd-doping content was 0.1%, and the
degradation rate of methyl orange was 82.9%. The
photocatalytic activity of Nd/TiO,-SiO, was lower than
that of TiO,-SiO,, and the degradation rate of methyl
orange was 72.1% when the Nd-doping amount was up
to 0.3%. Metal ions were the acceptors of electrons, and
Nd** could trap photoexcited electrons at the TiO,
conduction band. So Nd** could trap electrons to inhibit
the recombination of electrons with holes. Moreover, the
electrons trapped in Nd** sites were subsequently
transferred to the adsorbed O,, and the recombination
rate of electrons with holes decreased. However, it
became the recombination center of electrons with holes,
when the neodymium doping content increased further
[18]. Consequently, it was understandable that an
optimum Nd-doping content existed. The UV-vis spectra
showed that the neodymium doping improved the light
utilization efficiency of Nd/TiO,-SiO,, and generated
more electron-hole pairs under light irradiation, which
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Fig.5 Effect of neodymium content on photocatalytic activity
of Nd/TlOz-SlOz

helped to enhance the photocatalytic activity of
Nd/TiO,-Si0,. However, when the Nd-doped content
was surplus, even though the visible-light absorption
ability was improved, the photocatalytic activity was low
due to more recombination centers. At this time, the
recombination center of electron-hole pairs was the main
factor of photocatalytic activity for photocatalysts.

3.6 Interband photocatalysis mechanism for Nd/TiO,-
SiO,

Fig.6 shows interband photocatalysis mechanism of
Nd/TiO,-SiO, under irradiation by a high-pressure
mercury lamp. The atomic f shells of neodymium were
partially filled with electrons. The electrons in Nd** 4f°
orbital which absorbed proper photons energy of visible
light could be excitated and then transited [19]. A new
electronic state in the middle of the TiO, band-gap would
appear due to neodymium doping. This interband Nd**
trap site in Nd/Ti0,-SiO, captured electrons which were
excited from the valence band of TiO, by absorbing
visible-light photons [20]. The 2p electrons of the
oxygen anion of oxide generally transited into the
valence orbitals of neodymium cations during the charge
transfer process (0> — Nd*"). In addition, the irradiation
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Fig.6 Interband photocatalysis mechanism of Nd/TiO,-SiO,
under irradiation by high-pressure mercury lamp

by high-pressure mercury lamp gave rise to the different
charge transfer excited state ion-pairs (Nd*"-O"), which
was attributed to the additional interband. Therefore,
neodymium doping accelerated the interfacial electron
transferring process and changed the band-gap energy of
semiconductor TiO,, and Nd/Ti0,-SiO, could be excited
by a visible light.

4 Conclusions

1) The crystal phases of Nd/TiO,-SiO, calcined
from 450 to 800 °C were all anatase. With further
increasing the calcination temperature to 900 °C,
Nd/Ti0,-SiO, was a mixture of anatase and rutile. Both
Si0, and Nd inhibited the anatase-rutile phase
transformation of TiO,.

2) FT-IR analysis showed that Ti—O—Si bond in
Nd/TiO,-Si0, was formed. Nd/TiO,-SiO, had visible
absorption in the range of 400—-600 nm, and the light
absorption at 584 nm increased with increasing
neodymium content. An optimal Nd-doping content was
beneficial to decreasing the recombination of
photo-generated electrons with holes and enhancing the
photocatalytic activity of Nd/TiO,-SiO,.

3) 0.1% Nd/Ti0,-Si0, calcined at 600 °C exhibited
the highest photocatalytic activity to methyl orange
photocatalytic oxidation, and the degradation rate of
methyl orange was 82.9% after irradiation for 1 h. The
high photocatalytic activity of Nd/TiO,-SiO, was mainly
attributed to the visible light absorption and the
separation of photoexcited electrons and holes.
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