Journal of Hazardous Materials 178 (2010) 517-521

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

Contents lists available at ScienceDirect

Journal of Hazardous Materials

Preparation, characterization, photocatalytic properties of titania hollow sphere

doped with cerium

Chao Wang?:®, Yanhui AoP-*, Peifang Wang?®P, Jun Hou??, Jin Qian®", Songhe Zhang?°

2 Key Laboratory of Integrated Regulation and Resource Development on Shallow Lakes, Ministry of Education,

College of Environmental Science and Engineering, Hohai University, Nanjing, 210098, China

b State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Hohai University, Nanjing, 210098, China

ARTICLE INFO ABSTRACT

Article history:

Received 12 October 2009

Received in revised form 20 January 2010
Accepted 21 January 2010

Available online 25 January 2010

Keywords:
Ce-doped
Hollow sphere
Titania
Photocatalysis

Ce-doped titania hollow spheres were prepared using carbon spheres as template and Ce-doped titania
nanoparticles as building blocks. The Ce-doped titania nanoparticles were synthesized at low tempera-
ture. The prepared hollow spheres were characterized by X-ray diffraction (XRD), transmission electron
microscope (TEM), X-ray photoelectron spectroscopy (XPS) and UV-vis diffuse reflectance spectrum
(DRS). The effect of Ce content on the physical structure and photocatalytic properties of doped titania
hollow sphere samples was investigated. Results showed that there was an optimal Ce-doped content
(4%) for the photocatalytic activity of X-3B degradation. The apparent rate constant of the best one was
almost 31 times as that of P25 titania. The mechanism of photocatalytic degradation of dyes under visible
light irradiation was also discussed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductor photocatalysts have been attracting consid-
erable attention for a long time in the fields of catalysis,
electrochemistry and photochemistry. That can be attributed to
their significant effects on solving environmental problems (such
as air or water pollution) [1-4]. Among various semiconductor pho-
tocatalyst, titania has been proved to be the most suitable catalysts
for widespread environmental application because of its biological
and chemical inertness, strong oxidizing power, non-toxicity and
long-term stability against photo and chemical corrosion [5-10].
However, its technological application seems to be limited by sev-
eral factors. The most restrictive one is the need of using ultraviolet
(UV, wavelength (A) <387 nm) as excitation source due to the wide
band gap of titania (3.2 eV for anatase) [11]. Therefore, only less
than 5% of the solar irradiance at the Earth’s surface can be captured
by titania.

For the sake of efficient utilization of sunlight, the technology
of enlarging the absorption scope of TiO, appears as an appealing
challenge. Therefore, the developing of new generation photocat-
alysts is important. There are many methods for the preparation
of visible light responsive photocatalyst such as doping of tita-
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nia with nonmetal [12-15]. More recently, doping of titania with
lanthanide ions has also attracted much attention. This method
not only extends the photo-response to visible regions, but also
improves the separation efficiency of photo-induced electron-hole
pairs of titania [16-20]. On the other hand, it is well known that
morphology and microstructures are very important to the pho-
tocatalytic activity of titania. Therefore, there are many papers
focused on the new structures of titania such as nanorods [21,22],
nanowires [23,24], nanotubes [25,26] and so on. Recently, fabrica-
tion of titania hollow microspheres has also attracted enormous
attention because of their low density, large surface area, good
surface permeability as well as high light-harvesting efficiencies
[27].

In the present work, for the achievement of visible light respon-
sive titania with high photocatalytic activity, we find a way for the
preparation of Ce-doped titania hollow spheres. Then, we stud-
ied their photocatalytic activity on the decomposition of Reactive
Brilliant Red dye X-3B (C.I reactive red 2) in aqueous solution.

2. Experiment
2.1. Preparation of carbon spheres

In a typical synthesis of colloidal carbon spheres, 6 g of glucose
was dissolved in 40 mL water to form a clear solution. The solution
was then sealed in a 50 mL Teflon-lined autoclave and maintained
at 180°C for 4 h. The samples were then centrifuged, washed, and
redispersed in water and ethanol for five cycles, respectively. The
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obtained carbon spheres were then dried at 80°C for 2h under
vacuum.

2.2. Preparation of Ce-doped titania

Ce-doped titania was prepared as follows: 25mL Ti (OBu)y
diluted with 8 mL (i-PrOH) was dropwise added into aqueous solu-
tion dissolved with definite cerium nitrate, whose acidity was
adjusted with HNO3 (pH=2). Then, the solution was kept under
reflux condition (around 75 °C) for 24 h. Finally, Ce-doped TiO, sol
was obtained after PrOH and n-butyl alcohol were removed from
the solution in a rotatory evaporator under vacuum. In our experi-
ment, four samples with cerium atom percent of 1%, 2%, 4% and 6%
were prepared.

2.3. Preparation of Ce-doped titania hollow spheres (Ce-TH)

0.1 g carbon spheres were added into 30 mL Ce-doped titania sol
prepared by above mentioned method. The suspension was stirred
for 6 h under vacuum condition. Then the solids were centrifuged,
washed by water for 3 times. Thus, Ce-doped titania coated car-
bon spheres were obtained. In order to produce Ce-doped titania
hollow spheres of anatase, the titania-carbon composite particles
were calcined at 500°C for 3 h in the air. Then the obtained sam-
ples were defined as Ce-TH-1-Ce-TH-4 for Ce-doped titania hollow
spheres with cerium ion percent of 1%, 2%, 4% and 6%, respectively.

2.4. Photocatalytic activity

In order to investigate the photocatalytic activity of as-prepared
Ce-doped titania hollow spheres, degradation experiments of Reac-
tive Brilliant Red X-3B (C.I reactive red 2) were studied under
visible light. 0.1 g of samples was dispersed into a 200 mL X-3B
aqueous solution, which initial dye concentration is 25 mgL-! and
then irradiated with a 250 W halogen lamp (Instrumental Corpora-
tion of Beijing Normal University, with a light filter cutting off the
light below 400 nm) under continuous stirring. Before the irradia-
tion, the suspension was maintained in the dark for 1h to reach
complete adsorption-desorption equilibrium. The blank experi-
ment without catalysts was also investigated, and the value can
be neglected with less than 2% of conversion after 2 h illumina-
tion. The concentration of X-3B was determined by HPLC. The
HPLC system was Agilent 1100 with tunable absorbance detec-
tor adjusted at 230 nm for the detection. A reverse-phase column
(length, 250 mm; internal diameter, 4.6 mm) Aglient Eclipse XDB-
C18 was used. The mobile phase was composed of methanol and
ultra-pure water. The v/v ratio CH30H/H, 0 was 70/30 and the flow
rate was 0.6 mLmin~'.

2.5. Characterization

The structure properties were determined by X-ray diffrac-
tometer (XD-3A, Shimadazu Corporation, Japan) using graphite
monochromatic copper radiation (Cu-Ka) at 40kV, 30 mA over
the 260 range 20-80°. The morphologies were characterized by
transmission electron microscopy (TEM, JEM2000EX). The UV-vis
absorption spectra of the hollow titania spheres were observed

Table 1
Different parameters of Ce-TH-1-Ce-TH-4.
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Fig. 1. XRD patterns of Ce-TH-1, Ce-TH-2, Ce-TH-3 and Ce-TH-4.

with Shimadzu UV-2100 equipped with an integrating sphere. The
binding energy was identified by X-ray photoelectron spectroscopy
(XPS) with Mg-Ka radiation (ESCALB MK-II).

3. Results and discussion
3.1. Characterization of the prepared samples

The phase structures of the as-prepared samples were investi-
gated by XRD method and the results are shown in Fig. 1. It can
be seen that all samples exhibit only the characteristic peaks of
anatase phase (major peaks: 25.4°, 38.0°, 48.0°, 54.7°). No crys-
talline phase ascribed to cerium oxides can be found in respect that
the Ce content of our samples is below the detection limits of the
XRD instrument, or the cerium species are dispersed well on the
surface of titania nanoparticles. The average crystallite sizes of as-
prepared samples can be calculated by applying the Debye-Scherrer
formula on the anatase (10 1) diffraction peaks: [28]

KA
b= Bcoso

where D is the crystalline size, A the wavelength of X-ray radia-
tion (0.1541 nm), K the constant usually taken as 0.89, and f is the
peak width (in radians) at half-maximum height (PWHMH) after
subtraction of equipment broadening, 26 = 25.4° for anatase phase
titania. From the equation, we can see that the only parameter
determines the crystal size is the peak width. Furthermore, from
the figure we can see that the peak of 25.4° become wider and the
intensity of this characterized peak become lower as the doping
amount of cerium ion increases. Therefore, we can predict that the
crystal size of the Ce-TH samples would become smaller as the dop-
ing amount of cerium ion increases. From Fig. 1, the data of PWHMH
and the calculated average particle size are listed in Table 1. From
the results, the size of the titania crystallites become smaller with
the doping amount of cerium ion increases. It illustrates that cerium
doping suppresses the crystallite growth of anatase titania. This is
because the adsorption of cerium species on the surface of titania
inhibits crystallites growth of titania nanoparticles.

(1)

Samples PWHMH Crystallite size (nm) 95% confidence interval Apparent rate constant (min—') Real Ce content
Ce-TH-1 0.0129 10.9 (0.01039, 0.01131) 0.011 0.6%
Ce-TH-2 0.0138 10.2 (0.01100, 0.01227) 0.012 1.1%
Ce-TH-3 0.0154 9.2 (0.02536, 0.3254) 0.029 2.8%
Ce-TH-4 0.0169 8.3 (0.01025, 0.01193) 0.011 4.1%
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(b)

Fig. 2. TEM images of (a) Ce-doped titania coated carbon spheres and (b) Ce-TH-3.

The TEM images of different samples are shown in Fig. 2. Fig. 2(a)
shows the morphology of titania coated carbon sphere nanocom-
posite (the precursor for Ce-TH-3). It can be seen that the titania
nanoparticles dispersed uniformly on the surface of carbon spheres.
Then, Fig. 2(b) shows the typical image of Ce-TH-3, it can be seen
that there is a strong contrast between the edges and centers, which
indicates that the hollow structure of titania spheres has been
formed. The results illustrate that Ce-doped titania hollow spheres
can be easily obtained by our method. Furthermore, the real con-
tents of cerium in different samples were investigated by EDS. The
obtained data are shown in Table 1, from which we can see that
the real contents of cerium follow the same trend as the precur-
sors. All samples show lower cerium content than corresponding
precursors.
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Fig. 3. The diffuse reflectance UV-vis spectra of Ce-TH-1, Ce-TH-2, Ce-TH-3 and
Ce-TH-4.
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Fig. 4. XPS survey spectrum of Ce-TH-3.

Fig. 3 shows the UV-visible diffuse reflectance spectra of differ-
ent Ce-doped titania hollow sphere samples. The results indicated
that cerium doping by this method can give rise to a clear red-
shift in the absorption band edge of the titania hollow spheres.
High visible absorbance (400-500nm) was observed for all Ce-
doped samples. In addition, we can observe that the red-shift and
visible absorbance of different samples enhanced as the doping
amount of cerium increases (Nd-TH-4 > Nd-TH-3 > Nd-TH-2 > Nd-
TH-1). The red-shift may be ascribed to the following reason: the
energy level for Ce**/Ce3* is 1.8eV. Therefore, the doping of Ce
causes the introduction of such energy level into the band gap
of titania. This new energy level induces the red-shift through a
charge transfer between impurity band and conduction band of
titania [29,30].

The valence state of cerium ion in the titania hollow spheres
was determined by X-ray photoelectron spectroscopy, which has
been employed as an important characteristic method to detect
the chemical states of different atom in doped titania samples
[31,32]. The XPS survey spectrum of Ce-TH-3 (see Fig. 4) indicates
that the peak contains Ti, O, C and Ce atoms. The carbon peak is
attributed to the residual carbon from the sample and adventi-
tious hydrocarbon from XPS instrument itself. Fig. 5 shows the
high-resolution XPS spectra of Ce 3d. It can be seen that there
are two major peaks centered at 885.7 and 904.9 eV, which rep-
resents Ce 3d 5/2 and 3d 3/2 orbits, respectively. The results
demonstrated that Ce atoms exist in the form of +4 valences
[33,34].
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Fig. 5. High-resolution XPS spectrum of Ce 3d region of Ce-TH-3.
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Fig. 6. Variation of X-3B concentration against time under visible light irradiation
in the presence of Ce-TH-1, Ce-TH-2, Ce-TH-3 and Ce-TH-4.

3.2. Photocatalytic activity

Fig. 6 shows the variations of X-3B concentration against the
irradiation time in the presence of different samples under vis-
ible light irradiation. From the figure, the concentration of X-3B
decreased gradually as the exposure time increases. After 80 min
irradiation, the degradation percent of X-3B are 61.3%, 64.0%, 92.3%
and 66.0% for Ce-TH-1, Ce-TH-2, Ce-TH-3 and Ce-TH-4, respectively.

In addition, we investigated the kinetic process of X-3B degra-
dation. It illustrates that photocatalytic degradation of X-3B as a
function of the irradiation time in the presence of different samples
follow first-order kinetic reaction as following:
r= ?Tf = KappC (2)
where ris the degradation rate of X-3B, Cis the concentration of X-
3B, kapp is the apparent reaction rate constant, t is the reaction time.
From the above equation we can obtained the following equation:

C
In ?0 = Kappt (3)

Co is the initial concentration of X-3B before visible light irra-
diation. By Eq. (3), we are able to find the apparent reaction rate
constant from the gradient of the graph of In(Cy/C) against irradi-
ation time. The apparent rate constant can be chosen as the basic
kinetic parameter for the different photocatalysts since it enables
one to determine a photocatalytic activity independent of the pre-
vious adsorption period in the dark and the concentration of X-3B
remaining in the solution [35]. The corresponding linear transforms
in In(Cp/C) as a function of irradiation time are given in Fig. 7. From
the figure, we can obtain the apparent rate constant of different
samples. The obtained values are shown in Table 1. The apparent
rate constants of Ce-TH samples are all much larger than that of
P25 (0.00099 min—1).

Under visible light irradiation, it is well known that there are
two possible pathways contributing to the photo-degradation of
X-3B molecules. The first pathway is related to the light absorption
of Ce-doped titania under visible light regions. As mentioned in DRS
section, the electrons can be excited from the valence band of Ce-
doped titania samples into Ce 4flevel under visible light irradiation.
Then, the excited electrons of the semiconductor can react with
the adsorbed oxygen to form oxidizing species which can bring
about the photo-degradation of X-3B. The second possible pathway
is photosensitization, in which it is the dye molecule but not titania
was excited by visible light and generated an electron. Then, the
excited electrons were transferred to the conduction band of titania
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Fig. 7. Linear transform In(Co/C)=£(t) of the kinetic curves of X-3B disappearance
for P25, Ce-TH-1, Ce-TH-2, Ce-TH-3 and Ce-TH-4 from Fig. 6.

due to the energy level of the excited state of the dyes is higher
than that of titania conduction band. Afterwards, the electrons were
transferred to adsorbed oxygen to form oxidizing species, which
can degrade the X-3B molecule. By doping of titania by cerium, the
excited electron can be trapped by Ce** ion through the following
process:

Ce*t e~ — Ce3t

Ce3t +0,— Cett +°0,™

Then, the electrons trapped in Ce**/Ce3* site are transferred to
the surrounding adsorbed oxygen. Therefore, the recombination
rate of photo-induced electron-hole pairs is decreased and the pho-
tocatalytic activity of Ce-doped titania increased. However, there
is an optimal Ce-doped content exists according to Xu et al. [29]
and Li et al. [33]. That can be attributed to the following reason,
when Ce-doped content increases further; it becomes the recom-
bination center of photo-induced electron-hole pairs because the
thickness of the space charge layer decreases with an increasing
in dopant content. When this layer approximates the penetration
depth of the light into the solid, all generated electron-hole pairs
are efficiently separated [29]. According to the data of photocat-
alytic experiment, we can know that the optimal Ce-doped content
is 4% (atom percent) for Ce-TH-3.

4. Conclusions

In summary, we report a simple method for the prepara-
tion of Ce-doped titania hollow spheres using carbon spheres as
template. Results show that the Ce doping causes a red-shift of
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absorption spectrum for titania. The photocatalytic activity of as-
prepared hollow titania spheres with different Ce-doped content
was determined by degradation of Reactive Brilliant Red dye X-
3B (C.I reactive red 2) under visible light irradiation. Results show
that the obtained Ce-doped titania hollow sphere samples are
all with high photocatalytic activity under visible light. In our
work, it is found that the optimal Ce-doped content is 4% (atom
percent).
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