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purifications.

Nano-composite of Fe-doped anatase TiO, nanocrystals loaded on the hollow glass microbeads was
prepared by co-thermal hydrolysis deposition and calcining treatment. The adherence of TiO,
mesoporous layers to the surfaces of hollow glass microbeads prevented the aggregation of TiO,
nanoparticles and benefited to their catalytic activity. The doping of Fe ions makes the absorption edge
of the TiO, based nano-composite red-shifted into the visible region. An effective photodegradation of
the methyl orange aqueous solution was achieved under visible light (1 >420 nm) irradiation, revealing
the potential applicability of such nano-composite in some industry fields, such as air and water

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

In the last decade, nano-structured TiO, has been developed
and used as a photocatalyst for air and water purifications because
of its excellent photocatalytic activity, physical and chemical
stability, and nontoxicity [1-8]. But for its wide band gap (3.0eV
for the rutile and 3.2 eV for the anatase phase), it only makes use
of the ultraviolet light which contains merely a small portion
(about 3-5%) of the sunlight’s energy [9]. In order to develop more
efficient photocatalyst, various methods have been used to
improve the optical properties of TiO, by modifying its band
gap, such as doping with other elements, sensitizing with dyes,
coating the surface with noble metals or other semiconductors
[7,10-15]. Among them, doping is a practical approach because
the properties of the material are largely determined by chemical
nature of the atoms or ions and of the bonds between them.
Through doping with certain metallic or nonmetallic elements, it
has been demonstrated that the photocatalytic feature of TiO,
became visible light responsible [15-18]. Because of the small size
of the cations than the anions, the Ti** cations could be replaced
by other transition metal ions more easily than 02~ anion by other
anions. It is believed that the small size of the TiO, nanoparticle is
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beneficial to the modification of its chemical composition due to
the higher tolerance of the structural distortion induced by the
inherent lattice strain in nanomaterials than that in their bulk
counterparts [19]. Transition metal ions implanted into the TiO,
crystalline lattice may introduce an impurity level into the band
gap of TiO, and thus benefits to the photocatalysis. Choi et al.
found that TiO, doped with Fe3* exhibited the highest photo-
catalytic activity among those doped with other transition metal
elements on the oxidation of CHCl3 and the reduction of CCl, [20].

But only optical characteristic modification is not sufficient for
the practical photocatalytic application of TiO, powder. It is
necessary to deposit the catalyst onto the supports, because when
the TiO, powder is put in a pool of polluted water, it will settle at
the bottom and coagulate in the process of photodegradation,
inducing the reduction of its catalytic effectiveness [21]. In
addition, TiO, as catalyst is usually nano-scaled powder with
high surface activity, thus is difficult to separate from water
completely and be reused. In order to solve these problems,
various materials, such as glass, quartz, wool, steel, etc. have been
used as the substrates for TiO, powder [22,23].

In present work, nano-composite with Fe-doped TiO, nano-
crystals deposited on the aluminosilicate hollow glass microbeads
(HGMBs) was fabricated by a simple and green co-thermal
hydrolysis deposition in the acidic water solution. The UV-Vis
diffuse reflectance spectroscopy indicated that the absorption
edge of the TiO, based nano-composite red-shifted into the visible
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region, and the photocatalytic efficiency reached 39% for 7h
photodegradation of the 107> M methyle orange aqueous solution
under visible light (A>420nm) irradiation.

2. Experimental
2.1. Synthesis of HGMBs loaded Fe-doped TiO, composite

All the chemicals used were analytically pure. The HGMBs
were purchased from the Chem. Trading Co. Ltd., Guangdong. The
nano-composites of Fe-doped TiO, (with Fe/Ti atomic ratio x = 0,
0.001, 0.005, 0.010 and 0.015, respectively) loaded on the HGMBs
were prepared by the co-thermal hydrolysis deposition of
titanium sulfate and iron nitrate in hot acidic water, followed by
calcining treatment. In a typical experiment, firstly, 0.5g HGMBs
and 1ml (0.1 M) sodium dodecyl sulphate organic ligand were
added into a 100 ml beaker containing 20 ml H,O as the stabilizing
agent. The pH of the solution was then modulated to 2.0-3.0 by
H,S0,4. Secondly, 6 mmol Ti(SO4), and appropriate amount of
Fe(NOs3); were dissolved in 20 ml H,0, then added into the above
beaker in drops at the temperature of 100 °C. After the reaction,
the composite product was filtrated, washed with deionized water
and dried at 120 °C for 2 h, then calcined at 500 °C for another 2 h.

2.2. Characterization of the composite

The structures of the composite samples were measured by
powder X-ray diffraction (XRD) on a Rigaku D/MAX2500 diffract-
ometer with copper Ko (4 = 0.154 nm) radiation. The composition,
morphology and its evolution of TiO, were investigated by field
emission scanning electron microscopy (FESEM, JSM-6700F),
energy dispersive X-ray spectroscopy (EDS) and transmission
electron microscopy (TEM, JEM-2010). The UV-Vis diffuse reflec-
tance spectra were detected on a spectrometer (Lambda 900). The
surface area measurements were carried out on a surface area and
porosity analyzer (ASAP2020C+M), using the Barrett-Emmett-
Teller (BET) technique.

2.3. Photocatalytic reaction

To characterize the photocatalytic activity of the nano-
composites under visible light irradiation, experiments on photo-
degradation of methyl orange, a common contaminant in waste-
water, were carried out at room temperature. Nano-composite of
100 mg, containing about 50% Fe-doped TiO, nanoparticles in
weight, was put into a beaker containing 50ml 10~>M methyl
orange water solution. A 300 W halogen lamp with a cut-off filter
to remove the radiation below 420 nm was used as visible light
source. The solution was magnetically stirred for 5h in dark to
establish the absorption/desorption equilibrium of methyl orange
on the surfaces of the catalyst, then the light was turned on to
initiate the photocatalysis reaction. After a certain period, 4 ml
of the suspension was extracted and centrifuged at the rate of
6000 rpm for 5 min to remove the catalyst. The concentrations of
the methyl orange before and after the photocatalytic degradation
were measured with a UV-Vis spectrometer (Lambda 35).

3. Results and discussion
3.1. Microstructure of the composite

The XRD patterns of the bare HGMBs and the 500 °C calcined
composite with x = 0.010 are shown in Fig. 1. For the bare HGMBs,
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Fig. 1. XRD patterns of (a) the bare HGMBs and (b) the 500 °C calcined composite
with x = 0.010.

the XRD pattern exhibits the typical amorphous feature with a
diffuse hump at low diffraction angle. After calcining at 500 °C, the
anatase TiO, (JCPDS No. 73-1764) emerges. Noticeably, no other
crystalline phase is detected.

The SEM images in Fig. 2 show the morphologies of the bare
HGMBs and the 500 °C calcined composites with x = 0.010. The
bare HGMBs exhibit integrated spheres with smooth surfaces,
while a layer of rough material, which was identified as anatase
TiO, by XRD measurement, was observed adhered to the HGMB
for the 500 °C calcined composite. EDS spectrum taken from the
TiO, layer on the surface of the HGMB, as presented in Fig. 2c,
reveals the existence of Fe in TiO,, with Fe: Ti molar ratio being
about 1:100. In a comparative experiment of synthesizing TiO,
without the addition of HGMBSs, only the irregularly shaped TiO,
microparticles were generated, as shown in Fig. 2d, verifying the
role of HGMBs support in the formation of TiO, mesoporous layer.

In order to track the structure and morphology evolution of the
composite during calcining treatment, more structural character-
izations were performed on the samples with x = 0.010 calcined at
various temperatures for 2h, respectively. For the composite
calcined at 200°C, the surfaces of the HGMBs are adhered by a
layer of agglomerate depositions (Fig. 3a), which is testified having
basically the amorphous structure by the intense diffuse XRD hump
presented in plot a of Fig. 4. When calcined at 300 °C, some particles
precipitated from the amorphous matrix, as shown in the inset of
Fig. 3b. They are anatase TiO, grains demonstrated by the crystalline
peaks in plot b of Fig. 4. Further increase the temperature to 500 °C,
more grains precipitated on the surfaces of the HGMBs, and the
crystalline XRD peaks intensifies remarkably, indicating a better
crystallization of anatase TiO,. The cross sectional TEM image taken
from a broken TiO, deposited HGMB, shown in Fig. 3d, reveals the
porous feature of the deposited TiO, layer.

It is well known that both Ti** and Fe>* ions can hydrolyze to
form the amorphous hydroxide depositions in hot acidic water:

Ti(S04);+4H,0 - Ti(OH)4 | +2H5(S04)> (1)

Fe(NO3 )3+3H20 - Fe(OH)3 l +3HN03

The amorphous layer on the surfaces of the HGMBs consists of
Ti(OH)4 and small amount of Fe(OH); depositions. The reason for
the adherence of the amorphous depositions to the HGMBs might
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Fig. 2. (a) SEM image of the bare HGMBs, the inset shows the magnified micrograph of a piece of broken HGMB; (b) SEM image of the 500 °C calcined composite with
x = 0.010; (c) EDS spectrum taken from the deposited layer of the 500 °C calcined composite; and (d) TEM image and XRD pattern of TiO, microparticles formed in a

HGMBs-free reaction.

Fig. 3. (a)-(c) SEM images of the composites with x = 0.010, calcined at 200, 300
and 500 °C for 2 h, respectively; the insets show the magnified micrographs of the
deposited layers at the same magnification. (d) cross sectional TEM image taken
from a broken TiO, deposited HGMB.

be the formation of the chemical bonds between Ti, Fe ions and O
ions in the Si-O- and Al-O-groups at the surfaces of the HGMBs.
When calcined at 300 °C or higher temperature, the amorphous
hydroxides dehydrate and transform to the crystalline oxide, i.e.,
anatase TiO, doped with Fe which will be further illustrated later.
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Fig. 4. XRD patterns of the composites with x = 0.010 calcined at (a) 200 °C; (b)
300°C; and (c) 500 °C for 2 h respectively.

N, adsorption and desorption experiments of the composite
with x = 0.010, calcined at 300 and 500 °C, respectively, were
carried out to further characterize the porous structure of the
crystallized TiO, layer on the surfaces of the HGMBs. The BET
surface area was determined to be 30 m?/g for the sample calcined
at 300 °C, and 71 m?/g for that calcined at 500 °C (as a comparison,
the BET surface area for the bare HGMBs was 6m?/g). As
demonstrated in Fig. 5, the N, adsorption and desorption
isotherm is type IV with H, hysteresis-loop, characteristic of the
mesoporous material for the 500°C calcined sample [24]. The
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Fig. 5. N, adsorption and desorption isotherm of the 500 °C calcined composite
with x = 0.010; the inset shows the pore-size distribution plot.
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Fig. 6. XRD patterns of the 500 °C calcined samples with various Fe contents (x):
(a) x =0; (b) x =0.001; (c) x = 0.005; (d) x = 0.010; and (e) x = 0.015.

inset in Fig. 5 reveals that the pore-size distribution (BJH) is
narrow with mean pore width of 8 nm.

To testify the incorporation of Fe ions into the TiO, lattice, XRD
measurements of the 500°C calcined composites doped with
various contents of Fe were performed, as shown in Fig. 6.
Apparently, only one crystallization phase of anatase TiO, appears
in all the samples. With gradual increase of Fe content in the
composite, the positions of the TiO, peaks shift continuously
towards the low-angle side. Taking the (101) peak as example,
with x increasing from 0 to 0.015, the peak position shifts from
25.667° to 25.323°, indicating a slight lattice expansion. Using the
XRD analysis software MDI Jade 5.0, the unit parameters (a, ¢) and
the unit cell volume of the anatase TiO, in the composites with
various content of Fe were calculated, which increase
monotonously with Fe content, as presented in Table 1, implying
the incorporation of Fe3* ions into TiO, lattice probably by
substituting Ti** ions. It is believed that, only a part of the added
Fe ions in the reaction system are incorporated into the TiO,
crystalline lattices, and the others are adsorbed on the surfaces of
the TiO, nanocrystals, probably by forming Ti-O-Fe chemical
bonds. The mean grain sizes in these samples evaluated by
Debye-Scherrer formula are also listed in Table 1. They all have

Table 1

Unit cell parameters (a and b), unit cell volumes and grain sizes of anatase TiO, in
500 °C calcined samples doped with various content of Fe.

Fe content (x) Unit cell parameters (A) Unit cell TiO, grain

volume (A3)  size (nm)
a c

0 3.7647 8.9608 127.00 12.0

0.001 3.7809 9.2227 131.84 13.4

0.005 3.7827 9.2992 133.06 12.6

0.010 3.7858 9.3447 133.93 16.4

0.015 3.7876 9.3448 134.06 123

Fig. 7. HRTEM image and SAED pattern of TiO, nanoparticles taken from the cross
section of a broken TiO, deposited HGMB with Fe content x = 0.015.

the value of 14.24+2.2nm, and seem to be not affected by Fe
doping.

To exclude the possible iron rich phases in the composite, the
high resolution TEM (HRTEM), selected area electron diffraction
(SAED) and EDS analyses on the deposited layer were performed.
HRTEM image exhibits clearly the crystallized nanoparticles, as
shown in Fig. 7. EDS spectrum taken from this region is quite
similar to the one presented in Fig. 2¢, indicating the existence of
Fe, while the corresponding SAED pattern, presented as inset in
Fig. 7, reveals that besides anatase TiO, there is no other
crystalline phase in this region. These results, together with
those of XRD stated above, sufficiently exclude the generation of
any iron rich crystalline phases in the composites.

3.2. Photocatalysis under visible light

The measured methyl orange photodegradation curves of the
500°C calcined composites with various contents of Fe, under
visible light irradiation, is presented in Fig. 8. G and C are the
concentrations of the methyl orange before and after irradiation.
Obviously, the pure TiO, does not induce obvious change in
methyl orange concentration, so the photosensitization of methyl
orange is ignorable, while the Fe-doped TiO, exhibits the Fe-
content dependent visible light photodegradation reaction. The
photocatalytic rate increases with Fe content when x<0.010,
while it turns to decrease after x>0.010. The catalyst with
x = 0.010 yields the highest photocatalytic efficiency, with the
degradation ratio of the 10~> M methyl orange achieving 39% after
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Fig. 8. (a) Photocatalytic degradation of methyl orange for the 500°C calcined
composite as a function of the visible light irradiation duration and (b)
photocatalytic degradation ratio as a function of the doped Fe content.

7h irradiation under 300W visible light. The visible light
photocatalysis implies the red-shift of the TiO, absorption edge
into the visible light region for the Fe doped composites, which is
experimentally demonstrated by the UV-Visible diffuse
reflectance spectra of the 500°C calcined samples shown in
Fig. 9. With the increase of Fe content in the composite, the TiO,
absorption edge red-shifts remarkably, i.e., from UV into visible
region (at about 460 nm for the sample with x = 0.010). Because
the energy level of Fe**/Fe** lies a little above the valence band
edge of TiO,, as shown schematically in Fig. 10, the dopant energy
level is induced with the doping of Fe3* into Ti0,.2° Fe®* as an
electron donor, its 3d electrons can be excited by the visible light
to transit to the conduction band of TiO,. These photogenerated
electrons and the holes in the Fe** ions transfer to the surface of
the photocatalyst to interact with the surrounding O,, H»0, etc.,
resulting in the formation of the highly activated free radicals,
such as 05, HO, etc., that oxidize the methyl orange. With increase
of Fe content, the absorption edge of TiO, red-shifts to longer
wavelength, thus more carriers are generated under visible light
irradiation, which naturally induces the increase of the
photocatalytic efficiency. However, since Fe** ions may also act
as the recombination centers for the photogenerated carriers [20],
when the doped Fe in TiO, exceeds a certain concentration, the
photocatalysis is turn to be weakened due to the decrease of the
photogenerated carriers.
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Fig. 9. UV-visible diffuse reflectance spectra of the 500 °C calcined composites
doped with various content of Fe (x): (a) x = 0; (b) x = 0.001; (c) x = 0.005; and (d)
x = 0.010; the inset shows position of the absorption edge as a function of Fe
content.
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Fig. 10. Schematic diagram illustrating the mechanism of methyl orange
degradation under visible light irradiation.

4. Conclusions

The Fe-doped anatase TiO, mesoporous layer deposited on the
hollow glass microbeads was prepared by a simple and green
co-thermal hydrolysis method. The absorption edge of the
semiconductor TiO, red-shifted obviously to the visible region,
therefore the composites exhibited the effective visible light
photocatalysis, with the highest photodegradation ratio of the
10~>M methyl orange aqueous solution achieved 39% after 7 h
irradiation under 300 W visible light (4>420nm).
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