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a b s t r a c t

Titania microspheres with higher photocatalytic activity have been synthesized using TiCl4 and FeCl3 as
the precursor in the presence of Span-80. The products were characterized with XRD, TEM and UV–vis
DRS. XRD and TEM indicated that the microsphere was a mixture of rutile, brookite and anatase with
a diameter of about 5–7 �m. The photocatalytic experiments revealed that the microspheres exhibited
high photocatalytic activities under UV-light and solar irradiation. The degradation rate of methyl orange
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(MO) was 100% under UV-light irradiation for 3 h and 91% under solar irradiation for 6 h. In particular, the
catalysts could be readily separated by sedimentation after the photocatalytic reaction.
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. Introduction

Titanium dioxide is one of the most popular and promising
aterials as a photocatalyst because it is stable in various sol-

ents under photoirradiation, commercially available, and easy to
e prepared in the laboratory [1,2]. However, its practical appli-
ation seems to be limited for two reasons. One is the demand
f the UV light as an essential excitating source due to its large
and gap of 3.2 eV, and the other is that it is very difficult to
eparate these fine photocatalysts from solution after reaction. To
nhance its photoactivity into visible range, considerable efforts
ave been taken including doping with various transition metal
ations [3,4] and anions, such as Cr [5], Fe [6,7], V [8], N [9], S
10], etc. Although these doped TiO2 photocatalysts could extend
heir optical sensibility to the visible range, the separation from
olution after photocatalytic reaction is still a problem. In order to
olve this problem, a general method is employed to immobilize the
iO2 nanoparticles on a large substrate [11]. Although immobiliza-

ion can improve the separation efficiently, it usually decreases the
verall photocatalytic activity comparing to the dispersed TiO2 due
o lowering of the surface-to-volume ratio and partial loss of the
ctive surface sites of photocatalysts. Therefore, it is necessary to
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evelop a novel synthesis approach to prepare TiO2 photocatalysts,
hich not only have highly photocatalytic activity, but also can be

teadily separated after photocatalytic reactions. Recent years, the
egular 3D structures, such as microspheres composed of uniform
anorods, have been exploited and anticipated as catalysts, elec-
rical sensors and biologics [12,13]. Especially, these microspheres
ith large sizes could be readily separated from the solution by
ltration or sedimentation, compared with the nanosized par-
icles. Herein, we reported the fabrication of mixed-phase TiO2

icrospheres with Fe as a dopant, which performs highly photo-
atalytic activity and could be easily separated after photocatalytic
eaction.

. Experimental

.1. Preparation of the TiO2 photocatalysts

In a typical synthetic procedure, 5 ml of TiCl4 solution mixed
ith 25 ml of 0.3 M FeCl3 aqueous solution in the presence of
ml Span-80 with vigorous stirring. The transparent solution
as transferred into a 50 ml Teflon-lined autoclave and sealed.

he hydrothermal reaction was maintained at 180 ◦C for 48 h.
he precipitate was separated by centrifugation and sequentially

ashed for several times by anhydrous alcohol and water until

he pH was 7, and then dried at 60 ◦C overnight. The product was
urther calcinated at 400 ◦C for 2 h to remove surfactant and a
ew organic impurities. The as-prepared sample was donated as
iO2–Fe–Span. Similarly, the sample obtained without using sur-
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actant was donated as TiO2–Fe, and the pure TiO2 was prepared
nly using 25 ml of distilled H2O with 5 ml of TiCl4 solution.

.2. Characterization

The XRD patterns were recorded on a Rigaku D/max-rB X-ray
iffractometer using Cu K� radiation (� = 1.5406). Transmission
lectron microscopy (TEM) analysis was identified on a Hitachi H-
00 with an accelerating voltage of 200 kV. The absorption edge and
and gap energy of the samples were measured using a Shimadzu
V-240 spectrophotometer equipped with a diffuse reflectance
ccessory. The binding energy (BE) was identified by X-ray photo-
lectron spectroscopy (XPS) using a VGESCALAB-MK photoelectron
pectrometer with an Mg K� source.

.3. Photocatalytic experiment

The photocatalytic activities of the prepared samples were eval-
ated by measuring the decomposition of 10 mg/l methyl orange
MO) aqueous solution. The UV-photocatalytic reactions were car-
ied out in a glass immersion photochemical reactor charged with
00 ml MO aqueous solution, the concentration of catalyst was 0.1 g.
n airflow was employed to produce a homogenous suspension of

he catalyst in the solution, an 18 W low-pressure mercury lamp as
V-light source (wavelength 254 nm). The sunlight photocatalytic
xperiments were carried out in a vessel with the diameter of 15 cm.
ecause the intensity of sunlight is generally beyond our control,
he sunlight photocatalytic experiments were performed at same
ime to ensure the consistency of the results. 0.1 g of the prepared
atalyst was immersed into 300 ml MO aqueous solution with vig-
rous magnetic stirring. The average sunlight intensity striking on
he surface of the reaction solution was about 65 klux, measured
y Digital Illuminance Meter (TES Electrical Electronic Corp., TES-
335, China). Because the intensity of sunlight is generally beyond
ur control, the sunlight photocatalytic experiments were carried
ut at same time to ensure the consistency of the results. Prior to
hotocatalytic experiment, the suspension was stirring vigorously
or 30 min in the dark to achieve the absorption equilibrium. The
esidual concentration of MO was detected on a Shimadzu UV-2550
pectrophotometer at 500 nm.

The photocatalytic activity can be quantitatively evaluated by
omparing the removal efficiency (� (%)) of reactant. � (%) was
alculated according to the following equation:

(%) = (A0 − A)
A0

× 100

here A0 and A represent the initial equilibrium concentration and
eaction concentration of reactant, respectively.

. Results and discussion

.1. Morphology and phase structure of the samples

The morphologies of samples were investigated by TEM. Fig. 1(A)
hows that the TiO2 nanorods with diameters of 60 nm and lengths
f 500–800 nm were obtained by hydrothermal reaction using TiCl4
nd distilled water as starting materials. It can be seen clearly
hat the nanorods have uniform diameters and lengths. When
eCl3 solution was added in hydrothermal reaction, the urchin-like
icrospheres with diameters of 1–2 �m were obtained (Fig. 1(B)).
rom the SEM image of the urchin-like microspheres, a large num-
er of “pyramids” having a rectangular base (inset (B)) are found on
he surface of these microspheres. As shown in Fig. 2(c), the urchin-
ike microspheres would alter to smooth spheres with the diameter
f 5–7 �m when adding surfactant into reaction. It is inferred that
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r
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ig. 1. TEM images of (A) TiO2 and (B) TiO2–Fe. Inset: corresponding SEM image of
microsphere’s surface. (C) TiO2–Fe–Span.

urfactant and Fe may be favorable of the self-assembly of the
anorods. Up to now, the role of surfactant in this process is still
nknown and need to research further. Han et al. [14] synthe-
ized the rutile titania microspheres composed of radially aligned
anorods by hydrothermal reaction with TiCl3 and FeCl2. Liu et al.
15] prepared 3D TiO2 microspheres through the reaction of TiCl3
ith urea in an n-butanol and water mixture at 150 ◦C assisted by
surfactant (Span-80). Their experiments showed that, without

pan-80, only nanorods were obtained.
Fig. 2 shows the XRD patterns of the as-obtained samples.
he diffraction peaks of the pure TiO2 sample can be indexed
o the rutile phase (JCPDS No. 21-1276). Fe-doped samples of
iO2–Fe–Span and TiO2–Fe are signed to have a major structure of
utile phase TiO2 with a few of anatase and brookite phases. It would
e inferred that the doping Fe could make the partial rutile convert
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ig. 2. XRD patterns of the TiO2 photocatalysts (a) TiO2 (b) TiO2-Fe (c) TiO2-Fe-Span.

o anatase TiO2 which is very beneficial for photocatalytic degrada-
ion of organic contamination. To our surprise, no crystalline phase
ontaining Fe could be observed in TiO2–Fe and TiO2–Fe–Span due
o very low Fe concentration. Fe3+ and Ti4+ have similar ironic radii
0.79 Å vs. 0.75 Å), so Fe3+ can easily substitute Ti4+ into TiO2 lattice
6,7,16].

.2. XPS and UV–vis analysis

Determination of the oxidation state of the iron was carried out
y measuring Fe2p3/2 BE. Fig. 3 shows the high-resolution Fe2p
PS spectrum of the TiO2–Fe–Span microspheres. Due to the BE

f 710.7 eV assigned to Fe3+ [17], the oxidation state of iron in the
attices was probably Fe2O3. Possibly because of its low concentra-
ion and uniform distribution within TiO2, iron phase could not be
bserved from XRD patterns in Fig. 2.

Fig. 3. High-resolution Fe2p XPS spectrum of TiO2–Fe–Span.
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Fig. 4. UV–vis DRS of (a) TiO2, (b) TiO2–Fe and (c) TiO2–Fe–Span.

Fig. 4 shows the UV–vis diffuse reflectance spectra of the TiO2
amples. As shown in Fig. 4, the rutile TiO2 nanorods exhibits an
nset of the absorption at �g = 406 nm, while the TiO2–Fe appears at
bout �g = 430 nm, and the TiO2–Fe–Span at about �g = 464 nm. It is
bvious that the absorption edge of TiO2–Fe–Span had a remarkable
hift to the visible light region. Lettmann et al. [18] had reported
hat increase of the light absorption in the visible region possibly
esult in better photocatalytic efficiency, especially under visible
ight irradiation. So it is a good way to obtain high vis-photocatalytic
ctivity by improving its photoabsorption.

.3. Photocatalytic activity

To evaluate the photocatalytic activities of catalysts, we stud-
ed the photodegradations of the MO over the above samples.
owever, the concentration of MO does not change using the as-
repared TiO2 catalysts under the dark condition. Illumination in
he absence of TiO2 catalysts shows scarcely any photolytic activity.
herefore, the presence of both illumination and TiO2 catalysts is
ecessary for the efficient degradation. Fig. 5 shows the photocat-
lytic activity of TiO2–Fe–Span, TiO2–Fe and TiO2 under UV-light
nd sunlight irradiation. It is obvious that the TiO2–Fe–Span pos-
essed the highest photocatalytic activity. The decomposition rate
f MO on TiO2–Fe–Span was up to 100% under UV-light irradia-
ion for 3 h and nearly to 91% for 6 h under solar irradiation. Rutile
hase nanorods display a lower photocatalytic activity. Moreover,
he decomposition rates of all samples under the UV-light illumi-
ation are higher than that under the sunlight illumination. Fig. 6
epresents the UV–vis absorption spectra of MO on TiO2–Fe–Span
nder UV-light and solar irradiation. The peak intensities of –N N–
hromophoric groups (500 nm) and benzenoid conjugate groups
310 nm) of MO molecules rapidly decreased with increasing of
llumination time, indicating that MO was decomposed completely
nder UV-light illumination by TiO2–Fe–Span.

Rutile is a thermodynamically stable phase and possesses
smaller band gap than that of anatase phase. According to

he Hurum’s explain [19], charges produced on rutile by visi-
le light are stabilized through electron transfer to lower energy

natase lattice trapping sites. The transition points between the
ifferent phases allow for rapid electron transfer from rutile to
natase/brookite. Thus, rutile acts as an antenna to extend the
hotoactivity into visible wavelengths and the structural arrange-
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microspheres sedimentated from the aqueous suspension in less
than 30 min (Fig. 7b–d), but TiO2 nanoparticles were still turbid
(Fig. 7a). TiO2 microspheres catalysts with higher photocatalytic
activity can be easily recovered by sedimentation, which will
ig. 5. Photocatalytic degradation of MO over photocatalysts under (a) solar and (b)

V-light irradiation.

ent of the TiO2 crystallites creates catalytic “hot spots” at
he rutile–anatase/brookite interfaces. Doping of Fe3+ has been
ffirmed to introduce much more oxygen vacancies in/on the crys-
al lattice and surface of TiO2, while oxygen vacancies favor the
dsorption of H2O and the formation of surface hydroxyl group,
hich promote the photocatalytic activity [6]. The beneficial effect

f Fe3+ could be further explained by considering the efficient sepa-
ation of photo-excited electrons and holes [20]. Consequently, the
igher photocatalytic activity of the microspheres is ascribed to a
ynergetic effect of the beneficial factors by Fe-doping and rutile,
natase and brookite mixing. For the TiO2–Fe–Span, the surfac-

ant Span-80 in the crystal voids would decompose and the surface
rea of the catalysts increased after calcined at high temperature.
herefore, it exhibited a higher photoactivity than the urchin-like
icrospheres obtained in the absence of Span-80.

F
a

ig. 6. UV–vis absorption spectra of MO in the presence of TiO2–Fe–Span under (a)
olar and (b) UV-light irradiation.

Furthermore, due to the large dimension of the microspheres,
t can be easily separated from the reaction solution. Fig. 7 shows
he sedimentation in aqueous suspensions of TiO2–Fe–Span micro-
pheres and TiO nanoparticles. It is obvious that TiO –Fe–Span
ig. 7. Sedimentation in aqueous suspensions of (a) TiO2 nanoparticles for 30 min
nd TiO2–Fe–Span microspheres for (b) 5 min, (c) 15 min, and (d) 30 min.
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reatly promote their industrial application to eliminate the organic
ollutants in wastewater.

. Conclusion

In summary, the mixed-phase TiO2 microspheres were prepared
y hydrothermal method at 180 ◦C for 48 h using TiCl4 and FeCl3
s precursor in the presence of surfactant Span-80. It exhibited
xcellent photocatalytic activities for photodegradation of MO both
nder solar and UV-light irradiations. It completely decomposed
he MO and no intermediates were observed. Especially, the cata-
ysts can be easily separated from solution by sedimentation after
eaction. It is expected that the TiO2 microspheres could be one of
he ideal photocatalysts for the water purification.
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