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Spherical anatase microparticles with good crystallinity have
been synthesized by homogeneous precipitation under mild
conditions (83-100 °C), employing ammonium fluotitanate as
the titanium source and urea as the precipitant instead of
more commonly used and highly reactive titanium sources
such as titanium alkoxides and tetrachloride, which are sen-
sitive to atmospheric moisture and therefore require special
precautions. The as-prepared anatase particles were charac-
terized by XRD, FE-SEM, UV/Vis spectroscopy, TG-DSC,
and FTIR spectroscopy. The microspheres obtained in this
work are hierarchically structured and are built up of
rounded anatase nanocrystallites with a diameter of approxi-

mately 15-40 nm. The morphology of the nanoparticles
within each microparticle changes from sphere to spindle as
the reaction time is increased from 30 to 120 min in the ex-
perimental temperature range from 83 to 100 °C. A higher
reaction temperature leads to enhanced growth of the nano-
crystallites (primary particles) in solution and somewhat
smaller anatase microspheres. The optical bandgaps and in-
direct bandgaps for all samples are approximately 3.23 and
2.95 eV, respectively, irrespective of their morphologies.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Control over crystal structure, size, shape, and organiza-
tion of titanium dioxide (TiO,) nanomaterials has long
been one of the main themes in TiO, research.l!”] TiO,
nanomaterials with many different morphologies and crys-
tal structures have been synthesized. For example, Chem-
seddine et al. have obtained uniform spherical and needle-
like anatase nanoparticles with high crystallinity in a poly-
condensation reaction involving titanium alkoxides and tet-
ramethylammonium hydroxide as starting materials and
subsequent autoclave heating.! Sugimoto et al. have pre-
pared cuboidal and ellipsoidal TiO, nanoparticles by tun-
ing the ratio of titanium isopropoxide (TIPO) and triethan-
olamine (TEOA).Il In the above two cases, tetramethyl-
ammonium hydroxide and TEOA were used as shape con-
trollers, which adsorb on specific crystal planes of TiO, to
tune the growth rate of these planes. TiO, nanorods have
been prepared by dipping porous anodic alumina mem-
branes (AAMs) into boiling TiO, sols followed by drying
and heating. Differently sized anatase and rutile nanorods
were produced with this technique, and each of these nano-
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rods was found to be composed of TiO, nanoparticles and
nanograins.’ TiO, nanowires and nanotubes have been
classically obtained by autoclaving TiO, powers in a 10—
15m NaOH aqueous solution at 150-200 °C for 24-72 h
without stirring.®! TiO, nanotubes have also been synthe-
sized by many other methods, such as anodic aluminum
oxide (AAO) templated growth via sol-gel®! and anodic oxi-
dation.l'%!] In these cases, the length and diameter of the
TiO, nanotubes can be controlled over a wide range by
modifying the processing parameters. Moreover, the phase-
selective synthesis of TiO, nanocrystals (anatase, brookite,
and rutile) has been achieved by Li et al. via a redox route
under mild hydrothermal conditions (180 °C, 3 h), with tita-
nium trichloride as the titanium source.['?]

It has, however, proved rather difficult to prepare mono-
dispersed TiO, microspheres of good dispersion and sta-
bility by direct hydrolysis of titanium alkoxides, primarily
because the hydrolysis rate is too high to allow a separation
of the nucleation and growth stages.'>!4l By adding certain
salts for electrostatic stabilization or polymeric stabilizers
such as hydroxypropyl cellulose and block copolymers,
many groups have been able to generate titania micro-
spheres from titanium alkoxides in polar solvents.['>13] Ji-
ang et al. and Yu et al. have demonstrated another route
for the production of highly monodisperse titania particles
involving hydrolysis of less reactive titanium precursors
transformed from alkoxides.['®!” It should be noted that in
most of the above studies the direct products are amorph-
ous and thus a subsequent annealing at high temperatures
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(e.g. 500 °C) is necessary for the crystallization of anatase
or rutile microspheres. Recently, Li et al. obtained monodis-
persed crystalline spheres (ca. 154 nm) of brookite nano-
crystals (ca. 25 nm) by treating a mixed solution of titanium
trichloride and urea at temperatures below 100 °C.['8] In
this case, the slow oxidation of Ti** to Ti** ions by atmo-
spheric oxygen, an appropriate solution pH, and the slow
hydrolysis of urea seem to be crucial for the direct crystalli-
zation of brookite, a type of TiO, which is rarely obtained
in a pure form.

The aforementioned studies all suggest that decreasing
the reactivity of the titanium source should be an effective
way of producing monodispersed TiO, microspheres.
Therefore, instead of a highly reactive titanium source (tita-
nium alkoxide or tetrachloride), which is likely to be sensi-
tive to atmospheric moisture and therefore require special
precautions, we have used ammonium fluorotitanate (AFT)
in this work for TiO, synthesis. The urea homogeneous pre-
cipitation method has been used previously to prepare mon-
odispersed spherical particles of several systems, such as ru-
thenium oxide,!'”! palladium, basic carbonate spheres of
lanthanides,?!! hydrated alumina,[>?l and hematite.”>] We
have managed to obtain both spherical and flower-like ana-
tase-type TiO, particles of good crystallinity by homogen-
eous precipitation under mild conditions (83-100 °C), with-
out the use of any additives, from aqueous solutions of
AFT and urea by carefully controlling the synthetic param-
eters. The resultant powders have been characterized in de-
tail by XRD, FE-SEM, TG-DSC, and FTIR and UV/Vis
spectroscopy. We also propose formation mechanisms for
the differently shaped anatase particles arising from investi-
gations into the effects of the various processing parameters
on the particle morphologies.

Results and Discussion

Urea decomposes at temperatures higher than about
80 °C during the urea precipitation process, as shown in
Equation (1).

2(NH,),CO + 5H,0 — 4NH,* + OH + HCO; + COs> (1)

The NH," and OH ions generated then react readily
with ammonium fluorotitanate to yield TiO, according to
Equation (2).1?4

(NHy),TiFs + 4NH,* + 4OH  — TiO, + 6NH,F + 2H,0O 2)

Table 1 summarizes the experimental parameters for par-
ticle synthesis and some properties of the products. Figure 1
shows XRD patterns for all the powders, from which it can
be seen that the direct product is anatase-type TiO,
(JCPDS, no. 01-071-1166) in each case, with no indication
of any rutile or brookite impurity being detected. The sharp
diffraction peaks suggest good crystallinity of the powders.
In contrast to the traditional technique,”* which involves
the transformation of y-TiO, into anatase by calcination at
750 °C for 1 h, the method used in this work reduces the
crystallization temperature to a very low one of 83-100 °C.

Eur. J. Inorg. Chem. 2009, 1214-1218

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur|IC

European Journal
of Inorganic Chemistry

This enhanced crystallization may be attributed to the fol-
lowing two reasons: 1) the slow release of ammonia, which
controls the rate of the precipitation reaction, by the forced
hydrolysis of urea, and 2) the moderately high reaction tem-
perature (83-100 °C) enhances the mobility of the configu-
rational ions, thus enabling these ions to arrive at the cor-
rect positions for TiO, crystallization. The direct crystalli-
zation of pure anatase, rather than brookite or rutile, sug-
gests the importance of the synthetic conditions, especially
the solution pH (6-7 in this work) and supporting anions
(F~ and NH," in this work) in the phase selection of TiO,.
Under similar processing conditions, the use of TiCls solu-
tion as the titanium source yields pure brookite,['®] while
rutile tends to crystallize under highly acidic conditions.!'?!

Table 1. Synthetic conditions and crystallite sizes of the products.

Sample ID  Temp. (°C) Time (min)  Crystallite size (nm)
S1 83 30 15.2
S2 90 30 21.9
S3 100 30 38.8
S4 83 120 33.6
S5 90 60 38.8
S6 90 120 38.8
S7 100 120 38.8
(101) Anatase
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Figure 1. XRD patterns of the powders synthesized under various
conditions. Labels S1-S7 correspond to the sample ID given in
Table 1. Sample S8 was obtained by calcinating S2 at 570 °C for
2 h.

Figure 2 shows the particle morphologies of the powders
obtained after 30 min at three typical temperatures of 83
(sample S1, Figure 2, a), 90 (S2, Figure 2, b,c), and 100 °C
(S3, Figure 2, d). The resultant particles are microspheres
in each case, irrespective of the reaction temperature.
Furthermore, these microparticles show good dispersion
and no apparent aggregation is observed. Some researchers
have also prepared anatase microspheres by a one-step syn-
thetic method. Liu et al., for example, have used TiCl; as
the titanium source to prepare anatase microspheres in a
hydrothermal method by heating at 90 °C for 24 h.[>31 Simi-
larly, Yu et al. have used Ti(SOy), as the titanium source to
prepare anatase microspheres in a chemically induced self-
transformation method by heating at 160 °C for about
1215
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6 h.12%1 The diameter of the anatase microspheres is roughly
700-800 nm for S1, though some even smaller spheres were
occasionally found (Figure 2, a). A higher reaction tem-
perature leads to somewhat smaller anatase microspheres,
with average sizes for samples S2 (Figure 2, b) and S3 (Fig-
ure 2, d) of around 600 and 500 nm, respectively. The rough
particle surfaces, however, indicate the existence of sub-
structures within each microsphere, as also evidenced by
high magnification FE-SEM observation of sample S2 (Fig-
ure 2, ¢), where rounded primary nanoparticles are clearly
seen. The average crystallite sizes were determined from the
(101) XRD peaks by applying the Scherrer formula
(Table 1). Obviously, a higher temperature leads to en-
hanced growth of the nanocrystallites (primary particles) in
solution. Such a hierarchical microstructure is similar to
that observed from monodispersed brookite submicron
spheres.['8] The anatase microspheres obtained in this work
are apparently formed by an aggregation mechanism, or, in
other words, a surface-energy-driven self-assembly. Nano-
particles are generated via precipitation by nucleation and
growth at the very beginning of the reaction. As the number
of nanoparticles increases, the total surface energy of the
nanoparticles in solution increases accordingly, and thus
the primary particles assemble into microspheres in order
to reduce the total surface energy. Raising the synthesis
temperature enhances the random movements of the pri-
mary particles (building units) in solution, thereby hinder-
ing their aggregation and leading to a decreased average
size of the microspheres at a higher reaction temperature.

100 am

Figure 2. FE-SEM micrographs showing the particle morphologies
of samples S1 (a), S2 (b,c), and S3 (d).

The reaction time was found to be a decisive factor af-
fecting the morphology of the final particles (Figure 3).
Sample S1 undergoes significant morphological changes at
83 °C when prolonging the reaction time from 30 to
120 min. Considering the crystallite growth (Table 1) during
this additional aging period of 90 min, it was found that
the fine spherical nanoparticles (building units) within each
microsphere (Figure 2, a) evolve through growth into spin-
dles, which leads to the collapse of the microsphere and the
formation of small flowerlike particles composed of spin-
1216
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dles along with some discrete spindle-like particles (Fig-
ure 3, a). Such a scenario was evidenced by the time-course
morphology evolution of the particles synthesized at 90 °C
for 30 (S2, Figure 2, b), 60 (S5, Figure 3, b), and 120 min
(S6, Figure 3, ¢). A similar morphological evolution was
also observed for sample S3 at an even higher temperature
of 100 °C, with the powder produced after 120 min of reac-
tion (S7, Figure 3, d) showing a general morphology similar
to that of S6 (Figure 3, c), although the aggregates are finer.

100 nm

Figure 3. FE-SEM micrographs showing the particle morphologies
of samples S4 (a), S5 (b), S6 (c), and S7 (d).

UV/Vis absorption spectroscopy was used to determine
the indirect interband transition energies for three typical
powders (samples S2, S4, and S6); the results are shown in
Figures 4 and 5. The optical absorption edges were found
to be 384.2 nm for all three samples, which corresponds to
an optical bandgap of around 3.23eV. The optical
bandgaps of anatase have been widely reported, and the
values determined in this work are in excellent agreement
with the literature ones (ca. 3.2 eV for anatase).*” TiO, is
known to be an indirect semiconductor,?%?°! for which the
relation between absorption coefficient (a) and incident
photon energy (hv) can be written as a = B; (hv — E,)*/hv,

—— 82,323 eV
i S4,3.23 eV
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Figure 4. Typical UV/Vis absorption spectra of the as-prepared
powders.
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where B, is the absorption constant for indirect transi-
tions.[3%31 Plots of (A/#v)'? vs. hv from the spectroscopic
data in Figure 4 are shown in Figure 5. Extrapolating the
linear parts of the curves gives an indirect bandgap of
around 2.95 eV for all three samples, which is very close to
the calculated value of 2.91eV corresponding to the
X,.— Gy, indirect interband transition of TiO,.??
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Figure 5. Determination of the indirect interband transition ener-
gies for as-prepared samples S2, S4, and S6. 4 in the label on the y-
axis represents absorbance, which is proportional to the absorption
coefticient a.

The thermal behavior of the anatase microspheres was
investigated using sample S2 as an example, and the results
are shown in Figure 6. The TG curve recorded under a flow
of nitrogen gas shows significant weight losses (up to ca.
20%) in the temperature range 25-1000 °C, which are
mainly due to the removal of adsorbed substances and de-
hydration of the as-prepared anatase. The broad exotherm
recorded at about 570 °C might be due to the enhanced
crystallization of anatase rather than an anatase— rutile
phase transition. This proposal was supported by XRD
analysis of S8 obtained upon calcining S2 at 570 °C for 2 h
(Figure 1).
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Figure 6. TG-DSC curves for sample S2.

The fact that the as-synthesized anatase is hydrated was
confirmed by the appearances of strong absorption bands
at around 1640 (the O—H bending mode) and 3300 cm™!
(the O-H stretching mode) in the FTIR spectrum (Fig-
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ure 7). The absorption bands at about 1400 and 3166 cm™!
may suggest the presence of some ammonium ions arising
from the starting titanium source and urea hydrolysis. As
XRD analysis (Figure 1) only suggests the presence of ana-
tase-type TiO, in the products, it is reasonable to assume
that these ammonium ions might arise from some impuri-
ties absorbed on the TiO, surfaces. The absorption band at
around 580 cm™! corresponds to the Ti-O stretching mode.
All the above observations are consistent with the litera-
ture.l33

100
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Figure 7. FTIR spectrum of sample S2.

Conclusions

Crystalline anatase microspheres with hierarchical struc-
tures have been directly obtained via homogeneous precipi-
tation under mild conditions (83-100 °C, 30-120 min) with
ammonium fluorotitanate as the titanium source and urea
as the precipitant. The morphology of the nanoparticles
within each microparticle changes from spherical to spin-
dle-shaped as the reaction time is increased from 30 to
120 min. A higher reaction temperature leads to enhanced
growth of the nanocrystallites (primary particles) in solu-
tion and somewhat smaller anatase microspheres. The op-
tical bandgaps of all samples were determined to be around
3.23 eV and the indirect bandgaps around 2.95 eV, irrespec-
tive of their morphologies.

Experimental Section

Particle Synthesis: The titanium source in this paper is ammonium
fluorotitanate [(NH,),TiFs, AFT, Reagent grade, Sinopharm
Chemical Reagent Co., Ltd.]. Although ammonium hydroxide has
been widely used as a precipitant, it reacts with AFT immediately
to give nongelatinous y-TiO, of an amorphous nature.** To con-
trol the precipitation reaction, urea [CO(NH,),, reagent grade, Sin-
opharm Chemical Reagent Co., Ltd.], which is known to release
ammonia slowly by forced hydrolysis at temperatures above around
83 °C, was used instead of ammonium hydroxide. All chemicals
were used as received without further purification. For powder syn-
thesis, the desired amounts of AFT and urea were mixed together
and diluted with distilled water to the intended concentrations of
0.015 M for AFT and 0.5 m for urea during the preparation of all
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samples in our work. To speed up heating, a beaker containing
800 mL of the thus-made solution was sealed with a preservative
film, and a thermometer was inserted into the solution through a
hole in the film to measure the solution temperature. The as-pre-
pared solution was then heated under magnetic stirring to the in-
tended temperature and held there for a certain period of time
(Table 1). After cooling naturally to room temperature, the result-
ant solids were recovered by centrifugation, washed with distilled
water by ultrasonication and centrifuge, and finally dried at 60 °C
for Sh.

Characterization Techniques: Phase identification was performed by
X-ray diffractometry (XRD) with a Philips PW3040/60 dif-
fractometer (Philips, Eindhoven, The Netherlands) operating at
40 kV/40 mA using nickel-filtered Cu-K, radiation. The particle
morphology was observed by field emission scanning electron mi-
croscopy (FE-SEM, Model JSM-7001F, Oxford instrument HKL)
at 15 kV. Thermogravimetry-differential scanning calorimetry (TG-
DSC) analysis of the product was performed under flowing nitro-
gen (10 mL/min) with an STA 409 PC/PG analyzer (Netzsch, Ger-
many) at a heating rate of 5 °C/min. FTIR spectroscopy (Spectrum
RXI, Perkin—Elmer, Shelton, CT) of the powders was performed
by the standard KBr method. The UV/Vis absorption spectra of
the powders were recorded using a Lambda750 spectrometer (Per-
kin—Elmer, Shelton, CT) with a 60-mm integrating sphere.
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