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TiO2 nanoparticles prepared using an aqueous peroxotitanate solution
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Abstract

A novel preparation method for nanocrystalline titanium dioxide (TiO2) was introduced in this paper. We prepared a new aqueous peroxoti-
tanate solution using H2TiO3, ammonia and H2O2 as starting materials. Amorphous precursor powder with different morphology was formed
at near room temperature, which was transformed to anatase after annealing at 300◦C followed by rutile at 850◦C. This method is simple,
environmental friendly and promising to be used for TiO2 synthesis.
© 2004 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium dioxide (TiO2) is widely applied as a white pig-
ment for paints or cosmetics, a support in catalysis, and a
photocatalyst. The uses and performance are strongly influ-
enced by the crystalline structure, the morphology and the
particle size. Nanocrystalline TiO2 particles are of particular
interest because of their specifically size-related properties,
and therefore many works have focused on the synthesis of
nanocrystalline titanium dioxide.

As for anatase TiO2 nanocrystallites, much attention
has been paid to hydrothermal methods using amorphous
TiO2 [1], TiCl4 [2–4] or TiOCl2 aqueous solution[5], and
sol–gel methods using titanium alkoxides[6,7]. TiO2 can
be also obtained by hydrolysis of titanium compounds, such
as titanium tetrachloride (TiCl4) [8,9] or titanium alkox-
ides (Ti(OR)4) [10,11], in solution. However, the use of
starting materials containing of chlorine or organic ligand
usually resulted in the residue of chlorine or carbon in the
as-prepared powder, which should increase the environmen-
tal impact. Therefore, chlorine- or organic-free route for
preparation of high-purity TiO2 nanoparticle is preferable
for practical application.
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Recently, Kumar[12] reported that several complex ti-
tanate such as BaTiO3 was prepared by the peroxide-based
route. We applied the peroxide-based route for preparation of
nanocrystalline TiO2 particle by annealing of an amorphous
precursor. As a result, we successfully obtained chlorine-
and organics-free TiO2 nanoparticles. Here, we report the
preparation and characterization of TiO2 nanoparticles by
low-temperature annealing of the amorphous powder which
was precipitated in an aqueous peroxotitanate solution.

2. Experimental

H2TiO3 can be dissolved only in the presence of H2O2
and NH3·H2O in appropriate quantities. Specifically, 3 g of
H2TiO3 (80%, Mitsuwa) was added to an ice-cooled sol-
vent consisting of 25 cm3 of H2O2 (30%, Mitsubishi) and
5 cm3 of ammonia (25%, Kishida). After stirring for 90 min,
a homogeneous pale yellow–green solution was obtained,
which can be stable for several weeks at temperatures of
less than 5◦C.

Fresh aqueous peroxotitanium solution was diluted by
deionized water (>18 M�cm) to 5 mM Ti4+ under pH 2.4
(by HNO3). After retaining in air at room temperature or
10◦C for 12 h, the precipitate was obtained and collected.
The powder was then carefully rinsed by deionized water
and dried.

The phase for the as-prepared powder and those after
annealing was characterized by X-ray diffraction (XRD;
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Rint 2100;λ = 1.5418 nm, Rigaku Co.) operated at 40 kV
and 30 mA with Cu K� radiation; scan rate was 1◦/min.
Fourier-transform infrared spectroscopy (FT-IR-610,
JASCO) was measured at a resolution of 4 cm−1 with KBr
as a reference. The particle size was measured by trans-
mission electron microscope (TEM; JEM 4010, 400 kV,
point-to-point resolution 0.15 nm, JEOL Co., Ltd.).

3. Results and discussion

The XRD result (Fig. 1) showed that the as-prepared pow-
der was amorphous. Crystalline anatase was formed after an-
nealing at a temperature of as low as 300◦C and the anatase
phase remained until 800◦C, which was much higher than
that for the sol–gel-derived TiO2 [13]. This indicates that
it might be easy to prepare a thin film of well-crystallized
pure anatase phase by using the present technique. Obvious
transformation to the rutile phase was found at about 850◦C,
while some small diffraction peaks of anatase were also ob-
served. After annealing at 900◦C, about 39% rutile formed
as evaluated by the relative intensity of the XRD peaks that
belong to anatase (1 0 1) and rutile (1 1 0). The full-width
at half-maximum (FWHM) of the anatase (1 0 1) diffraction
peak decreased with increasing annealing temperature, sug-
gesting that the average crystallite size was increased by
thermal annealing. In fact, the crystallite size estimated us-
ing Scherrer’s equation (0.89λ/(β cosθ)) for the powder an-
nealed at 600 and 900◦C were 30 and 50 nm, respectively.

In the FT-IR spectrum (Fig. 2) of the collected precip-
itate, a broad peak appearing at 3100–3600 cm−1 was as-
signed to fundamental stretching vibration of O–H hydroxyl
groups (free or bonded)[14], which was further confirmed
by a weak band at about 1620 cm−1. The absorption band at
1620 cm−1 was caused by bending vibration of coordinated

Fig. 1. XRD patterns of the as-prepared powder and those after annealing
at different temperatures. (A: anatase, R: rutile).

Fig. 2. (a) FT-IR spectra of the as-prepared powder and those after
annealing at different temperatures (b) 200◦C (c) 300◦C, and (d) 400◦C.

H2O as well as from the Ti–OH. The bending vibrational
mode of water may appear as shoulders on the spectrum
such as 3240 cm−1. Peaks located at 500 and 430 cm−1 were
likely due to the vibration of the Ti–O bond in the TiO2 lat-
tice [15]. The peak centered at 900 cm−1 may be assigned
to characteristic O–O stretching vibration of peroxo groups
[15a], thus the shoulder observed at 690 cm−1 may have
been due to the vibration of the Ti–O–O bond. Although
the peak detected at 1409 cm−1 could not be assigned, the
FT-IR measurement firmly suggested the presence of Ti–O
bonds, peroxo groups, and OH groups in the as-prepared
precipitate.

After annealing at 200◦C, the shoulder assigned to per-
oxo groups became weak, suggesting the decomposition.
Peaks attributed to adsorbed water almost disappeared,
while vibration of hydroxyl groups still could be observed
at about 3140 cm−1, which was not detected after annealing
at 300◦C. After annealing at 400◦C, the residual were only
peaks for Ti–O vibration located at 400–700 cm−1.

We have characterized the TiO2 film prepared by the
peroxotitanate complex deposition method, and found
that the O1s binding energy can be fitted to Ti–OH bond
(531–532 eV), Ti–O bond (530–531 eV) and peroxo groups
(532–533 eV) [16,17]. These findings along with the
thermal-gravity analysis suggested the possible chemical
formula of the as-prepared powder (TiO1.4(O2)0.5(OH)0.2).

Fig. 3shows the TEM images for the as-prepared powder
and those after annealing at several temperatures. The pow-
der obtained at 10◦C shows whisker-shaped morphology,
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Fig. 3. TEM images of the as-prepared powder obtained by soaking at (a) 10◦C, at (b) room temperature and (c) that after annealing of sample b at
600◦C for 2 h in air .

while that obtained at room temperature exhibits partic-
ulate characteristic. The diameter for the whisker-shaped
powder was much smaller than that for the sphere-shaped
particle. The latter gave a particle size of about 50 nm in
diameter. The morphology changes should be correlated to
the solution conditions. When retaining at lower tempera-
tures, the supersaturation of the solution was low, the initial
formed particles proffered to grow. The growth along a
specific direction resulted in heterogeneous whisker-shaped
particles. While at higher temperatures, the supersaturation
was high, implying that large quantities of nuclei were pre-
ferred to generate rather than the growth of the old ones.
The electron-diffraction patterns in the inset of the corre-
sponding image suggest that the as-prepared powder were
amorphous. After annealing of the sphere-shaped particle
(Fig. 3b) at 600◦C, particles of about 30–40 nm in diam-
eter was obtained (Fig. 3c), which is consistent with the
value estimated from XRD result (∼30 nm). The formation
of the random-oriented anatase TiO2 was also confirmed
by the electron-diffraction pattern. The diffraction spots of
101, 004, 105, 200 and 301 for anatase TiO2 were observed
(Fig. 3c).

4. Conclusion

We described a novel method for preparation of nanocrys-
talline TiO2. The precursor with residual peroxo and hy-
droxyl groups was obtained by directly precipitation in an
aqueous peroxotitanate solution. Anatase TiO2 was formed
after annealing at 300◦C in air. The particle morphology and

size were characterized by TEM. Our process enables to pro-
duce nanocrystalline TiO2 of organics and chlorine-free. It is
promising route to prepare TiO2 nanoparticles of high-purity
for commercial application.

References

[1] K. Yanagisawa, J. Ovenstone, Crystallization of anatase from amor-
phous titania using the hydrothermal technique: effects of start-
ing material and temperature, J. Phys. Chem. B 103 (1999)
7781.

[2] H. Cheng, J. Ma, Z. Zhao, L. Qi, Hydrothermal preparation of
uniform nanosize rutile and anatase particles, Chem. Mater. 7 (1995)
663–671.

[3] J. Moser, M. Grätzel, Light-induced electrontransfer in colloid semi-
conductor dispersions: single versus dielectronic reduction of accep-
tors by conduction-band electrons, J. Am. Chem. Soc. 105 (1983)
6547–6555.

[4] M. Anpo, T. Shima, S. Kodama, Y. Kubokawa, Photocatalytic hy-
drogeneration of CH3CCH with H2O on small-particle TiO2: size
quantization effects and reaction intermediates, J. Phys. Chem. 91
(1987) 4305.

[5] S.-J. Kim, S.-D. Park, Y.H. Jeong, S. Park, J. Am. Ceram. Soc. 82
(1999) 927.

[6] Z. Zhang, C.-C. Wang, R. Zakaria, J.Y. Ying, Role of particle size
in nanocrystalline TiO2-based photocatalysts, J. Phys. Chem. B 102
(1998) 10871.

[7] H. Uchida, S. Hirao, T. Torimoto, S. Kuwabata, T. Sakata, H. Mori,
H. Yoneyama, Preparation and properties of size-quantized TiO2 par-
ticles immobilized in poly(vinyl pyrrolidinone) gel films, Langmuir
11 (1995) 3725–3729.

[8] E. Santacesaria, M. Tonello, G. Storti, R.C. Pace, S.J. Carra, Kinetics
of titanium dioxide precipitation by thermal hydrolysis, J. Colloid
Interface Sci. 111 (1986) 44–53.



1368 Y. Gao et al. / Ceramics International 30 (2004) 1365–1368

[9] E. Matijevic, M. Budnick, L. Meites, Preparation and mechanism of
formation of titanium dioxide hydrosols of narrow size distribution,
J. Colloid Interface Sci. 61 (1977) 302–311.

[10] A. Chemseddine, T. Moritz, Nanostructuring titania: control over
nanocrystal structure, size, shape and organization, Eur. J. Inorg.
Chem. 2 (1999) 235–245.

[11] B.L. Bischoff, M.A. Anderson, Peptization process in the sol–gel
preparation of porous anatase (TiO2), Chem. Mater. 7 (1995)
1772.

[12] (a) V. Kumar, Solution-precipitation of fine powders of barium ti-
tanate and strontium titanate, J. Am. Ceram. Soc. 82 (1999) 2580;
(b) S. Gijp, L. Winnubst, H. Verweij, An oxalate-peroxide complex
used in the preparation of doped barium titanate, J. Mater. Chem. 8
(1998) 1251;
(c) G.R. Fox, J.H. Adair, R.E. Newnham, Effects of pH and hydrogen
peroxide upon co-precipitated lead titanate (PbTiO3) powders. Part I.
Properties of as-precipitated powders, J. Mater. Sci. 25 (1990) 3634;
(d) E.R. Camargo, M. Kakihana, Peroxide-based route free from
halides for the synthesis of lead titanate powder, Chem. Mater. 13
(2001) 1181.

[13] (a) Q. Xu, M.A. Anderson, Sol–gel route to synthesis of microporous
ceramic membranes: preparation and characterization of microporous
TiO2 and ZrO2 xerogels, J. Am. Ceram. Soc. 77 (1994) 1939;
(b) K.I. Gnanasekar, V. Subramanian, J. Robinson, J.C. Jiang, F.E.
Posey, B. Rambabu, Direct conversion of TiO2 sol to nanocrystalline
anatase at 85◦C, J. Mater. Res. 17 (2002) 1507.

[14] R. Zhang, L. Gao, Synthesis of nanosized TiO2 by hydrolysis of
alkoxide titanium in micelles, Key Eng. Mater. 224–226 (2002) 573.

[15] (a) T. Yoko, K. Kamiya, K. Tanaka, Preparation of multiple oxide
barium titanate (BaTiO3) fibers by the sol–gel method, J. Mater. Sci.
25 (1990) 3922;
(b) J. Zhang, I. Boyd, B.J. O‘Sullivan, P.K. Hurley, P.V. Kelly, J.-P.
Senateur, Nanocrystalline TiO2 thin films studied by optical, XRD
and FT-IR spectroscope, J. Non-Cryst. Solid 303 (2002) 134.

[16] Y.-F. Gao, Y. Masuda, K. Koumoto, Light-excited superhydrophilicity
of amorphous TiO2 thin film deposited in an aqueous peroxotitanate
solution, Langmuir 20 (2004) 3188–3194.

[17] Y.-F. Gao, Y. Masuda, K. Koumoto, Micropatterning of TiO2 thin
film in an aqueous peroxotitanate solution, Chem. Mater. 16 (2004)
1062–1067.


	TiO2 nanoparticles prepared using an aqueous peroxotitanate solution
	Introduction
	Experimental
	Results and discussion
	Conclusion
	References


