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Preparation of water-dispersible TiO2 nanoparticles
from titanium tetrachloride using urea hydrogen
peroxide as an oxygen donor†

Naoko Watanabe,a Taichi Kaneko,a Yuko Uchimaru,b Sayaka Yanagida,c

Atsuo Yasumoric and Yoshiyuki Sugahara*ad

TiO2 nanoparticles were prepared from titanium tetrachloride (TiCl4) in CH2Cl2 at 80 °C for 30 h, 42 h and 70 h

using urea hydrogen peroxide (UHP) as an oxygen donor with a TiCl4 : UHP molar ratio of 1 : 2. The XRD patterns

and Raman spectroscopy results showed that the products consisted of anatase TiO2. IR and solid-state 13C NMR

with cross polarization and magic angle spinning techniques revealed the presence of urea. TEM observation

revealed that the products prepared by the reactions for 30 and 42 h consisted of water-dispersible spheroid

nanoparticles with a long axis of ~5 nm, while an aggregation of nanoparticles was evident upon reaction for

70 h. Thermogravimetry, inductively-coupled plasma emission spectrometry and CHN analysis showed that the

amount of urea increases in the following order: TiO2_42h, TiO2_70h, TiO2_30h. The photocatalytic activity of the

products dispersible in water (TiO2_30h and TiO2_42h) was estimated based on the degradation behaviour of

methylene blue, and TiO2_42h showed higher photocatalytic activity than TiO2_30h. It is proposed that TiCl4 was

directly oxidized by UHP to form anatase TiO2 in the early stage of the process.
Introduction

Nanochemistry has been developed for the preparation of
nanostructures, which are of particular interest because of
their interesting chemical, physical and biological
behaviour.1 Among nanostructures, nanoparticles (NPs) are
attracting considerable attention since they can exhibit prop-
erties superior to those of large particles based on their
large surface areas and quantum effect.2 So far, a variety of
applications have been developed using many kinds of NPs.3

Titania (TiO2) is an attractive functional oxide since it
exhibits interesting photochemical and optical properties,
including photocatalytic activity and high refractive indi-
ces.4,5 The preparation of TiO2 NPs has consequently been
achieved with many different techniques, such as hydrolytic
sol–gel, hydrothermal/solvothermal synthesis, and electro-
chemical deposition.6–8

Among the various preparation techniques for TiO2 NPs, a
non-hydrolytic sol–gel process has been employed for the
preparation of TiO2 NPs.9–12 Titanium tetrahalides, typically
titanium tetrachloride (TiCl4), have been utilized in this pro-
cess. TiCl4 was reacted with an oxygen donor, such as
diisporopylether, or a titanium alkoxide, typically titanium
tetraisopropoxide.13,14 Since these reactions were conducted
in organic solvents without the presence of H2O (which can
also act as an oxygen donor), one of the advantages of this
non-hydrolytic sol–gel process is the ability to control the
amount of oxygen in the entire process, and this kind of con-
trol is extremely attractive for the size control of TiO2 NPs.

9,11

Hydrogen peroxide (H2O2), another oxygen donor, has
been utilized in the preparation of limited types of metal
oxides, such as ZnO2, Fe2O3 and Fe3O4.

15–18 H2O2 has also
been utilized as a ligand in Ti complexes, and the resulting
complexes can be water-soluble precursors for TiO2.

19–23

H2O2 has also been utilized as an oxidizing reagent in
organic synthesis.24–26 H2O2 is available only as aqueous solu-
tions, which limits its usage in organic synthesis to a large
extent. Urea-hydrogen peroxide (UHP; CO(NH2)2·H2O2) is a
1 : 1 adduct between urea and hydrogen peroxide.27 It can be
prepared easily from an aqueous solution of urea and H2O2,
and it is also inexpensive and commercially available.28,29

Since UHP is soluble in some organic solvents, such as
3, 15, 10533–10540 | 10533
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Fig. 1 Overview of the preparation of the water-dispersible anatase TiO2

nanoparticles.
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alcohols and chloroform,29 UHP has been utilized for oxida-
tion reactions such as epoxidation and sulfide oxidation.29,30

Here, we report the first application of UHP for metal
oxide preparation. UHP can possibly play multiple roles, as
an oxidation reagent as well as a donor of water which can
cause hydrolysis, and urea which can coordinate to Lewis
acid sites. In the present study, TiO2 NPs have been prepared
by a reaction of TiCl4 with UHP in dichloromethane (CH2Cl2).
The resulting products consist of water-dispersible TiO2

spheroid NPs with a long axis of ~5 nm. An overview of the
preparation of water-dispersible anatase TiO2 NPs using UHP
is illustrated in Fig. 1.

Experimental
General information

X-ray diffraction (XRD) patterns were obtained with a Rigaku
RINT-2500 diffractometer (Ni-filtered CuKα radiation).
Raman spectra were obtained with a Renishaw in Via Reflex
spectrometer using a 532 nm laser. Infrared (IR) spectra
were recorded on a JASCO FT/IR-460 Plus spectrometer
using the KBr method. Samples were dried under reduced
pressure before preparing KBr disks. Solid-state 13C nuclear
magnetic resonance (NMR) spectroscopy was performed with
a JEOL ECX-400 spectrometer at 99.55 MHz. Solid-state 13C
NMR spectra were obtained with cross-polarization (CP) and
magic angle spinning (MAS) techniques (pulse delay, 10 s;
contact time, 5 ms; spinning rate, 8 kHz). Transmission
electron microscopy (TEM) images were obtained on a JEOL
JEM-1011 microscope operating at 100 kV. TEM samples
were prepared by evaporating a diluted aqueous dispersion
of TiO2 NPs on carbon supported on a copper mesh TEM
grid. Field-emission transmission electron microscopy (FE-
TEM) images were obtained with a Hitachi HF-2200 micro-
scope operating at 100 kV. The Brunauer–Emmett–Teller
(BET) specific surface areas of the products were determined
by the N2 adsorption–desorption method at −196 °C with a
BELSORP-mini II instrument and preliminary drying at 150
°C for 1 h. Thermogravimetry (TG) was performed with a
Rigaku TG8120 Thermoplus EVO thermobalance in the
range of 50 to 1000 °C with a heating rate of 10 °C min−1

under a nitrogen flow. Inductively coupled plasma (ICP)
emission spectrometry was performed with a Varian Vista-
MPX CCD Simultaneous ICP-OES instrument after dissolving
the products (1.2 mg) in 12 mL of a mixed solution (pre-
pared from 80 mL of H2SO4 and 27 g of SO4(NH4)2) at
150 °C. Elemental analysis (CHN) was performed with a
10534 | CrystEngComm, 2013, 15, 10533–10540
Perkin Elmer PE2400II instrument. Ion chromatography (IC)
was performed with a Japan Dionex ICS-90 instrument after
dissolving 5 mg of the product in 0.2 mL of H2SO4 and sub-
sequently diluting to 100 mL. Cl2 gas was detected with
Gastec Passive Dositube No. 8D. The average concentration
of Cl2 after 20 h was obtained by opening the autoclaves in
a glovebag filled with nitrogen. Ultraviolet-visible (UV-Vis)
spectra were obtained with Jasco V-630 and Shimadzu PC-
2400 spectrometers.

Materials

The TiO2 NPs were prepared using UHP (97%, H2O2 35%,
Aldrich) as an oxygen donor, TiCl4 (1.0 M, in
dichloromethane) as the Ti source, and CH2Cl2 as a solvent.
CH2Cl2 was distilled over CaH2. Ethanol was used as a wash-
ing solvent without further purification. Urea, CO(NH2)2
(99.0%), and aqueous hydrogen peroxide, H2O2 (30.0%), were
used in control experiments without further purification.
Methylene blue was used for the measurements of the photo-
catalytic activity. Sulfuric acid (H2SO4, >96%) and SO4(NH4)2
(99.5%) were used without further purification.

Preparation of the TiO2 nanoparticles using UHP

All manipulations conducted before sealing the autoclave
were carried out in a glovebox filled with nitrogen. The reac-
tion was performed in a 20 mL Teflon-lined stainless auto-
clave. A CH2Cl2 solution of TiCl4 (6.50 mL, corresponding to
6.50 mmol TiCl4) was added to UHP (1.22 g, 13.0 mmol) in
the autoclaves (TiCl4 : UHP molar ratio of 1 : 2). The autoclave
was then sealed following the addition of CH2Cl2 (10.0 mL)
to the mixture in the autoclave. The autoclave was heated in
an oven at 80 °C for 20, 30, 42, and 70 h. The resultant white
solids were centrifuged, washed twice with ethanol, and dried
under reduced pressure at ambient temperature. The 70 h
product was washed four times. The products were labelled
TiO2_xh, where x is the reaction period.

Photocatalytic activity of the TiO2 nanoparticles dispersed
in water

The photocatalytic activity of the products was evaluated by
degrading methylene blue in an aqueous solution. TiO2_30h
or TiO2_42h was dispersed in water (0.5 mass%) to obtain a
highly transparent dispersion. The aqueous TiO2 dispersion,
methylene blue and deionized water were then mixed. The
mixture contained 0.0100 mass% TiO2 and 0.0100 mmol L−1

methylene blue. The mixture was transferred to a cylindrical
glass beaker (inside diameter: 55.3 mm and height:
59.6 mm). Before the photocatalytic activity measurements,
the aqueous TiO2 dispersion was sonicated for 10 min. The
aqueous TiO2 dispersion was stirred continuously in an ice
bath under a BLB lamp (FL15 BLB, TOSHIBA) (0.50 mW cm−2

at 365 nm). The maximum absorbance (664.5 nm) of methy-
lene blue was measured after 15, 30, 45, 60, 90, 120, 150, and
180 min with a UV-Vis spectrometer.
This journal is © The Royal Society of Chemistry 2013
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Fig. 2 XRD patterns of (a) TiO2_30h, (b) TiO2_42h, (c) TiO2_70h, (d) TiO2_H2O2_urea,

(e) TiO2_water_urea and (f) TiO2_H2O2 (*: NH4Cl).

Fig. 3 Raman spectra of (a) TiO2_30h, (b) TiO2_42h, (c) TiO2_70h,

(d) TiO2_H2O2_urea, (e) TiO2_water_urea and (f) TiO2_H2O2 (*: two phonon

scattering).
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Control experiments: preparation of the TiO2 nanoparticles
without using UHP

Control experiments were conducted without using UHP. All
manipulations conducted before sealing the autoclave were
carried out in a glovebag filled with nitrogen.

TiCl4–H2O2/H2O–urea–CH2Cl2 system (TiO2_H2O2_urea): a
CH2Cl2 solution of TiCl4 CH2Cl2 (6.50 mL, corresponding to
6.50 mmol TiCl4) was added to 30% aqueous H2O2 (1.47 mL,
13.0 mmol H2O2) and urea (0.781 g, 13.0 mmol) in an auto-
clave (TiCl4 : urea :H2O2 : water = 1 : 2 : 2 : 9 in a molar ratio).
The autoclave was then sealed following the addition of
CH2Cl2 (10.0 mL) to the mixture in the autoclave.

TiCl4–H2O–urea–CH2Cl2 system (TiO2_water_urea): a
CH2Cl2 solution of TiCl4 (6.50 mL, corresponding to
6.50 mmol TiCl4) was added to water (1.47 mL, 57.2 mmol)
and urea (0.781 g, 13.0 mmol) in an autoclave (TiCl4 : urea :
water = 1 : 2 : 13 in a molar ratio). The autoclave was then
sealed following the addition of CH2Cl2 (10.0 mL) to the mix-
ture in the autoclave.

TiCl4–H2O2/H2O–CH2Cl2 system (TiO2_H2O2): a CH2Cl2
solution of TiCl4 (6.50 mL, corresponding to 6.50 mmol
TiCl4) was added to 30% aqueous H2O2 (1.47 mL, 13.0 mmol
H2O2) in an autoclave (TiCl4 :H2O2 : water = 1 : 2 : 9 in a molar
ratio). The autoclave was then sealed following the addition
of CH2Cl2 (10.0 mL) to the mixture in the autoclave.

These autoclaves were heated in an oven at 80 °C for
30 h. The resultant solids were centrifuged, washed twice
with ethanol, and dried under reduced pressure at ambient
temperature.

Results and discussion
Preparation of the TiO2 nanoparticles using UHP

White smoke was formed when the autoclave used for the
preparation of TiO2_20h was opened, a result showing that
TiCl4 did not react completely and that a considerable num-
ber of Ti–Cl bonds remained upon reaction for 20 h.
TiO2_30h, TiO2_42h and TiO2_70h were obtained as mixtures
of transparent liquids and white solids, on the other hand,
and fine white powders were obtained after these products
were washed and dried. Thus, the characterization results of
TiO2_30h, TiO2_42h and TiO2_70h are described hereafter.
The Ti-based yields of TiO2_30h, TiO2_42h and TiO2_70h
were 77, 71, and 77%, respectively.

Fig. 2 shows the XRD patterns of the products. TiO2_30h,
TiO2_42h and TiO2_70h correspond to anatase TiO2 (JCPDS
no. 21-1272). It should be noted that the XRD profile does
not change with variations in the reaction time. The XRD pat-
tern of TiO2_70h also showed the presence of NH4Cl (JCPDS
no. 7-8), however, when TiO2_70h was washed twice with
ethanol (Fig. S1, ESI†), and TiO2_70h was thus washed four
times. It should be noted that NH4Cl was also detected in
unwashed TiO2_30h and TiO2_42h. NH4Cl seems to be
formed from NH3 and HCl because of the hydrolysis of urea
and TiCl4.

31,32 The crystallite size of TiO2_30h, TiO2_42h and
TiO2_70h calculated from the (101) reflections using
This journal is © The Royal Society of Chemistry 2013
Scherrer's formula33 were 8.7, 8.9 and 8.3 nm, respectively.
These results demonstrate that the crystalline phase and par-
ticle size of these products remained unchanged, regardless
of the reaction time.

The products were further characterized by Raman spec-
troscopy (Fig. 3). The Raman spectrum of TiO2_30h shows
bands at 154.4, 398.9, 514.6 and 639.7 cm−1. Bands at 153.1,
399.2, 513.4 and 640.0 cm−1 are present in the Raman
CrystEngComm, 2013, 15, 10533–10540 | 10535
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spectrum of TiO2_42h. The Raman spectrum of TiO2_70h
exhibits bands at 153.1, 399.2, 513.4 and 640.0 cm−1. These
bands are assignable to anatase TiO2,

34 as shown in Fig. 3.
Thus, the Raman results are in accordance with the XRD
observations. It was reported that the Raman shifts of the
strongest Eg band near 154 cm−1 was sensitive to the particle
size of TiO2 NPs, and the variations in the Eg band positions
have been discussed in terms of phonon confinement,34,35

oxygen deficiency,36,37 and internal stress/surface tension
effects.38,39 Thus, the Raman results are consistent with the
formation of anatase TiO2 NPs.

Fig. 4 shows the IR spectra of the products and UHP. The
O–O stretching band at 871 cm−1 21 of UHP disappears in all
the spectra of the products, indicating that UHP did not
remain as a solid. Broad bands between 950–700 and 600–400
cm−1, characteristic of the Ti–O stretching modes,40 are pres-
ent in the spectra of all the products, which is consistent with
TiO2 formation. In addition, bands assignable to urea are
observed at ~3420 [br, νas(NH2)], ~3230 [br, νs(NH2)], 1640
[ν(CO), ρ(NH2)], 1561–1562 (the assignment of this band will
be discussed in the following paragraph), 1399–1401 [ν(CN)],
and 1154–1156 [ρ(NH2)] in the spectra of TiO2_30h, TiO2_42h
and TiO2_70h.

41 In addition, the 13C CP/MAS NMR spectrum
of TiO2_30h exhibits a signal that is assignable to urea at
163 ppm42 (Fig. S2, ESI†).

The adsorption of urea on anatase TiO2 surfaces has been
investigated using IR. It was reported that urea molecules
adsorbed on anatase TiO2 surfaces exhibited characteristic
bands at 1562–1552 cm−1, and based on the IR results, coor-
dination of one of two nitrogen atoms in the urea molecule
to the anatase TiO2 surface was proposed.43 IR spectra simu-
lated for similar coordination arrangements as well as those
Fig. 4 IR spectra of (a) TiO2_30h, (b) TiO2_42h, (c) TiO2_70h, (d) TiO2_H2O2_urea,

(e) TiO2_water_urea, (f) TiO2_H2O2 and (g) UHP.

10536 | CrystEngComm, 2013, 15, 10533–10540
of urea adsorbed on anatase TiO2 surfaces via the vapour
phase were reported, and similar bands were present.44 Thus,
the presence of the bands at 1561–1562 cm−1 strongly sug-
gests a similar interaction between urea and the anatase TiO2

surfaces in the present study, and the bands are accordingly
assigned to the νas(Ti–OCN–Ti) mode.

MFurther structural characterization of the products was
carried out using TEM and FE-TEM. Fig. 5 shows the TEM
and FE-TEM images of TiO2_30h, TiO2_42h and TiO2_70h.
The TEM images of TiO2_30h, TiO2_42h and TiO2_70h
show aggregated spheroid TiO2 NPs in aggregation sizes of
about 10, 10–25 and 25–100 nm, respectively. In addition,
the FE-TEM images of the products show the formation of
spheroid NPs with a long axis of ~5 nm. This particle size
is close to the crystallite size values estimated by Scherrer's
formula. Thus, spheroid NPs with a long axis of ~5 nm
tend to aggregate with an increase in reaction time. The lat-
tice fringe, with a spacing of 0.35 nm, corresponds to the
spacing of the (101) planes of anatase TiO2. It was reported
that amines acted as shape controllers to yield spheroid
NPs by their specific adsorption to the crystal planes paral-
lel to the c-axis of TiO2 NPs.45,46 Since the IR results sug-
gest that the NH2 groups of urea interacted with anatase
TiO2, spheroid NPs are also likely to be obtained in the
present study because of urea adsorption on TiO2 NPs.

The specific surface areas were estimated by the BET
method (SBET). Fig. S3 in the ESI† shows nitrogen adsorp-
tion–desorption isotherms of TiO2_30h, TiO2_42h, and
TiO2_70h. The SBET values of TiO2_30h, TiO2_42h and
TiO2_70h were 231, 281, 247 m2 g−1, respectively.
Fig. 5 TEM and FE-TEM images of (a) TiO2_30h, (b) TiO2_42h, (c) TiO2_70h, (d)

TiO2_H2O2_urea, (e) TiO2_water_urea, (f) TiO2_H2O2 and size distributions are

shown for (a)–(c).

This journal is © The Royal Society of Chemistry 2013
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Fig. S4 in the ESI† shows the TG curves of the products.
The total mass losses up to 1000 °C of TiO2_30h, TiO2_42h
and TiO2_70h are 23.7, 17.0 and 18.9 mass%, respectively.
The molar ratios of Ti and urea in the products were mea-
sured by ICP and CHN analyses. The amounts of urea per Ti
in TiO2_30h, TiO2_42h and TiO2_70h were 0.28, 0.12 and
0.17 (in mol), respectively (Table 1). The urea and adsorbed
water ratios of the products were calculated based on the
total mass loss of the TG curves and the molar ratios of Ti
and urea. By assuming that all the organics are present as
urea, the mass losses due to the thermal decomposition of
urea in TiO2_30h, TiO2_42h and TiO2_70h are estimated to
be 15.5, 6.6 and 9.8 mass%, respectively. The mass losses
due to the evaporation of adsorbed water in TiO2_30h,
TiO2_42h and TiO2_70h are calculated to be 8.0, 10.4 and
9.1 mass%, respectively (Table 1). Thus, the content of urea
on the surface of the TiO2 NPs is increasing in the following
order: TiO2_40h < TiO2_70h < TiO2_30h.

The amounts of urea can be discussed using the surface
excess value reported for the urea adsorbed at the electrode/
electrolyte interface, 4.96 × 10−6 mol m−2.47 Since the surface
areas of TiO2 NPs without urea are not available, we utilize
the surface areas of the TiO2 NPs with urea, 231–281 m2 g−1.
The maximal values of urea for 1 g of the TiO2 NPs can thus
be estimated to be 0.0688–0.0837 g. The values listed in
Table 1, on the contrary, correspond to 0.080–0.202 g of urea
for 1 g of unmodified TiO2 NPs. Thus, it is likely that large
portions of the TiO2 NP surfaces are covered with urea, and
excess urea may be present in TiO2_30h, in particular.

The amounts of Cl− were measured by IC analysis. The
amounts of Cl− in TiO2_30h, TiO2_42h and TiO2_70h were all
below the limit of detection, indicating that no Ti–Cl bonds
remained after the reaction for 30 h. On the other hand, the
presence of Cl2 gas was investigated with a gas detection
tube. The amount of Cl2 evolved upon opening the autoclave
in a glovebag was 2.50 ppm for TiO2_30h.
Photocatalytic activity of the TiO2 nanoparticles dispersed
in water

TiO2_30h and TiO2_42h were readily dispersed in water with-
out ultrasonic treatment (Fig. S5, ESI†). The aqueous TiO2 NP
dispersions were clear and colourless. This excellent
dispersibility of the TiO2 NPs is likely to originate from the
presence of hydrophilic urea on the surface. On the contrary,
TiO2_70h was not dispersed in water, probably because of its
larger aggregation size.

The UV-Vis spectra of the dispersions were measured to
estimate the energy band gap (Eg) (Fig. S6, ESI†). Absorptions
Table 1 The amounts of urea and water estimated by TG, ICP and IC results

Product name Amount of urea/mass% Amount of water/mass%

TiO2_30h 15.5 8.0
TiO2_42h 6.6 10.4
TiO2_70h 9.8 9.1

This journal is © The Royal Society of Chemistry 2013
below ~400 nm are present, and the Eg values can be esti-
mated by the Kubelka–Munk function.48 The estimated Eg
values of TiO2_30h and TiO2_42h are 3.33 and 3.31 eV,
respectively. These Eg values are almost equal to or slightly
larger than that of pure anatase (Eg = 3.30 eV).2

Fig. 6 shows the photocatalytic degradation behaviour of
methylene blue over TiO2_30h and TiO2_42h. The absorbance
at 664.5 nm, assignable to methylene blue, decreases gradu-
ally under UV light irradiation. It is clearly shown that
TiO2_42h exhibits better photocatalytic activity. A possible
reason for the higher photocatalytic activity of TiO2_42h is its
lower urea content.
Control experiments: preparation of the TiO2 nanoparticles
without using UHP

TiO2_H2O2_urea was a mixture of a yellow liquid and white
solid. TiO2_water_urea was a mixture of a pale yellow liquid
and while solid. TiO2_H2O2 was a mixture of a transparent
liquid and while solid. White powders were obtained after
these products were washed and dried. The Ti-based yields of
TiO2_H2O2_urea, TiO2_water_urea and TiO2_H2O2 were 34,
23, and 63%, respectively.

Fig. 2 shows the XRD patterns of the control experiment
products. TiO2_H2O2_urea and TiO2_water_urea consist of
rutile TiO2 (JCPDS no. 21-1276) and NH4Cl (JCPDS no. 7-8).
The XRD pattern of TiO2_H2O2 corresponds to rutile TiO2.
The crystallite sizes of TiO2_H2O2_urea, TiO2_water_urea and
TiO2_H2O2 are calculated from the (110) reflections using
Scherrer's formula33 as 11, 11, 12 nm, respectively.

The control experiment products were further character-
ized by Raman spectroscopy (Fig. 3). The Raman spectrum of
TiO2_H2O2_urea shows bands at 148.3, 241.4, 437.6, and
604.7 cm−1. Bands are present at 141.7, 243.0, 437.6, and
604.3 cm−1 in the Raman spectrum of TiO2_water_urea. The
Raman spectrum of TiO2_H2O2 shows bands at 151.5, 236.6,
439.1, and 612.1 cm−1. These bands are consistent with the
Fig. 6 Photocatalytic degradation of methylene blue by TiO2_30h and TiO2_42h

under UV irradiation.
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Fig. 7 Proposed mechanism of the preparation of TiO2, (a) the TiCl4–UHP–CH2Cl2
system (in the early stage) and (b) the control experiments.
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bands observed for rutile TiO2,
48,49 consistent with the XRD

observation.
Fig. 4 shows the IR spectra of the control experiment prod-

ucts. A triply degenerate bending band of NH4
+ is present at

around 1400 cm−1 50 in the spectra of TiO2_H2O2_urea and
TiO2_water_urea. This result suggests that NH4

+ ions of
NH4Cl were present in TiO2_H2O2_urea and TiO2_water_urea.
Thus, the IR spectral results are in accordance with the XRD
observation.

Fig. 5 shows the TEM images of TiO2_H2O2_urea,
TiO2_water_urea and TiO2_H2O2. The control experiment
products were not dispersed in water, partly because larger
aggregates were present. TiO2_H2O2_urea shows the presence
of connected spherical TiO2 with sizes between 200–300 nm.
TiO2_water_urea consists of undulating spherical aggregates
with sizes between 100–200 nm. TiO2_H2O2 is composed of
the rod-like TiO2 form echinoid-like aggregates with sizes of
about 400 nm.

The presence of Cl2 gas in the autoclaves was studied with
a gas detection tube. The amount of Cl2 in the products of
TiO2_H2O2_urea was below the limit of detection, 0.1 ppm.

These results clearly demonstrate that the control experi-
ments gave rutile TiO2, different from the synthesis using
UHP, which gave anatase TiO2. Thus, it is likely that the
reaction paths for the control experiments are different from
those for the synthesis using UHP. The formation conditions
for rutile and anatase TiO2 in aqueous media can be
discussed based on their structural characteristics. It is
widely accepted that rutile TiO2 forms preferentially under
acidic conditions in which the number of OH− is low. Such
acidic conditions are advantageous for the corner-sharing
bonding of TiO6 octahedra, leading to the formation of
rutile TiO2.

48,51 Anatase TiO2 is preferentially formed under
basic conditions, on the other hand, since the presence of a
large number of OH− increases the probability of edge-
shared bonding and promotes the formation of anatase
TiO2.

48,51 In the control experiments conducted without the
use of UHP, the system should consist of two immiscible
phases, an aqueous phase and a CH2Cl2 phase. Thus, TiCl4
is likely to be hydrolyzed at their interface, leading to the
formation of a highly acidic aqueous phase via the forma-
tion of HCl. (Note that urea and ammonia, which is a hydro-
lysis product of urea, are weak bases, and the Cl : N molar
ratio was 1 : 1.) Thus, TiO2 should be formed under acidic
conditions to generate rutile TiO2. (The addition of urea in
the preparation of TiO2 from a TiCl4 aqueous solution pro-
moted the crystallization of anatase TiO2, but strongly acidic
aqueous phases in the control experiments seem to cause
rutile TiO2 formation.)52 In the synthesis conducted using
UHP, on the contrary, the reaction starts in a homogeneous
system. It is likely that UHP directly oxidizes TiCl4 in the
early stage of the process, leading to the formation of ana-
tase TiO2. The direct reaction between TiCl4 and UHP is
consistent with the evolution of Cl2 only in the synthesis
with UHP, since the Cl2 evolution indicates the presence of
a redox reaction. This also indicates that, even in the
10538 | CrystEngComm, 2013, 15, 10533–10540
presence of H2O2, the reactions proceed mostly via hydroly-
sis in the control experiments.

Another characteristic of the TiO2 NPs obtained by the
synthesis conducted using UHP is high dispersibility in
water, a result contrary to the control experiments results.
This may be ascribable to the effective adsorption of urea on
the surface. Urea could be released in CH2Cl2, and stabilized
by coordinating to the Lewis acid site on the TiO2 NPs.

Based on the results, the reaction mechanisms of TiO2 for-
mation are proposed, as shown in Fig. 7. In the UHP system,
TiCl4 is likely to be oxidized directly by UHP to form anatase
TiO2 in the early stage of the process. Released urea mole-
cules appear to be adsorbed on the surface of the generated
TiO2, leading to the formation of spheroid anatase TiO2 NPs.
Since HCl is likely to form during this procedure
(as suggested by the formation of NH4Cl), hydrolysis seems
be involved in the latter stage. In the control reaction experi-
ments, on the contrary, TiO2 seems to be formed mostly via
hydrolysis and rutile TiO2 is formed in highly acidic aqueous
media. (Note that hydrogen peroxide is available only in
aqueous solutions.)

Since variations in crystallite size are not evident after
30 h, the formation of anatase TiO2 NPs is essentially com-
pleted by 30 h. The main difference between TiO2_30h and
TiO2_42h is the amount of adsorbed urea, possibly due to
hydrolysis via contact with water, released from UHP. A com-
parison of TiO2_30h and TiO2_42h shows a tendency towards
aggregation, and TiO2_70h exhibits clear aggregation of the
TiO2 NPs. Since the addition of NH4Cl promoted the aggrega-
tion of TiO2 NPs,53 we assume that the formation of a large
amount of NH4Cl (as shown in Fig. S1, ESI†) causes the
aggregation of TiO2 NPs in TiO2_70h.
This journal is © The Royal Society of Chemistry 2013
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Conclusions

Spheroid anatase TiO2 NPs have been successfully prepared
from TiCl4 using urea hydrogen peroxide (UHP) as an oxygen
donor through a reaction at 80 °C for 30–70 h. The anatase
TiO2 NPs exhibited high dispersibility in water, probably due
to the presence of urea. The formation of Cl2 as well as a
comparison with the results of control experiments
performed without UHP suggests that anatase TiO2 NPs were
formed via direct oxidation by UHP. The photocatalytic
activity of the water-dispersible products (the reaction
periods were 30 and 42 h) was estimated, and the product
with a lower urea content exhibited better photocatalytic
activity. The present results indicate that UHP can be utilized
as an oxygen donor in preparations of TiO2 NPs, and its use
could be extended to preparations of various metal oxides.
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