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Near Monodisperse TiO, Nanoparticles and Nanorods

Xiao-Lin Li, Qing Peng, Jia-Xiang Yi, Xun Wang, and Yadong Li*"*!

Abstract: Highly crystalline, near monodisperse TiO, nanoparticles, nanorods and
their metal-ion-doped (Sn**, Fe**, Co**, and Ni**, etc.) derivatives have been pre-

pared by well-controlled solvothermal reactions. Through adjusting the reaction
parameters, such as reaction temperature, duration, and concentration of the reac-
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tants, the size, shape, and dispersibility of the products can be controlled. A possi-
ble reaction mechanism can be proposed based on experimental evidence.

Introduction

Metal oxides produced from solution-phase synthetic routes
have a strong tendency to form thin ceramic films at high
temperatures, which is one of the most important forms of
metal oxide in industrial applications. Therefore, scientists
are devoting continuous effort to design novel solution-
phase reactions to prepare these functional metal oxides.!"
Among them, the hydrolysis of metal alkoxide is especially
popular.!'¥ However, alkoxide precursors are often too re-
active, forming large complex molecules upon exposure in
ambient humidity. Hence, modifying the ligands around the
metal ions and controlling their modes of hydrolysis are ex-
tremely important to tailor hydrolysis and condensation
rates, to yield high-quality metal oxides. Metal alkoxides
modified by carboxylic acid and nonhydrolytic sol-gel
routes have been applied to the synthesis of metal oxides re-
cently.*" In spite of these efforts, it is still not possible to
synthesize thin films of high quality (high crystallization,
controlled size, and good dispersibility in solvents) metal
oxides. In this manuscript, using TiO, as an example, we
have systematically demonstrated a solvothermal method to
prepare highly crystalline, near monodisperse, and organic-
solvent-dispersible metal oxides by controlling the condi-
tions of the hydrolysis reaction.
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TiO, is an important, wide-bandgap semiconductor and
has been intensively studied because of its outstanding
chemicophysical properties and unique applications in bat-
teries, photocatalysis, water splitting, degradation of organic
contaminants, photoinduced hydrophilicity, and photoelec-
trochromic windows, etc.®'%! Depending on the applications,
the TiO, components must fulfill a wide variety of require-
ments in terms of particle size, size distribution, morphology,
crystallinity, and phase. Up to now, many TiO, nanostruc-
tures, including hollow spheres, nanotubes, nanowires, and
mesoporous structures®™*!? have been synthesized. It has
been found that highly crystalline, organic-solvent-dispersi-
ble TiO, with good surface properties (hydroxylation, de-
fects, and surface area, etc.) and controlled sizes display
well-tailored chemicophysical characteristics and the ability
to form large-area films. Thus they are expected to greatly
improve the technological performance of TiO, in many ap-
plications, such as solar cells, photocatalysis, and so forth.
There have been several research groups (Colvin’s, Alivisa-
tos’s, Weller’s, Niederberger’s, Wang’s, etc.) that have re-
ported nonaqueous, solution-based methods to prepare this
kind of TiO, nanocrystallines.>**! Here, we developed a sol-
vothermal method; by controlling the hydrolyzation reaction
of Ti(OBu), (Bu refers to -C,H,) using NH,HCO; and lino-
leic acid (LA), redispersible TiO, nanorods and nanoparti-
cles were successfully synthesized.*” In this manuscript, we
fully demonstrate the reaction mechanism and formation
process of these highly crystalline, near monodisperse and
re-dispersible TiO, nanoparticles and nanorods by control-
ling the solvothermal reaction parameters, like reaction tem-
peratures, concentrations, reaction durations, and so forth.
Also we report the solvothermal synthesis of metal-ion-
doped (Sn**, Fe’*, Co?* and Ni**, etc) derivatives of TiO,.
This strategy provides an effective method for the synthesis
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of high-quality, re-dispersible TiO, nanocrystallines and
offers better opportunity for further investigation of their
properties and applications. Furthermore, the procedure
used may be developed into a general method for the syn-
thesis of other metal-doped TiO, or other metal-oxide nano-
crystalline materials. Recently, using an improved approach,
our group has demonstrated a general method to obtain var-
ious kinds of crystalline, near-monodisperse nanoparticles."!

Results and Discussion

Typical X-ray diffraction (XRD) patterns of as-synthesized
TiO, nanoparticles and nanorods were taken on a Bruker
D8-advance X-ray powder diffractometer with Cuy, radia-
tion (1=1.54178 A). As shown in Figure 1, the reflection
peaks have been assigned to pure anatase phase TiO, with
lattice constants of a=3.785 A and ¢=9.514 A, (JCPDS
card No: 21-1272).
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Figure 1. Typical XRD pattern of a) TiO, nanoparticles and b) TiO,
nanorods.

The size and morphology of the as-synthesized TiO, nano-
particles were characterized by transition electron microsco-
py (TEM, Hitachi Model H-800). Figures 2 and b show the
different magnification TEM images of TiO, nanoparticles.
The nanoparticles were well spaced on the grid, because the
surfaces of the particles were capped by LA. Based on the
TEM characterization, as-synthesized TiO, nanoparticles are
almost all in a spherelike morphology with a nearly mono-
disperse diameter of about 12 nm. High-resolution TEM
(HRTEM, JEOL-2010F) provided further insight into the
structure and crystallinity of the products (Figure 2c). The
inset HRTEM image of a spherical nanoparticle in Figure 2¢
shows a well-crystallized structure with lattice fringes of
about 0.35 nm, corresponding to the (101) planes of anatase
TiO,. Figure 2d shows a typical selected-area electron dif-
fraction (SAED) pattern, in which all the reflections have
been indexed. The composition of the nanoparticles was
characterized by energy-dispersive X-ray spectroscopy
(EDX); the results showed that the molar ratio of Ti and O
in the sample is around 1:2 (the spectrum is not shown).

Typical TEM images of TiO, nanorods are provided in
Figure 3. Figure 3a illustrates a large amount of TiO, nano-
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Figure 2. TEM images of TiO, nanoparticles: a,b) TEM images at differ-
ent magnification, ¢c) HRTEM image of TiO, nanoparticles (inset is an
enlarged HRTEM image of an individual spherical particle; the lattice
fringes are about 0.35 nm), and d) SAED pattern of TiO, nanoparticles.

Figure 3. TEM images of TiO, nanorods: a,b) images at different magnifi-
cation, ¢) HRTEM image of a single nanorod (the lattice fringes are
about 0.35 nm), and d) SAED pattern of TiO, nanorods.

rods. According to this TEM image, the proportion of rod-
like TiO, is more than 95%. Figure 3b illustrates a high-
magnification TEM image showing that as-synthesized
nanorods have an almost uniform diameter of about 3.3 nm
(excluding the spherical tip) and length of up to 25 nm. Fig-
ure 3¢ provides a HRTEM image of a single nanorod grow-
ing along the (001) direction. The lattice fringes are about
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0.35 nm, which can be indexed to the (101) planes of anatase
TiO,. Figure 3d displays the SAED pattern of the nanorods.
It indicates that the nanorods are highly crystalline, consis-
tent with the HRTEM images.

Influences of the reaction factors: In our synthesis, a series
of experiments have been conducted to get a better under-
standing of the formation of TiO, nanocrystalline particles.

Influences of the amount of LA and NH,HCOj;: When the
temperature is raised to over 150°C, NH,HCO; will quickly
and spontaneously decompose to produce H,O. LA is an im-
portant solvent, crystallizing promoter, coordination surfac-
tant, and hydrolyzation reactant.’¥ Thus, in our synthesis,
the amount of LA and NH,HCO; are two important factors
that will influence the formation of TiO,. We have carried
out a series of control experiments and found that the
amount of NH;HCO; and LA have an extremely important
influence on the morphology and dispersibility of TiO,. We
have summarized the results of the morphology of TiO, ob-
tained at different reaction conditions in Table 1. According
to these results, the product morphology changed with the
amount of NH,HCO; and LA used.

Table 1. Morphologies of TiO, samples obtained under different condi-
tions. In all the reactions Ti(OBu), was about 1 mL (3 mmol).

NH,HCO; [g] LA [mL] Morphology of TiO,

0 7 nanorods

0 15 nanorods

0 25 nanorods

0.3 7 elongated nanoparticles
0.3 15 elongated nanoparticles
0.5 0 aggregated particles

0.5 7 nanoparticles

0.5 15 nanoparticles

1 7 nanoparticles

1 25 nanoparticles

4 25 aggregated particles

TiO, nanorods were obtained without NH,HCO;. When
no NH,HCO; was used, the product morphology was deter-
mined by the amount of LA. Figure 4 shows TEM images of
TiO, obtained with different amounts of LA. As shown in
Figure 4a-d, the TiO, morphology, crystallinity, and dispersi-
bility changed with the amount of LA. When no LA was
used, amorphous floccus like structures were obtained (Fig-
ure 4a). When the amount of LA was small (about 6 mmol),
aggregated particles were obtained (Figure 4b). When the
amount of LA was about 21 mmol, crystalline redispersible
nanorods of about 25 nm in length were formed (Figure 4c).
By increasing the amount of LA further (about 75 mmol),
long nanorods (ca. 50 nm) were produced (Figure 4d).

TiO, nanoparticles were formed when LA was used in
large amounts (75 mmol, 25mL), and an appropriate
amount of NH,HCO; (about 6-25 mmol) was introduced
into the reaction system. When NH,HCO; was used, the
TiO, morphology was mainly determined by NH,HCO;: the
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Figure 4. TEM images of TiO, obtained with different amounts of LA:
a) 0,b) 2, ¢)7, and d) 25 mL.

product’s morphology did not seem to evolve when the
amount of LA was altered, while keeping the amount of
NH,HCO; unchanged (see Table 1). However, by changing
the amount of NHHCO; only, the TiO, morphology
changed from spherical to elongated and aggregated nano-
particles. When the NH,HCO; amount was quite small
(< =6 mmol), we obtained elongated nanoparticles. When
the amount of NH,HCO; was between about 6 and
25 mmol, we obtained nearly spherical nanoparticles. When
the amount of NH;HCO; was too large (> ~25 mmol), we
obtained aggregated particles. Figure 5 provides typical

Figure 5. TEM images of TiO, obtained with different amounts of
NH,HCO; and LA: a) NH,HCO; (0.3 g), LA (7mL) and b) NH,HCO;
(1g),LA (25mL).

TEM images of TiO, obtained with different amounts of
NH,HCO; and LA. Figure 5a shows that elongated TiO,
particles were obtained with a NH,HCO; concentration of
about 4 mmol and a LA concentration of about 21 mmol.
Figure 5b shows the near-spherical TiO, particles obtained
when the amount of NH,HCO; was about 12.5 mmol and
that of LA was about 75 mmol.
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Based on the experimental evidence above, we believe
that the decomposition of NH,;HCO; provides H,O for the
hydrolyzation reaction, and LA acts as the solvent and coor-
dination surfactant in the synthesis of nanoparticles. Where-
as in the synthesis of nanorods, LA serves as both the hy-
drolysis reagent to react with Ti(OBu), and as a suitable co-
ordination surfactant to promote the anisotropic crystal
growth of TiO, (polycondensation to form a Ti-O-Ti net-
work). Here, the coordination effect of LA is supported by
the re-dispersibility of as-synthesized TiO,. With LA cap-
ping the surface of the growing titania, as-synthesized sam-
ples were redispersible in apolar solvents and did not aggre-
gate. If we washed the product excessively with cyclohexane
to remove surface-absorbed LA, the TiO, nanocrystalline
particles were no longer dispersible. By adding some LA
they were dispersible in organic solvent again. (Please refer
to the Supporting Information for further details of the re-
dispersibility of TiO,.) One unique feature of this reversible
binding of LA to the titania surface is that it offers the pos-
sibility of post-synthesis attachment of other functional mol-
ecules. It has also been found that LA improves the prod-
uct’s crystallinity.

We have also designed control experiments by using dif-
ferent amounts of triethylamine. The results show that tri-
ethylamine acts as a catalyst for the polycondensation of the
Ti-O-Ti inorganic network to achieve a crystalline product
and has little influence on the product’s morphology. This is
consistent with results from literature.*!

Influence of the reaction temperature: The reaction tempera-
ture has a large influence on the TiO, formation. We have
investigated the influence of the reaction temperature in the
range 100-180°C and found that highly crystalline TiO,
nanoparticles and nanorods could only be obtained at tem-
peratures higher than 120°C, although Ti(OBu), can react
with LA to form Ti(OBu),_.(C,;H;,CO,), at a rather low
temperature.[*”%>2! We carried out the solvothermal reac-
tion at 100°C, but no TiO, could be deposited by alcohol
and neither nanoparticles nor nanorods were observed by
TEM. However, when the reaction temperature was higher
than 120°C, highly crystalline, near monodisperse and or-
ganic-solvent-dispersible TiO, nanoparticles were obtained.
Figure 6 illustrates the TEM results of TiO, nanoparticles

Figure 6. TEM images of TiO, nanoparticles obtained at different tem-
peratures: a) 150 and b) 180°C.

www.chemeurj.org
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obtained at 150 and 180°C. As shown in the images, these
particles are near spherical with similar size of around
10 nm. Figure 7 shows the TEM images of TiO, nanorods
obtained at 120, 150 and 180°C. In these images the nano-
rods have a diameter of 4 nm and length of about 25 nm.

Figure 7. TEM images of TiO, nanorods obtained at different tempera-
tures: a) 120, b) 150, and c) 180°C.

An interesting phenomenon is that nanorods obtained at
150°C have more spherical particles on the tips. From their
HRTEM images (images not shown here) we found that the
crystallinity of the products increased with an increase of
the reaction temperature, while the size of the products re-
mained mostly unchanged.

Influence of the reaction duration: To investigate the growth
processes of TiO, nanoparticles and nanorods, we collected
samples at different reaction times. The samples were exam-
ined by TEM and the typical results are provided in Fig-
ures 8 and 9. Figures 8a—e show the TEM images of TiO,
nanoparticles obtained after 1, 3, 6, 12, and 48 h reaction
time, respectively. Figures 9a—e show the TEM images of
TiO, nanorods obtained after 2, 6, 12, 24, and 48 h reaction
time, respectively. From these images, we can see the forma-
tion process of TiO, nanoparticles and nanorods clearly:
crystalline nanoparticles formed after 6 h reaction while
crystalline nanorods formed after 12 h reaction. Further ob-
servation indicated that with an increase in the reaction du-
ration, the product’s crystallinity, size, and dispersibility im-
proved.

Influence of the solvothermal treatment and carboxylic acid

types: Solvothermal treatment is very important for the for-
mation of TiO, nanocrystalline materials at low tempera-

Chem. Eur. J. 2006, 12, 2383 -2391
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Figure 8. TEM image of TiO, nanoparticles obtained at different reaction
durations: a) 1, b) 3, ¢) 6, d) 12, and e) 48 h.

ture. Highly crystalline nanoparticles were usually obtained
at high temperatures.’*>!! For example, CdSe nanocrystal-
line materials were obtained by heating at 300°C in trioctyl-
phosphine oxide (TOPO).* However, in our reaction
system, because the solvent cyclohexane has a very low boil-
ing point (about 80°C), the reflux temperature is not high
enough to achieve crystalline products with conventional so-
lution reflux conditions. As a control, we carried out experi-
ments using a conventional open solution reflux system, but
obtained neither nanorods nor nanoparticles. Thus we chose
the solvothermal method to obtain highly crystalline TiO, at
low temperatures. The solvothermal reactions were carried
out in a sealed autoclave. It can be considered to be an iso-
choric closed system, which can provide suitable conditions
for the hydrolysis, polycondensation reactions, and the final
formation of nanorods and nanoparticles.”” 1) In the solvo-
thermal system (the volume of the system does not change),
the reaction temperature can be heated to 150°C or more,
much higher than the boiling point of cyclohexane. Thus,
the reactivity of the reactants might be improved and crys-
talline TiO, could be obtained. 2) The solvothermal system
affected the phase transition and nucleation of TiO,. In this
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Figure 9. TEM images of TiO, nanorods obtained at different reaction
durations: a) 2, b) 6, ¢) 12, d) 24, and e) 48 h.

work we obtained pure anatase structured TiO,. We have re-
cently demonstrated that pure rutile or anatase TiO, could
be obtained separately in solvothermal systems by using dif-
ferent organic systems. 3) The sealed system prevented the
volatilization of the gases (H,O, CO,, and NHj;) formed by
the decomposition of NH,HCO;. Thus H,O can be kept
inside the system to react with Ti(OBu), to form the nano-
particles.

The chain length of carboxylic acids also has great influ-
ence on the formation TiO,. We have carried out control ex-
periments using different kinds of carboxylic acids like dec-
anic acid (CyH;yCO,H), valeric acid (C,H,CO,H), acetic
acid (CH;CO,H), and so forth. TiO, nanoparticles and
nanorods were obtained by using decanic acid; however
with valeric acid and acetic acid, TiO, deposition did not
occur, although the gas chromatography-mass spectrometry
(GC-MS) spectra showed that C,H,CO,Bu and CH;CO,Bu
were formed. Based on these experimental facts, it is be-
lieved that long-chain organic acids are important and nec-
essary in the formation of TiO,.
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Reaction mechanism: Formerly reported strategies of the
synthesis of TiO,, especially the hydrolysis reactions of tita-
nium alkoxide reported by Colvin, Alivisatos, Weller, and
Niederberger helps in the understanding of the reaction
mechanism of TiO, nanorods and nanoparticles./*7%2>%

Grounded on present available experimental evidence, we
assume that this general mechanism of hydrolysis and poly-
condensation reactions of metal alkoxide might be extended
to our system. The nucleation and growth of TiO, is known
to proceed through two main steps: Ti(OBu), first hydroly-
ses to produce unstable hydroxyalkoxides, then undergoes
polycondensation reactions by means of olation or oxolation
leading to extensive Ti-O-Ti networks. It is believed that dif-
ferent product structures might be ascribed to the different
reaction processes.

TiO, nanorods were obtained without NH,HCO;. Accord-
ing to the experimental data, LA (about 21 mmol, 7 mL)
was believed to serve as both a hydrolysis reagent to react
with Ti(OBu), and as a suitable coordination surfactant to
promote the anisotropic crystal growth of TiO, (polyconden-
sation of Ti-O-Ti network). The reaction processes for the
formation of TiO, nanorods are believed to be as follows.

Titanium alkoxides are known to readily react with car-
boxylic acids under mild conditions.*"%%! Mixed alkoxy
carboxylates are also formed in the reaction of Zr-
(OiPr),iPrOH with fatty acids .’/ Analogous to the litera-
ture, it is believed that titanium alkoxides could also form
mixed alkoxy carboxylates with LA [Eq. (1)].

Ti(OBu), + x C;;H;, CO,H — Ti(OBu),_,(C;;H; CO,),
+xBuOH

It is well documented in the literature that an oxo bridge
could be formed by a condensation reaction between two
functional groups bonded to two metal centers and eliminat-

ing an organic ester molecule [Eq. (2)]:1*7>%%

i / \ /9

I}
—M—O0—C—R' + RO—M— M M + ROCR'  (2)

/

Thus, in our system, the nonhydrolytic condensation reac-
tion between the precursors might be able to generate the
Ti-O-Ti networks and an eliminated ester. The reactions
may include those given in Equation (3) and (4).

Ti(OBu), + Ti(OBu),_,(C;H5; CO,), —
(BuO);Ti-O-Ti(BuO),_,(CyH3 CO,),; + C;H; CO,Bu
(3)

nTi(OBu),_,(C;H;,CO,), —

. )

n/20 [-Ti(BuO);_,(C;H3, CO,), 4], + Ci;H3, CO,Bu
The formation of TiO, nanorods is a slow process. As
shown in Figure 9, we have taken samples at different reac-
tion times and found that no precipitation could be observed
when the reaction time was shorter than 12 h. Together with

2388

www.chemeurj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

these mild and slow reactions, the effective LA adsorption
controls the growth of TiO, nuclei into anisotropic, redisper-
sible nanorods.

Based on the experimental results, we believe that the for-
mation of TiO, nanoparticles could be ascribed to fast hy-
drolysis reactions. The reactions are listed below.

By the in situ decomposition of NH,HCO; at high tem-
perature a large amount of H,O is produced immediately

[Eq. )]
NH,HCO, — NH, + H,0 + CO, (5)

With the existence of a large amount of H,O, the precur-
sors mainly hydrolyze with the water in situ and lead to an
immediate, large-scale nucleation and fast crystal growth.
The reactions may be as follows [Eq. (6) and (7)]:

Ti(OBu), + 2H,0 — TiO, + 4BuOH (6)

Ti(OBu)“,x(C”H}lCOz)X + 2H20 — T102

7

+(4—x)BuOH + x C;H;,CO,H @)

Then, due to the fast crystal growth and LA adsorption,

redispersible nanoparticles are obtained. Since the concen-

tration of LA is excessive, the nanoparticles react with
BuOH to form esters in both systems [Eq. (8)].

BuOH + C,,H;CO,H — C;H;CO,Bu + H,0 (8)

The GC-MS results of the reaction products provide
strong support for the mechanism. We carried out GC-MS
characterization with a synthesis procedure using a small
amount of LA to facilitate the identification of the formed
organic compounds. The GC-MS results show that the or-
ganic product of the hydrolyzation reaction is C,;H; CO,Bu,
consistent with the reaction mechanism. The inset in
Figure 10 shows the GC spectrum, in which the peaks at
2.10, 2.23, and 24.03 are assigned to cyclohexane, triethyl-
amine, and C;;H;CO,Bu, respectively. Figure 10 displays
the MS spectrum of the peak at 24.03. It matches well with
C,;H;,CO,Bu. We carried out the GC-MS measurement on
various samples including the samples obtained at different
temperatures and durations. All the spectra exhibited
almost the same results.

Metal-doped TiO, nanoparticles and nanorods: The solvo-
thermal strategy for the synthesis of TiO, can be intermedi-
ately applied to the synthesis of metal-doped TiO, or other
highly crystalline, near monodisperse nanocrystalline materi-
als. Adding a small amount of metal chloride or nitrate into
the reaction system, we could obtain metal-doped TiO,
nanocrystalline materials. Figure 11 provides the typical
TEM images and EDX results of Sn**- (about 0.68% in
weight), Co?*- (about 0.5% in weight), Fe**- (about 0.69 %
in weight), and Ni**- (about 0.49% in weight) doped TiO,
obtained at 150°C. The as-synthesized, metal-doped TiO,
derivatives also have very high crystallinity, near monodis-
perse size, and good dispersibility in organic solvents. Since

Chem. Eur. J. 2006, 12, 2383 -2391
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Experimental Section

In the typical synthesis procedure of
TiO, nanoparticles, NH,HCO; (0.5~
2g), LA (25mL), triethylamine
(5 mL), and cyclohexane (5 mL) were
mixed at room temperature by mag-
netic stirring. Then Ti(OBu), (1 mL)
was added dropwise into the solution.
After continued stirring at room tem-
perature for 5 min, the solution was
transferred into a Teflon-lined, stain-
less autoclave at 150°C for 24 h.

TiO, nanorods were synthesized under
well-controlled conditions with an ap-
propriate amount of LA (7 mL) and
no NH,HCO;. Then Ti(OBu), (1 mL)
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was slowly added dropwise into the
mixed solution of LA (7 mL), triethyl-
amine (SmL), and cyclohexane
(20 mL). After the solution was sealed
in a Teflon-lined, stainless autoclave at
150°C for 2 d, TiO, nanorods were ob-
tained.

Metal-doped TiO, nanoparticles and
nanorods were prepared by adding
about 2% chlorides into the mixed so-
lution of NHHCO; (0.5-2g), LA
(25 mL), triethylamine (5 mL), cyclo-

Figure 10. Typical GC-MS results of the hydrolyzation reaction product: the inset shows the GC spectrum and

the main figure shows the MS spectrum of the peak at 24.03

the room-temperature ferromagnetism of Co**-doped TiO,
was reported, diluted magnetic semiconductors (DMS) of
TiO, are attracting more and more attention because of
their potential applications in spintronics.®™ Controlling the
reaction conditions, this strategy might be developed to be
an effective method for the synthesis of room-temperature
DMS of TiO,. Synthesis of other metal oxides is still under
investigation. This strategy can be expanded to provide a
general method for the preparation of highly crystalline,
near monodisperse, and redispersible metal oxides.

Conclusion

In summary, we have synthesized highly crystalline, near
monodisperse and redispersible TiO, nanocrystalline materi-
als, and their metal-ion-doped (such as Sn**, Fe**, Co’*,
and Ni’*, etc) derivatives by solvothermal reactions. We
have fully demonstrated the control of size, shape, dispersi-
bility, and component of TiO, through fine adjustment of
the reaction parameters. On the basis of the experimental
results, we have proposed a possible reaction mechanism to
illustrate the formation of TiO, nanoparticles and nanorods.

Chem. Eur. J. 2006, 12, 2383 -2391
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hexane (5mL), and Ti(OBu), (1 mL).
After stirring at room temperature for
5 min, the solution was transferred
into a Teflon-lined, stainless autoclave
at 150°C for 24 h.

An as-obtained sol of TiO, nanocrys-
talline materials and their doped derivates could be stable for a few
weeks. By adding an excess of ethanol to the reaction mixture, TiO,
nanocrystalline materials were precipitated at room temperature. Before
characterization, the resulting precipitates were isolated by centrifugation
and washed several times with ethanol to remove surfactant residuals;
the residual solvent was evaporated at room temperature. It should be
noted that LA-coated TiO, nanoparticles were then easily redispersed in
solvents such as chloroform or cyclohexane, without any further growth
or irreversible aggregation. If washing of the precipitate was repeated
too many times, the products generally resulted by precipitation in apolar
solvents. Upon the addition of a small amount of fresh LA (a few drops),
complete dispersibility could be recovered.
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