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Single-phase titania nanomaterials were prepared by autoclaving titanium tetrachloride in acetone at 80—140 °C.
Depending on the molar ratio of TiCl, to acetone (TiCl,/Ac), TiO, materials with different phases and morphologies
were obtained. When the TiCl, concentration was no higher than TiCl/Ac = 1/15, single-phase anatase TiO,
nanocrystals in sizes ranging from 4 to 10 nm were prepared by tuning TiCl,/Ac ratios from 1/90 to 1/15. However,
when the TiCl, concentration was high enough (e.g., TiClJ/Ac > 1/10), single-phase rutile TiO, nanofibers were
obtained selectively. The materials were characterized comprehensively using X-ray diffraction, transmission electron
microscopy, Raman spectroscopy, thermogravimetric analysis, and nitrogen adsorption measurements. With the
aid of GC/MS analysis of organic products in the liquid phase, it is shown that the controlled hydrolysis of TiCl,
with water, which was in situ generated from the TiCl,-catalyzed aldol condensation reactions of acetones, played
an important role in the formation of the titania nanomaterials. Some of the organic condensates may function to
stabilize the phase and morphology of the materials. This mechanism was also supported by our success in using
other ketones as alternatives to acetone in the synthesis.

1. Introduction al. succeeded in obtaining TiManocrystallites varying in
crystal phase (rutile or anatse) and morphology (spherical,
o . ; . _~ fiberlike, or rodlike)? However, it was not clear whether it
titania-based nanomaterials, synthesis of highly crystalline could be possible to manipulate the crystal phase and

titania nanoparticles with controlled size, morphology, and . ) . . )
. ' " morphologies of Ti@nanocrystallites using a single alcohol
crystal structure has been an important research focus in the P g @ Y g 9

. : 4 X ;
field of materials chemistry Colvin et al? were the first to i(rjusrt{; e”.inAeIt_?_:&atrl]\;enI())/, zla\lrlt(ieg:;bs rggaiiﬁmb}r?gre]dbzlr?;l?/
prepare small anatase nanocrystallites {22 nm) by Y P y 9 Y

reacting titanium halides with titanium alkoxides at 3@ alcohol at low temperature (4LC), and with proper control

using a nonaqueous solvent (e.g., heptadecane) in theofthe later thermal processing conditions, the product particle

presence of an additive (e.g., trioctylphosphine (TOPO)), S|tze|s were foun((jj tungbrllg 'Q the.:ange <taf84nm. Wood?e:d b
which stimulated interest in nonaqueous approaches to®t & even produced hign-purly anatase nanopartices by

control of the size distribution, morphology, and crystal phase proper calcination of the reaction pr-oduct .O.f e et-hanoF? .
of TiO, nanomaterials. By reacting Tigih various alcohol In the presence of a proper organic additive (amine or oleic

homologues in the presence or absence of acetic acid, Li etacid), carefully controlled hydrolysis of titanium tetraiso-
propoxide in carboxylic acids was found to produce

Because of the importance in many key technologies of
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macroporous Ti@microsphereésor high-aspect-ratio anatase
TiO, nanorods. These studies further demonstrate the
interesting prospect of the nonaqueous approaches for the
synthesis of diversified Ti@based materials.

The nonaqueous approaches mentioned above were ex-
tended very recently to non-alcohol/non-hydroxyl oxygen-
containing organic solutions by Niederberger ettakho
showed that reactions between titanium tetraisopropoxides
and ketones or aldehydes at 130 could result in anatase
TiO, nanocrystallites of ca. 15 nm. The use of ketone or
aldehyde as the organic reagent was a significant advance
because it directly produced anatase Ji@anocrystals 20 3 40 50 60 70
without the need for any special additive or tempFétdt 2 theta (degree)
would be of great interest to explore any possibility of Figure 1. XRD patterns of TiQ prepared at 116C with molar TiCl/Ac
manipulating the crystal phase and morphology of ;TiO ratios of 1/90 (a: anatase, 5.3 nm), 1/30 (b: anatase, 6.2 nm), 1/15 (c:

- . . .. . . anatase, 8.6 nm), 1/10 (d: rutile, 9.9 nm), and 1/7 (e: rutile, 7.8 nm).
nanocrystallites using an inorganic titanium salt and a single

organic source or in the absence of any special additive or Raman spectra were recorded on a Renishaw RM2000 microscopic
template. confocal Raman spectrometer employing a 514 nm laser beam. The
We report herein that, without the use of any additive, sjze and morphology of the materials were measured on a JEOL
single-phase anatase Ti@anocrystallites with small, uni-  JEM-2010 transmission electron microscope, equipped with an
form, and yet tunable sizes between 4 and 10 nm can beOxford INCA analyzer. High-resolution transmission electron
selectively synthesized simply by autoclaving a Ti@letone  microscopy (HRTEM) studies were performed on a Philips CM200
mixture of proper TiCJ concentration at fairly low temper- ~ LaB6 operating at 200 kV. BET surface areas and pore volumes
ature (86-140°C). By a simple increase in the concentration ©f the samples were performed with nitrogen adsorptior 16
of TiCl,, the present method can also be manipulated to °C on a Micromeritics ASAP 2010C instrument; the samples were
produce needlelike single-phase rutile Tiers of ca. 10 ~ 9egassed under vacuum at T&bfor 5 h before the measurements.
nm widths. Autoclaving TiGlin other aldehydes or ketones Thermogravimetric oxidation (TG) m_easuremen_ts were cor_lducted
. . . . on a Mettler-Toledo DTG/SDTA851 instrument in flowing air (60
capable of performing aldol condensation reactions is shown

- ; ) mL/min); the samples were heated to 10@with a temperature
to produce similar Ti@ nanomaterials. ramp of 15°C/min.

Intensity(a.u.)

2. Experimental Section 3. Results and Discussion

2.1. Preparation. The procedure for the synthesis of TiO -
nanomaterials is as follows. Typically, a certain volume of TiCl 3.1. Product Crystal Phase and SizeFigure 1 shows

(1.0-9.0 mL) was quickly dropped into a fixed volume of acetone th€ effect of the TiGJ concentration in acetone on the XRD
(60 mL) under vigorous stirring at room temperatugké caution crystal phase structure of the Ti@owders obtained with
because the reaction is highly exothermic The obtained solution ~ an autoclaving temperature of 11G. The concentration is
was transferred to and sealed in a Teflon-lined autoclave (ca. 100expressed as the TifAc molar ratio. The sizes given in
mL). The autoclave was then placed in an oven for solvothermal the caption of this figure were the average crystallite sizes
treatment at 86140 °C for 12 h. After the autoclave was cooled of the samples calculated by applying the well-known
in cold water, the dark-red pasty precipitates formed in the autoclave Debye-Scherrer equation to the diffractions of the anatase

were separz?lted by filtration. Repeated washing of the precipitatgs(L 0, 1) or rutile (1, 1, 0) planes. The crystal phase and size
with excessive acetone gave dry and loose powder samples, wh|ch0f the TiO; crystals were seen to be dependent on the molar
were used later for different characterizations. Using autoclaves of

i ; . TiCl4/Ac ratio. The crystals obtained with low concentrations
larger volumes, the present preparation was easily scaled up in our

laboratory for production of a-510 g TiO, sample in a single batch of TiCl,, that is, at TIC/Ac = 1/15, gppeared as a pure
of the synthesis. anatase phase. In contrast, pure rutile ;T&amples were

2.2. Characterizations.Powder X-ray diffraction (XRD) mea-  Produced in the synthesis with hlgher TACC|0ncentratlon,
surements were performed on a Bruker D8 Advance X-ray as shown by the d and e patterns in Figure 1 for 7/ =
diffractometer, using a monochromatized Cu K = 1.5418 A) 1/10 and 1/7, respectively.

radiation source. The average crystallite siteirf nanometers) of  We attempted to compare the sample crystallite sizes in
using the well-known Scherrer equation: to different diffraction lines in the XRD patterns. For the

anatase crystals, the sizes according to their (2, 0, 0)

d=0.89/B(20 0 . .
(20) cos diffractions were found to be comparable to those on the

whereB(20) is the width of the XRD peak at half-peak-height in

radians, is the wavelength of the X-ray in nanometers, #his (7) Cozzoli, P. D.; Kornowski, A.; Weller, HJ. Am. Chem. So@003
the angle between the incident and diffracted beams in degrees 125 14539. - ;
9 g ' (8) Garnweitner, G.; Antonietti, M.; Niederberger, I@hem. Commun.
2005 3, 397.
(6) Zhong, Z. Y.; Chen, F. X;; Ang, T. P.; Han, Y. F.,; Lim, W. Q,; (9) Wu, Y.; Liu, H. M.; Xu, B. Q.Appl. Organomet. Chen2007, 21,
Gedanken, Alnorg. Chem.2006 45, 4619. 146.
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Table 1. Features of the Ti@Products Obtained Using Varying R
Reactant Ratios and Autoclaving Temperatures —/*A—k—
reaction oxide surface

temp vyield crystal crystallite TEM sizé content ared (H e

TiClJ/Ac (°C) (%) structure size* (nm) (nm) (%)  (mg)

=
1/90 110 95 anatase 5.3 5.4 86.0 201 £ d
1/30 110 92 anatase 6.2 6.0 87.0 174 %‘
115 110 85 anatase 8.6 8.9 885 84 < Lﬁ/\c
1/10 110 53 rutile 9.9(15.4) -8l2x 90.0 6 E
1000 b
177 110 48 rutile 7.8(13.8) 1020 x 94.5 12 A//\a—
100-1000 l
1/90 140 91 anatase 6.9 85.5 163 A
1/30 140 92 anatase 7.2 7.0 90.0 152
1/10 140 76 rutle  15.3(25.8) ¥®5x  96.0 . * *
200—-2000 100 300 500 700
1/90 80 92 anatase 3.8 84.5 243 wavenumber (cm™)
iﬁg 28 Ngg anatase 5.6 57 86.5 194 Figure 2. Raman spectra of Tisamples prepared at 11G: (a) anatase

TiO2 nanocrystals obtained with TigAc = 1/90, (b) anatase TiO
a Average crystallite size calculated from the (1, 0, 1) diffraction line of nanocrystals obtained with Tighc = 1/30, (c) sample (b) after the

anatase or (1, 1, 0) of rutile samples using the DetSeherrer equation.  calcinations at 600C, (d) anatase Ti@nanocrystals obtained with TigZI
Sizes in parentheses for rutile samples are calculated from their (1, 1, 1) Ac = 1/15, (e) rutile TiQ fibers obtained with TiG/Ac = 1/10, and (f)
diffraction lines. Particle size from TEM observatiofObtained from rutile TiO; fibers obtained with TIGYAc = 1/7. A and R are the Raman

TGA measurements of the sampléddeasured by nitrogen physisorption ~ spectra of standard anatase and rutile ;T i@spectively.

using the BET methodt No solid products detected.
100

basis of the (1, 0, 1) diffractions. However, the crystallite
sizes of the rutile samples according to their (1, 1, 1)
diffractions, that is, crystallite sizes given in the parentheses
of Table 1, appeared to be much bigger than those based on
the (1, 1, 0) diffractions. These calculations suggest that the

©
-]

Welght (%)
s

d
<
b
a

anatase crystals assumed a roughly spherical shape, but the 88
rutile ones were shaped differently.
Moreover, the average size of the anatase crystallites (also 84 L . L L
Table 1) increased with an increase of the Ti&incentration 0 200 400 60O 800 1000
in acetone; for example, the average size was 5.3 nm af/TiCl Temperature (°C)
Ac = 1/90, whereas it became 6.2 and 8.6 nm at FAd Figure 3. TG results of TiQ powders obtained at 11 at the reactant

= 1/30 and 1/15, respectively. These results indicate thatwith TiClJ/Ac ratios of 1/90 (a), 1/30 (b), 1/15 (c), 1/10 (d) and 1/7 (e).
the sizes of the anatase crystallites can be finely tuned by
changing the TiCl concentration. synthesized anatase samples, which may be due to phonon

We also found that the autoclaving temperature showed aconfinement and strain effects applied by organic residues
significant effect on the crystallite sizes of the as-prepared on the sample surfacé$.Thus, our data uncover a low-
anatase nanoparticles (Table 1). When a higher autoclavingtemperature (88140 °C) approach for crystal-phase-
temperature (e.g., 141C) was used, the average crystallite controlled synthesis of Tighanocrystals by simply changing
size of the anatase product became 6.9 nm at,/ACI= the concentration of TiGlin acetone.

1/90 and 7.2 nm at TiGlAc = 1/30. When the autoclaving The single-phase anatase sample with an average crystallite
temperature was lowered to 8C, the obtained crystallites  size of 5.3 nm, obtained at Ti¢&Ac = 1/90, was subject to
showed an average size of 3.8 nm at T8t = 1/90 and calcination fo 3 h at 600°C in flowing air. A Raman

5.6 nm at TiCl/Ac = 1/30, respectively, which are signifi-  spectrum of the calcined sample (Figure 2c) indicated that
cantly smaller than those obtained at 200 Thus, a higher  the single-phase anatase structure remained unchanged during
autoclaving temperature is favorable for the formation of the calcination, thus demonstrating a high thermal stability
larger anatase crystallites. However, it is noteworthy that the of the anatase phase. In addition, the signal for then&de
single-phase anatase crystallites obtained in the present TiCl in the Raman spectrum returned to its normal position (ca.
Ac system are significantly smaller than those obtained in 144 cnr?) after the calcination, which can be accounted for
the titanium tetraisopropoxide/acetone system (ca. 15 nm)by an oxidative elimination of organic residues during the
reported in ref 8. high-temperature calcination.

Raman spectroscopy was also used to characterize the TiO 3.2. Content of Organic Residues and Yield of Ti@.
samples shown in Figure 1. The XRD-pure anatase and rutileThermogravimetric analysis (TGA) in flowing air was
crystallites also appeared respectively as single-phase anatasgonducted to quantify the amount of organic residues (or
and rutile TiQ in the Raman spectra (Figure 2), which further TiO, content) in the prepared TiGnaterials (Figure 3). The
confirms the single-phase feature of the Tioducts in  measured weight loss was in the range of-16% for the
our present approach. In comparison with the standardanatase and 410% for the rutile samples. It should be
Raman signals, a slight blue shift and broadening occurred
for the Ey mode (ca. 153 cnt) in the Raman spectra of the  (10) Xu, C. Y.; Zhang, P. X.; Yan, L. Raman Spectros@001, 32, 862.
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Figure 5. HRTEM images of samples obtained with Ti@c ratios of
(a) 1/30 and (b) 1/10, at 116C. A and R denote anatase and rutile,
respectively.

lon intensity {a.u.}

Retention time (min})

RrR1 r14
Re R\:ua R16  RA7

lon intensity (a.u.)

R1
A
R3
| R2
1
2

Figure 6. GC/MS plots of liquid products obtained from mixtures of TiCI
Ac (molar)= 1/30 (up) and TiC/Ac = 1/10 (down).

Retention time {min)

Table 2. Comparison of Different Ketones in the Autoclaving
Synthesis of Titania Nanomaterials

reaction crystal crystallite

ketone TiCl/ketone temp (C) yield (%) structure size (nm)

butanone 1/30 110 90 anatase 6.2

4-methylpentanone 1/30 110 89 anatase 5.7
4-methylpentanone 1/10 140 38 rutile

acetophenone 1/30 110 86 anatase 8.8

Figure 4. TEM images of TiQ samples obtained at different TiAc ; ; etrilg i ;
ratios and autoclaving temperatures: (a) W&t = 1/90, 110°C, (b) TiCly/ tion on the morphology and size distribution of the 3i0

Ac = 1/30, 110°C, (c) TiICWAc = 1/15, 110°C, (d) TiCWAc = 1/30, crystallites. In the TEM images (Figure 4), the anatase
#colj./%c(e—) Ii/i:g/Af4§°C1:/1%1;1(:?)olﬁﬁw(rfl) TriglﬁsAio:thlgr} 1hlt0;$é22r? (()?)the materials appeared as uniform irregular particles with sizes
TEM photos were obtained by meastring (a) 261, (b) 235, (¢) 214, and (¢) (@l are close to their XRD crystallite sizes (Table 1).
238 crystallites. Consistent with the average XRD crystallite sizes, the
average TEM particle sizes of the anatase products increased

notified that the single-phase structure of the materials wasalso with the TiCJ/Ac ratio and the autoclaving tem-
not changed after the removal of organic residuals by perature. For instance, the average TEM particle size of the
calcining up to 600C in flowing air. Thus, the TiQyield anatase sample obtained at TWincreased from 5.4 nm at
was 85-100% for the production of single-phase anatase TiClJ/Ac = 1/90 (Figure 4a) to 6.0 nm at TigZAc = 1/30
crystallites, which is close to those reported in ref 8, but it (Figure 4b) and then to 8.9 nm at TilAc = 1/15 (Figure
was only 48-76% for the formation of single-phase rutile 4c). When the synthesis was performed with the ratio
materials. As can be seen in Table 1, the yield in producing fixed at TiCl/Ac = 1/30, the average TEM particle size
the rutile TiG can be improved significantly by increasing was 7.0 nm at 140C (Figure 4d) and 5.7 nm at 8TC
the autoclaving temperature. (Table 1).

3.3. Product Morphology and Particle Size Distribution. Parts e and f of Figure 4 show the representative TEM
TEM of different resolutions was employed to gain informa- images of the rutile crystals obtained by autoclaving at
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Scheme 12
o} TiCl,

—-

HO

2
A3

+ Acetone
"/ o

A2, R2 A1,R3 A4, R4

A0

+ Acetone‘ -H,0

(6] (0]
J S

0o 0]

PO SN

A6 A6
+ Acetone ‘ -H,0
A5, RS R6
+ Acetone

-H,0

Cyclic products
(R7, R8)

Linear tetramers
(A8)

+ Acetone ‘ -H,0

Linear pentamers

(A0, A11, R12) =i Cyclic products

(A9, A10, R11)
+ Acetone ‘ -H,0

Lineal hexamers
(A13, R 15)

Cyclic products
w3 (A12, R14, R16)

+ Acetone § -H,0

Hepta-, octa-, and nona-mers
(R17,R18,R 19, R 20, R 21)

aPossible reactions leading to the GC/MS-detected organics from the
TiClJ/Ac mixtures.AO, A1, A2, ..., An denote the organics detected in the
liguids separated from the anatase products, whéRdaR2, ..., Rn refer
to those separated from the rutile nanofibers (Figure 6).

110 °C mixtures of TiC/Ac = 1/10 and TiCl/Ac = 1/7,
respectively. The rutile materials obtained with the mixture
of TiCl4/Ac = 1/10 appeared as bundles of needlelike fibers
with sizes of ca. 812 nm x 1000 nm, and the product
obtained with a slightly higher TiGlAc ratio (TiCl/Ac =
1/7) showed a fibrous or rodlike morphology of ca—12D

nm x 100—1000 nm. Figure 4g presents images of the rutile
crystals produced by autoclaving the mixtures of TSt

= 1/10 at 140°C, which contains mainly fibrous TiOof

ca. 15-25 nmx 200-2000 nm. These observations further
indicate that, even for the synthesis of the fibrous single-
phase rutile material, the Tigtoncentration as well as the

Table 3. Some Low Molecular Weight Chlorine-Containing Organics
Detected in the Liquid Phase

low TiCl, high TiCl,
concentration systems concentration systems
chlorine-containing A7 R1 R9 R13
organics
molecular formula @H1/Cl C3H;OCI Cy2H17/Cl CysH230CI
molecular (n/e) 196 94 196 254

reaction temperature would subtly affect the product size and
morphology.

HRTEM images shown in Figure 5 clearly indicate that
the anatase TiPnanoparticles and rutile TiOnanofibers
are highly crystallized (Figure 5a). HRTEM images of the
fibers (Figure 5b) are indicative of single-crystalline fibers,
which were probably formed by epitaxial crystal growth. It
is therefore very clear that the change in the Ti€@incentra-
tion in acetone is feasible for control of the crystal phase
and morphology of the Ti@materials.

The data presented above show a novel low-temperature
solvothermal synthetic approach enabling highly flexible
manipulation of the crystal phase, size, and morphology of
TiO, nanomaterials with the same reactant sources {TiCl
and acetone) and, very importantly, with no need for any
additional surfactant or template. In view of economics,
titanium halides are much cheaper than alkoxides, which
makes the present findings more attractive in producing
advanced Ti@ nanomaterials with well-selected crystal
phase, size, and morphology.

3.4. Synthesis with Alternative KetonesTo understand
if acetone is specific in inducing the size, morphology, and
phase formation of Ti@nanomaterials, we also performed
similar syntheses by replacing acetone with several other
ketones including butanone, 4-methylpentanone, and ac-
etophenone. These syntheses were done at@Hd a fixed
reactant molar ratio of TiGlketone= 1/30. Table 2 com-
pares the product features using these alternative ketones.
Again, we see the formation of smak {0 nm) single-phase
anatase crystals in good yield 890%) for each of the
selected ketones. When the synthesis was performed with a
high TiCl, concentration (e.g., Tigketone= 1/10) at
140 °C, we also obtained fibrous single-phase rutile ma-
terials. Specifically, an autoclaving of the mixture of TiClI
4-methylpentanone= 1/10 at 140 °C resulted in the
production of fibrous rutile crystals with dimensions of-15
25 nm x 200-2000 nm. Thus, our method could be
developed as a general approach for syntheses of advanced
TiO, nanomaterials.

3.5. Nature of Organic Products and Possible Mecha-
nism of TiO, Formation. To gain insight into the mecha-
nism of nanocrystal formation in the present approach, we
analyzed with GC/MS the nature of the liquid products
separated from the solids. A broad spectrum of organic
compounds with molecular weights of up to and higher than
300 were detected, and the majority were identified as
dehydrated products of the intermolecular aldol condensation
of acetone (Figure 6 and Scheme'i)n the syntheses of

(11) Paulis, M.; Martin, M.; Soria, D. B.; Diaz, A.; Odriozola, J. A.; Montes,
M. Appl. Catal., A1999 180, 411.
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Scheme 2 2 C6

H2°(from dehydration of ¥ TiCl,
the ketone condensates)

C304c5

c2
1

c?

lon intemsity {a.u.)

Ti(O H,XC'4_X / HCI 2ot % % 1 petention time {min)

Figure 7. GC/MS plot of liquid products obtained from TizAnd 4-methyl
pentanone with a ratio of 1/30.

Low TiCl, High TiCl,
concentration concentration Scheme 3 @
or weak acidi or strong acidi o
v ? v 2 /I\/lk

Anatase Rutile e
nanoparticles nanofibers nict | o

aInfluence of the TiC] concentration in ketones on the crystallite
structure and morphology of TiO

the anatase materials with low TiCtoncentrations (i.e., — _
TiCl4/Ac =< 1/15), the detected organic products were

basically free of chlorine; only a trace amount of chlorine- o | ° | o
containing A7 was detected (Figure 6), whereas in the

syntheses of the rutile fibers with higher Ti€bncentrations

(e.g., TiCl/Ac = 1/10), significant quantities of chlorine- c1 @ c5

containing organics were detected (Table 3). The hardly

detected chlorine-containing organics in the liquids separated
from the single-phase anatase materials are distinct from the
non-hydrolytic sot-gel synthesis of small anatase TiO | |
nanocrystallites (3:89.2 nm) reported earlier by Colvin et
o o -
3 4

al.? who reacted TiClwith titanium alkoxides in heptade-

cane (solvent) in the presence of TOPO (an additive or

template). The alkoxide used would function as the oxygen

donor for TiCl, and the alkyl groups of the alkoxide has to

react with the chlorine, which needs a much higher reaction +Ketone H0
temperature (e.g., 300C) to form alkyl chloride products

entering the liquid phase.

At the stage of mixing TiCl with acetone, TiCl would
assume the function of a Lewis acid to catalyze the well-
known aldol condensation reaction of acetone to form
diacetone alcohol, which can easily dehydrate to produce
mesityl oxide and its isomers (Scheme 1). The dehydrated
C6 7

dimers could further condensate with the remaining acetone
to produce varying amounts of dehydrated trimers, tetramers, a Possible reactions leading to GC/MS-detected organics from the/ TiCl

etc. 4-methylpentanone mixture€0, C1, C2, ..., Cn denote the organics
On understanding the reactions occurring to the organic detected in the liquids separated from the anatase product.

molecules, a plausible mechanism for the formation of,TiO

materials in the present Tighc system could be given as HCI) during the preparation of the reactant mixture. In the
Scheme 2. The water molecules required for hydrolysis of autoclaving stage at elevated temperatures-(8M°C), the
TiCl, were generated in situ by dehydration of the aldol Polycondensation of Ti(OHEls-« species would easily lead
condensation products as shown in Scheme 1. Hydrolysisto extensive formation of the HO—Ti network and then

of TiCl4 would produce different Ti(OHEls_x species and crystallization because the Tiianocrystals were formed
volatile HCI because the ligand field strength of Ofi during this autoclaving stage.

higher than that of Clions. The occurrence of the hydrolysis Our observation that single-phase rutile nanofibers are
reaction in this scheme was observed by color changes ofselectively produced at high Tig&toncentration (e.g., Tigl

the reaction solution and the release of a white acid fog (i.e., Ac = 1/10 and 1/7) appears to agree with the known

5098 Inorganic Chemistry, Vol. 46, No. 12, 2007
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chemistry in many earlier syntheses of Fi@ateriald>*? acetone condensates. Thus, autoclaving the reaction mixture
that a strong acidity of the solution favors the formation of of TiCl,/Ac = 1/10 at 80°C did not effect the formation of
the rutile structure. When the Tigdtoncentration is not high  rutile materials (Table 1), but simply increasing the temper-
enough (e.g., TiGIAc < 1/15), acidity of the reaction system ature to 140°C resulted in growth of materials with
would be weak such that the formation and polycondensationcontinuously increased yield. It is expected that a further
of Ti(OH)«Cls—x species would be slow. Thus, selective extension of the present approach for high-temperature
formation of the anatase particles is favored in the synthesessynthesis would have the potential to generate titania
with lower reactant TiCfAc ratios because the surface nanostructures of larger dimensions.
energy of an anatase particle is lower than that of a rutile  Analysis of the organic products in the liquid phase of
onel? the autoclaved TiGlketone systems also demonstrated the
With respect to the product morphology, we realized that occurrence of aldol condensation reactions of the alternative
there was no prior report on the formation of needlelike ketones. Figure 7 and Scheme 3 show examples of reactions
fibrous rutile materials in nonaqueous systems. It is specu-when 4-methylpentanone was used as the reacting ketone.
lated that the condensation products of acetone in the reactionlhese data, together with those from other alternative ketones
system could play an important role in the morphology that are able to perform aldol condensation reactions
evolution of the rutile nanofibers. Some of the high (Table 2), are consistent with the mechanism discussed
molecular weight condensation products, probably those of above.
chlorine-containing ones, may assume the function of a
template or protector in the formation of the fibrous rutile
structure. However, we do not exclude the possibility thata Our data demonstrate that the technique of autoclaving
faster hydrolysis step in the solution of strong acidity at high TiCls/Ac mixtures at 86-140°C can be developed as a new
TiClJ/Ac ratios might also be a benefit to the fibrous approach for the synthesis of TiGhanocrystallites with
morphology. It was shown earlier that the morphology of controlled crystal phase, size, and morphology. Single-phase
anatase materials obtained by controlled hydrolysis of anatase Ti@ particles were obtained selectively when the
titanium tetraisopropoxide in oleic acid was significantly TiCl, concentration is no higher than TiAc = 1/15, and
affected by the modality of the water supfiyFast addition fibrous rutile TiG nanostructures were produced using
of water induced rapid hydrolysis that gave Fi@anorods mixtures with higher TiGJ concentrations. The particle size
as the product, whereas a slow supply of water producedof the anatase crystallites increased with the J@hcentra-
nearly spherical particles. tion and autoclaving temperature. The increase in the
The dependences of the crystallite size and yield on the autoclaving temperature also significantly promoted the
molar TiCl/Ac ratio (Table 1) are indicative that the Tl crystal growth of fibrous rutile nanostructures.
Ac ratio has a significant effect on the crystallite growth of A plausible mechanism was proposed to account for the
the titania materials. The crystallite size and yield of titania formation of single-phase T#Onanostructures. At the
materials also increase with the autoclaving temperature,beginning of the reaction, Tigfunctions as a Lewis acid
suggesting that temperature is another parameter affectingo catalyze the aldol condensation of acetone. Dehydration
crystallite growth. Compared with syntheses of anatase of the acetone condensates produces water molecules, which
materials at low TiCJ concentration, the much-lower yield induce the hydrolysis of TiGlto Ti(OH).Cl,—x species.
in producing fibrous rutile materials at high TiQloncentra- During autoclaving at elevated temperature, the Ti(QH) «
tion would hint a hindered growth of rutile crystals, probably species condensate to form extensive-OiTi networks
because of the protection interaction of high molecular weight that grow to form single-phase nanostructures. This mech-
anism was also supported by our success in using other

4. Conclusions
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