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Abstract. A novel method — inverse microemulsion has been developed not only for synthesizing low cost
TiO2 nanoclusters but also for the first time preparing titania nanowires and nanoforks with rutile structure
of single crystal. With two microemulsion systems, spherical TiO2 nanoclusters of 5 nm in average diameter
are produced. These nanoclusters are amorphous and turned into anatase at an annealing temperature lower
than 750 °C, and changed into rutile when annealed at higher temperature. When three microemulsions
with TiCls, ammonia and NaCl as aqueous phase, are used, the precursor powder containing Ti(OH)4/NaCl
with molar ratio of 1000 are annealed at 750 °C and then TiO2 rutile nanowires with 22 nm in thickness and
4 pm in length are formed. At the same time two kinds of nanoforks with defined boundary structures are
constructed: one is a bent wire composed of two straight whiskers related by twinning on a (101) plane with
the angle of 114° between the two legs, and the other by twinning on a (301) planes with the angle of 55°
between the legs. Screw dislocations and a periodic structure are found in (301) twin boundary, while edge
dislocations are observed in (101) twin boundaries.The experiments demonstrate that the titania rutile
nanowires are formed through solid state phase transformation and sodium chloride play an important

role in the process.

PACS. 61.46.4+w Nanoscale materials: clusters, nanoparticules, nanotubes, and nanocrystals

1 Introduction

Titania exhibits some unique dielectric and chemical prop-
erties that can be utilized in various technological appli-
cations such as photocatalysts [1], ceramic membranes [2],
humidity sensors [3,4] and gas sensors [5]. However, it is
frequently used in the form of nanoparticles prepared by
gas condensation [6] and sol-gel methods [7,8]. Here we re-
port a method using several microemulsion systems [9] de-
veloped not only for synthesizing low cost TiO2 nanoclus-
ters but also for the first time preparing titania nanowires
with rutile structure of single crystal [10] and discuss a
possible growth mechanism of titania rutile nanowires.

2 Experimental

An inverse microemulsion system, which consists of an
oil phase, a surfactant phase and an aqueous phase,
is a thermodynamically stable isotropic dispersion of
the aqueous phase in the continuous oil phase [11]. To
prepare inverse microemulsions, a cyclohexane (analyti-
cal reagent) was used as the oil phase and a mixture
of poly(oxyethylene)s nonyle phenol ether(NP5, chemi-
cal purity) and poly(oxyethylene)g nonyle phenol ether

# e-mail: ghwang@nju.edu.cn

(NP9, chemical purity) with weight ratio 1:1 as the non-
ionic surfactant (NP5-NP9). Two microemulsion systems
were prepared, containing a 0.5 M titanium tetrachlo-
ride (TiCly) aqueous solution and a 2.0 M ammonia as the
aqueous phase, respectively. The ammonia was analytical
reagent grade and the TiCly was of chemical purity. The
distilled water was used and the aqueous TiCly solution
was prepared by the method proposed by Park et al. [12].
The oil phase, surfactant and aqueous phase in an appro-
priate proportion were mixed in a beaker at 13 °C in a wa-
ter bath to form the microemulsion. Appropriate amounts
of microemulsion I containing 0.5 M TiCly aqueous solu-
tion and microemulsion IT containing 2.0 M ammonia were
mixed together, leading to the formation of insoluble tita-
nia particles. The mixed microemulsions were then poured
into acetone to precipitate TiO2 nanoparticles, which were
then washed by the use of a centrifuge and acetone, fol-
lowed by vacuum drying for two hours. The virgin product
is a white powder of amorphous TiO5 nanoclusters with
average diameter of 5 nm, and transformed into the crys-
talline anatase by heating from 200 to 750 °C, and then
into rutile at temperature higher than 750 °C. The tran-
sition point from amorphous to anatase is 390 °C while
the transition point from anatase to rutile is 750 °C.

For the nanowires, three microemulsion systems
were prepared, containing a 0.5 M titanium tetrachlo-
ride (TiCly) aqueous solution, 2.0 M ammonia solution
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Table 1. Compositions of the microemulsions used in preparing rutile TiO2 nanowires.

microemulsion I

microemulsion II microemulsion ITI

0.5 M TiCLs (2%)
NP5-NP9 (33%)
cyclohexane (65%)

aqueous phase (vol.%)
surfactant (vol.%)
oil phase (vol.%)

2.0 M ammonia (2%)
NP5-NP9 (33%)
cyclohexane (65%)

2.0 M NaCl (20%)
NP5-NP9 (28%)
cyclohexane (655%)

and a 2.0 M NaCl aqueous solution as the aqueous phase,
respectively. NaCl was also of analytical grade. The rest
procedure of the experiments is almost the same as that
for preparing the TiOs nanoclusters except adding cer-
tain amount of NaCl and changing compositions in the
microemulsions. The compositions of the microemulsions
used are listed in Table 1. All characterizations were car-
ried out at room temperature.

3 Nanoclusters and nanowires of titania

Figures 1a and 1b shows TEM images of the virgin sam-
ples: (Fig. 1a) calcined for 2 hours at 500 °C and (Fig. 1b)
calcined for 2 hours at temperature of 800 °C. Figures 1c
and 1d give their corresponding Raman spectra. The clus-
ters have the anatase structure with average size of 10 nm
in the former case while the particles grow up to 60 nm in
diameter with rutile structure in the latter, but no wire-
like morphology is observed in such process.

Figure 2 shows the morphology and crystal structure
of the product obtained by annealing the precursor pow-
der with the molar ratio of sodium to titanium (y = 400)
at 750 °C for 2 hours. TEM image in Figure 2a demon-
strates that the sample consists of straight, solid wires
with diameters ranging from 10 to 50 nm and lengths
of >2 pm. The crystal structure of these nanowires is
determined by a set of selected area diffraction patterns
(SASPs, Figs. 2b—2d) obtained from a single nanowire of
them from different orientations of [110], [111] and [112],
identifying that the nanowires have rutile structure with
the wire axis parallel to [001] direction. High resolution
TEM(HREM) images recorded on individual nanowires
(Fig. 3) proved further insight into their structure. A
low magnification HREM image (Fig. 3A) shows that the
nanowire is a perfect crystal without planar defects. The
side surfaces are (110) planes and the tip of the nanowires
is terminated by {111} planes, indicating the (111) planes
are most favorable for growth of the nanowires, which is
sketched in Figure 3B, and further supported by XRD
studies [13]. Figure 3C shows high resolution images of
electron microscope of such nanowire demonstrate that
the side surface (110) of the nanowire is smooth at atomic
scale and no obvious contrast difference can be seen be-
tween the surface layer and the inner part of the wire,
indicating the nanowires with square cross sections and
four {110} planes for side surfaces. Figure 3D is the HREM
image of the nanowire tip with (111) planes as its prefer-
ential. We have systematically investigated influences of
various experimental conditions and found that the qual-
ity of the nanowires depends on the annealing tempera-
ture and the relative amount of Ti(OH), particles as well
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Fig. 1. (a) and (b) TEM (JEOL-200CX) images of the samples
(titania nanoclusters) prepared by two microemulsion systems
containing a 0.5 M titanium tetrachloride (TiCls) solution and
a 2.0 M ammonia as the aqueous phase, respectively: (a) cal-
cined for 2 hours at 500 °C, (b) calcined for 2 hours at 800 °C,
(c) Raman spectra of the corresponding samples: up-curve for
(a), and (d) down-curve for (b), indicating the former with
anatase structure and the latter with rutile structure.

as homogeneity of titanium hydroxide particles dispersed
in sodium chloride particles in the precursor powder. At
the annealing temperature of 730 °C, the product mainly
consists of small spherical particles with anatase struc-
ture, and only a few very thin rutile nanowires have been
observed, and then number of the nanowires gradually
increases as the temperature goes higher because more
anatase particles are transformed into rutile phase. How-
ever, when the temperature goes higher than 750 °C the
nanowires become thicker and shorter than those obtained
at 750 °C, though their structure is rutile. The thickness of
most wires reaches several hundreds of nanometers when
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(a)

Fig. 2. (a) TEM (JEOL-200CX) bright field image of the resul-
tant of the powder with v = 400 prepared by three microemul-
sion systems containing a 0.5 M titanium tetrachloride (TiCls)
solution, 2.0 M ammonia solution and a 2.0 M aqueous solu-
tion as the aqueous phase, respectively, annealed at 750 °C for
2 hours, showing that most pwireucts are nanowires and small
amount of particles are sodium titanates. (b—d) Selected area
diffraction patterns (SADP) from the same area of an individ-
ual nanowire from different directions: (b) SADP in [110] zone,
(c) SADP in [111] zone obtained by tilting the same nanowire
corresponding to (b) 25° along the [110] axis, (d) SADP in [112]
zone obtained by further tilting the same nanowire 18° along
the [110] axis, indicating that the nanowires are rutile TiOq
and the their axis is [001]. The elongation of the diffraction
spots is due to relaxation of the surface layer of the nanowire.

Table 2. Amount of microemulsions (uE) used for the prepa-
ration of precursor powders and average sizes of the rutile
nanowires.

pET pEII pEIIT A7 average sizes of nanowires
(ml)  (ml) (ml) (pm X nm)

4 4 12 100 2 x 75

2 2 24 400 2 x 30

1 1 30 1000 4 x 22

* ~ is the molar ratio of sodium to titanium in precursor pow-
der which can be obtained by controlling the relative amount
of TiCly, ammonia and NaCl in the microemulsion.

the annealing temperature increases up to 800 °C. The
density of Ti(OH), in the precursor powder also affects
the formation of rutile nanowires. Table 2 summarizes the
average sizes of the nanowires transformed from precur-
sor powders of different v values. In general, the greater
the v value, the thinner and longer the nanowires. When
v is equal to 1000, the nanowires with average thickness
of 20 nm and length of 4 ym are obtained but a con-
siderable amount of precursor particles directly transform
into spherical rutile particles. Therefore, certain amount
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Fig. 3. HREM (JOEL-2000EX) images of the nanowires along
the [110] direction. (A) low magnification image showing the
single crystal nanowire with the side surfaces of (110) planes
and the tip surface of {111} planes, (B) sketch of a such
nanowire, (C) profile image of a (110) side surface smooth at
atomic scale, (D) profile image of surfaces of the nanowire tip.

of NaCl is one of key points in the formation of rutile
nanowires.

Figures 4A-4C show the TEM images of the products
of the precursor powder with v = 400 annealed at 750 °C
for 5, 10 and 30 min respectively. In Figure 4A, the white
product consists of two kinds of small particles: small ir-
regular ones are identified as anatase phase and the larger
ones with rectangular shapes are rutile. With 10 mim an-
nealing only a few nanowires are observed (Fig. 4B). Af-
ter 30 mim annealing more nanowires are formed at ex-
pense of anatase particles (Fig. 4C) but the thickness of
the wires do not change much. Figure 4D shows the mag-
nified image of one of the wires selected from Figure 4C
in which some of the nanoparticles with anatase structure
are surrounded at the top of the wire tip. Almost all the
precursor particles are transformed into rutile nanowires
after annealing for 2 hours (see Fig. 2A), indicating that
solid state phase transformation exists in the formation of
rutile nanowires during annealing.



Fig. 4. TEM images of the products with same compositions
(y = 400) as those in Figure 2 but annealed at 750 °C for
different times: (A) 5 min, showing large amount of small ir-
regular particles with anatase structure and a few of rutile
rectangular grains; (B) 10 min, exhibiting very few of thin and
longer nanowires; and (C) 30 min, showing certain amount of
the nanowires; (D) the magnified image of one of the wires se-
lected from (C) in which some of the nanoparticles with anatase
structure are surrounded at the top of the wire tip.

For VLS [14] and SLS [15] approaches, whisker growth
requires a fluid phase (vapor in VLS and solution in SLS)
in which elements of the crystal phase can easily move
for a long distance. In our case, the Ti(OH), particles are
homogeneously dispersed in the NaCl particles without
aggregation or agglomeration. Here, at first NaCl plays
roles of separating the Ti(OH), particles and promoting
their diffusion. In order to get an idea of growth mech-
anism of the nanowires we have investigated the behav-
ior of the mixed powder before annealing by TEM and
found that the Ti(OH)4 particles move quickly under ir-
radiation of sufficiently intensive electron beam on the one
hand, and on the other we have looked steadily at one of
wires in the sample with v = 400 annealed at 750 °C
only for 30 mim by TEM (shown in Fig. 4D) and found
that small titania particles with diameter of ~4 nm moved
slowly both from nearby and the side surfaces towards
the tip of the rutile whisker and finally transformed into
the rutile structure at the tip under the irradiation of
the intensive electron beam. The process is schematically
illustrated in Figure 5. Therefore, the growth sequences
of the titania rutile nanowires during annealing are sug-
gested as follows: (1) when the powder containing NaCl
and Ti(OH)4 is heated up to 750 °C, certain amount of
rectangular rutile grains (or short whiskers) are formed as
nuclei and at same time the titanium hydroxide particles
are decomposed into anatase TiOy particles:

Ti(OH); — TiO, + 2H,0.

(2) Anatase particles diffuse and move to the short whisker
tips and then transform into the rutile structure on the
tip of the whisker due to mobility of atoms and bond
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Fig. 5. Schematic illustration of growth sequence of a rutile
nanowire by solid state phase transformation.

breakage [16], finally making rutile nanowires through
solid state transformation [17]. From these discussions it
seems that NaCl particles do not play direct role in the
above process. However, we can not obtain the titania
nanowires but only nanoclusters (shown in Fig. 1) with-
out NaCl. In order to study the effect of NaCl further we
have mixed Ti(OH)4 directly with sodium chloride pow-
der rather than in the form of microemulsion for anneal-
ing, and also observed existence of the TiO5 nanowires
after annealing although the nanowires formed in such
case are not uniform and the productivity is low. This im-
plies that sodium chloride particles play roles of not only
separating and promoting diffusion of Ti(OH), particles
mentioned above but also promoting formation of the rect-
angular rutile nanograins as well as transformation from
anatase to rutile during annealing. However, at present
we do not know the exact role of chemical reactions of
NaCl with TiO5 that lead to the formation of sodium ti-
tanates during the nanowire growth. Recently, Gesehues
has found Al*3-doped TiO, affecting the phase transfor-
mation and growth of titania [18]. It is possible that Na™
may contribute to the formation of rutile nanowires in a
similar way.

4 Nanoforks and their interfaces

In the above process the products mostly consist of
straight, rod-like whiskers. At the same time a certain
amount of TiO, twined crystals like nanoforks is formed,
shown in Figure 6. Two kinds of twined whiskers are
formed, and each with two legs constructing an angle
of 55° and 114° respectively. The legs have a common
[010] direction. However, in Figure 6a the two legs are
related by twinning on the (301) plane with each other,
and its selected area diffraction pattern (SADP) is taken
in Figure 8b. From Figures 6¢ and 6d the two legs of the
fork are related by twinning on (101) plane and the axis
of each leg is along the [001] direction.
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Fig. 6. (a) TEM image of a TiO2 nanofork with (301) inter-
face, and (b) selected area diffraction pattern of the twined
boundary between the two legs. (¢) TEM image of a nanofork
and (d) the SADP of its (101) twined boundary.

Microstructures of these twined boundaries have
been studied by high resolution electron microscope
(HREM). Figure 7a shows low magnification HREM im-
age of (301) twined boundary when electron beam is par-
allel to [010] direction. A dislocation can be seen and
the dislocation line parallel to the electron beam, i.e.,
along [010] direction. Figure 7b is the magnification image
of the area including the dislocation around the point B,
and this dislocation is screw dislocation because Burgers
vector is zero in the (010) plane (b = [010]). Figure 7c
is the magnification image of the area at C indicated in
Figure 7a, and at the twined interface a periodic struc-
ture appears with 6 distances between lattice plane (101),
quite different from the interfacial structure in the equilib-
rium condition [19]. Figure 8a is a HREM image of (101)
twined interface along [010] direction at low magnifica-
tion. There is a dislocation at the C point. Figure 8b is a
magnified image of B point in (a), the atom arrangement
is the same as the equilibrium structure. Figure 8c gives
a magnified image of the dislocation region in Figure 8a.
The dislocation is embedded in the interior of the twined
whisker and fringes are parallel to the twined interface.
An extra half atomic plane appears, indicating that the
Burger vector of this dislocation includes the component
of $[101]. Several other types of rutile TiOz twined nanos-
tructures are observed, such as a straight whisker with a
branch related by twinning on a (301) plane, a nanowire
with three legs, among which the two adjacent legs with
an angle of 55° while the middle leg twined with its two
neighbors + different {301} planes [20], etc. In fact a vari-
ety of morphologies of TiO5 twined nanowires have been
found, however, only two kinds of twins, (101) and (301)
twins exist, implying that the twin can form on any one
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Fig. 7. HREM images of (301) twined boundary: (a) low mag-
nification; (b) amplified image of B region in (a); (¢) amplified
image of C region in (a).

of the {101} or {301} planes. Similar situation also occurs
in SnOs, which has an isomorphous crystal structure with
rutile form TiOq [21].

5 Conclusions

We have developed the method using microemulsion sys-
tems not only synthesizing low cost TiO5 nanoclusters but
also preparing titania nanowires with rutile structure free
of defect through solid state phase transformation. Two
types of nanoforks with defined boundary structures are
constructed: one is a bent wire composed of two straight
whiskers related by twinning on a (101) plane with the an-
gle of 114° between the two legs, and the other by twinning
on a (301) planes with the angle of 55° between the legs.

Titania surfaces play an important role in het-
erogeneous catalysis, photo-catalysis, gas-sensing and
electrode-electrolyte interactions. The rutile (110) surface
has been used as an ideal, thermodynamically stable sur-
face in the study of semiconductor-gas interaction [22].
Titania used in these fields usually consists of particles
with several crystal planes of different indices [23]. The
TiOy nanowires prepared by our present method have
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Fig. 8. HREM images of (101) twined boundary: (a) low mag-
nification; (b) amplified image; (c) dislocation image at the
interface.

more than 99% of its surfaces consisting of {110} planes.
Furthermore, these nanowires are very easy to be curved
or bent without breaking, and radius of curvature of the
bent nanowires is as small as 500 nm. No grain bound-
ary is found and density of dislocations is estimated to
be ~7 x 101t cm~2, three or four order higher than that
for the bulk titania, demonstrating that such nanowires
are very soft and have novel mechanical property. There-
fore, the materials composed of such nanowires can not
only be employed as a prototype in the study of surface-
related properties, and made as nano-sensors with very
high sensitivity, but also can be used to weave a network
and fabricate ceramic membranes with high mechanical
strength and high temperature stability.

This work is supported by National Natural Science Founda-
tion of China (No. 29890210; 10074024).
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