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itanium dioxide nanoparticles (TiO,

NPs) have received a great deal of at-

tention owing to their potential ap-
plication in a wide range of fields such as
photocatalysis, dye-sensitive solar cells,
photochromic devices, and gas sensing.
These applications originate from the
unique physical and chemical properties of
TiO, which depend not only on the crystal
phase and particle size but also on the par-
ticle shape.® '3 For instance, Joo et al. dem-
onstrated that TiO, nanorods exhibit supe-
rior photocatalytic inactivation of
Escherichia coli than that of Degussa P-25.2
Moreover, changing the shape of nano-
crystals (NCs) is more flexible and provides
more variable electronic states than simply
changing the size of the system.'* Control-
ling the shapes of TiO, NPs is thus of key im-
portance in the fabrication of materials
with desired properties.

There have been, over the past decades,

a number of synthetic routes to the prepa-
ration of TiO, NPs. For example, conven-
tional hydrolytic sol—gel process and emul-
sion precipitation' "7 performed at
relatively low temperature yield amorphous
products with polydisperse particles, and
subsequent calcination is needed to induce
crystallization. Furthermore, hydrolytic reac-
tion rates are often too high, especially
with transition metal precursors, making it
difficult to control the processes.'® Because
of fast hydrolytic reactions, slight changes
in kinetics may lead to dramatic changes in
size and shape of the final materials. Re-
cently, a nonhydrolytic process usually con-
ducted at elevated temperature could pro-
duce monodisperse TiO, NPs with high
crystallinity.' 22 The use of oxygen donors
other than water in nonhydrolytic condi-
tions results in a drastic decrease in the re-
action rate, leading to a slow growth pro-
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ABSTRACT A versatile synthetic method based on solvothermal technique has been developed for the

fabrication of Ti0, nanocrystals with different shapes such as rhombic, truncated rhombic, spherical, dog-bone,

truncated and elongated rhombic, and bar. The central features of our approach are the use of water vapor as

hydrolysis agent to accelerate the reaction and the use of both oleic acid and oleylamine as two distinct capping

surfactants which have different binding strengths to control the growth of the Ti0, nanoparticles. We also show

that the presence of an appropriate amount of water vapor along with the desired oleic acid/oleylamine molar

ratio plays a crucial role in controlling size and shape of Ti0, nanocrystals.
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cess of particles. Furthermore, for the
control of TiO, NP morphology, in addition
to the control of reaction rate, the use of
surfactants which selectively adsorb on par-
ticle surfaces has also been shown to play
a crucial role.?*~% For example, Jun et al.?
reported the synthesis of bullet-, diamond-,
and rod-shaped TiO, via a nonhydrolytic
process, which employed both lauric acid
as selective surfactant and trioctylphos-
phine oxide as nonselective surfactant.
However, a comparatively low reaction
rate of nonhydrolytic reactions compared
to that of hydrolytic reactions limits severely
the diversity in possible NP morphology,
and as a consequence, few examples of
controlled shapes of TiO, NPs have been re-
ported so far. Efforts have been devoted to
combine both hydrolytic and nonhydrolytic
reactions in tailoring the size and shape of
TiO, NPs by adding a certain amount of wa-
ter to nonaqueous media.?* 28 For instance, Li
et al.?® used linoleic acid as a capping agent
and water produced from the in situ decom-
position of NH4HCO; as a hydrolysis agent for
the synthesis of TiO, NPs. Differently, Wu et
al¥’ prepared rhombic-shaped anatase NCs
by using a trace amount of water and oleyl-
amine as hydrolysis agent and capping
surfactant, respectively. Nevertheless, the
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RESULTS AND DISCUSSION

Figure 1 shows TEM images of the
TiO, NPs synthesized by varying
the OA/OM molar ratio, while leaving
the molar ratio of titanium n-butoxide
(TB) and surfactants unchanged (i.e., TB/
(OA + OM) = 1:10). When the OA/OM
mole ratio is 4:6, rhombic-shaped TiO,
NPs with uniform size are obtained (Fig-
ure 1A). By increasing the OA/OM molar
ratio to 5:5, smaller TiO, NCs with trun-
cated rhombic shape are produced (see
Figure 1B and Figure S1 in Supporting
Information). A further increase of this
ratio up to 6:4 leads to the formation of
spherical particles with an average size
of 13 nm (Figure 1C). One can also point
out that, in all cases studied here, no
large particles were observed and the
TiO, NPs remained monodisperse in size.
The crystallinity of the synthesized
samples was verified by powder X-ray
diffraction (XRD). As seen in Figure S2
(Supporting Information), the XRD pat-
terns of TiO, NPs with (a) rhombic, (b)
truncated rhombic, and (c) spherical

Figure 1. TEM images of (A) the rhombic shapes obtained at TB#OA/OM = 1:4:6; (B) trun-
cated rhombic shape obtained at TB/OA/OM = 1:5:5; (C) spherical shape obtained at TB/
OA/OM = 1:6:4. Insets show high-magnification images of the corresponding shapes. (D)
SAED of truncated rhombic TiO, nanoparticles.

development of facile and reproducible syntheses of
shape-controlled TiO, NCs with high crystallinity still re-
mains a great challenge.

Herein, we report a new approach based on a solvo-
thermal technique for the tailored synthesis of TiO, NCs
with controlled shapes (e.g., rhombic, truncated rhom-
bic, spherical, dog-bone, truncated and elongated
rhombic, and bar). The central features of our approach
are the use of water vapor as the hydrolysis agent to ac-
celerate the reaction and the use of both oleic acid
(OA) and oleylamine (OM) as two distinct capping sur-
factants, which are commonly used as capping agents
in shape-controlled synthesis of inorganic nanocrys-
tals®®~3' and have different binding strengths to con-
trol the growth of the TiO, NCs. OA was chosen because
the carboxylic acid functional groups have previously
been demonstrated to tightly bind onto the TiO, sur-
face and favor the formation of TiO, nanorods.'%2628
OM, on the other hand, was chosen as it was proven ef-
fective as surfactant to prepare TiO, nanosheets and
rhombic-shaped TiO, nanocrystals.?” Titanium butox-
ide was chosen as titanium source as it exhibits a low
hydrolysis rate owing to a longer alkyl group that slows
down the diffusion and polymerization processes.3%33
Slow hydrolysis of titanium butoxide is favorable in
forming TiO, nanocrystals with controlled morphology.
We also show that the presence of an appropriate
amount of water vapor along with the desired OA/OM
molar ratio plays a crucial role in controlling size and
shape of TiO, NCs.
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shapes exhibit well-defined peaks as-

signed to the pure anatase phase (JCPDS File No. 21-
1272), indicative of the high crystallinity of these
samples. The highly crystalline anatase phase is also re-
vealed by selected area electron diffraction (SAED), as
shown in Figure 1D and Figure S3 (Supporting Informa-
tion). The rings can be clearly indexed to diffraction
from the (101), (004), (200), (105), (211), and (204) planes
of anatase. To confirm the shapes of the obtained TiO,
NCs, we estimated the average crystallite sizes of ana-
tase NCs by using the Scherrer formula. The average
crystallite sizes of rhombic TiO, were estimated from
the (101) and (004) diffraction peaks using the Scherrer
formula to be 18 and 38 nm, respectively. Comparing
with the TEM images, these two sizes correspond to the
width and length of rhombic TiO, NCs, respectively.
The thickness along the [010] direction of rhombic TiO,
NCs is difficult to observe by TEM as these NCs have a
tendency to lie in the (010) plane.?*3* However, the
thickness can be estimated using the formula L(010) =
0.364L(211), where L(010) is the crystallite size in the
[010] direction, corresponding to the thickness of rhom-
bic TiO, NCs, and L(211) is the crystallite size obtained
from the (211) diffraction peak.>* From this formula, the
thickness of rhombic TiO, NCs is found to be 9.5 nm.
In the case of truncated rhombic TiO, NCs, the average
crystallite size estimated from the (004) diffraction peak
corresponding to the crystal length is about 18 nm, in
good agreement with the TEM results.

It is established that the formation of TiO, under-
goes two main steps: (i) hydrolysis of titanium precur-
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sors to produce unstable hydroxyalkoxides, and (i) sub-
sequent condensation reactions by means of olation
or oxolation to form a Ti—O—Ti network.3> The rate of
these two processes affects dramatically the shape of
the final NC products. In the presence of both water and
carboxylic acid, titanium alkoxide can readily react with
water or acid?®3¢ to form hydroxyalkoxide or carboxy-
alkoxide, respectively. Subsequently, the reaction be-
tween these precursors via a hydrolytic condensation
or a nonhydrolytic condensation process produces ex-
tensive Ti—O—Ti networks. In general, in the case of ti-
tanium, the hydrolytic process is fast, while the nonhy-
drolytic process is relatively slow.'® Control of the rate of
these growth processes is thus essential for tuning the
shape evolution of the TiO, particles.

In our system, a mixture of ethanol and water was
used to generate water vapor which acts as the hydroly-
sis agent. It is assumed that TB first reacts with water va-
por that is generated at elevated temperature to pro-
duce hydroxyalkoxide species. This precursor then re-
acts with OA to form carboxyalkoxide or with other
hydroxyalkoxides through hydrolytic condensation as a
function of the amount of water and OA used. Note that
the formation of carboxyalkoxide is here an important
step that determines the evolution of TiO, crystals. The
existence of a carboxylic chain can effectively hinder
the attack of water at the metal centers. As a result, the
hydrolytic condensation is limited. For that reason, the
amount of water vapor must have a great influence on
the morphology of the TiO, particles. To help clarify this
point, experiments were carried out to study the effect
of water. The TB/OA/OM molar ratio was fixed at 1:6:4,
and absolute ethanol or water was used instead of a
mixture of ethanol/water. We observed that, when eth-
anol was used alone, monodisperse TiO, nanodots
were obtained. In contrast, when only water was used,
larger NPs with cubic shape and some aggregated TiO,
NPs were found (Figure S4 in Supporting Information).
These results indicated that, with a large amount of wa-
ter, TB reacts vigorously with water through hydrolytic
process, leading to the aggregation of the particles,
whereas in the absence of water, the formation of TiO,
NCs undergoes slow nonhydrolytic reaction, which gen-
erally produces nanodots or nanorods.'2'924

It is documented that, by using surfactants possess-
ing different functional groups with distinct binding
strengths, the morphology of resulting particles may
be controlled.’’ 73 In the case of TiO,, OA binds strongly
to the anatase {001} faces,?® whereas OM tends to ad-
here on the {101} ones.’? The selective bindings of these
surfactant molecules to different facets of TiO, restrict
the growth in corresponding direction. In the present
system, OA and OM were used not only as capping
agents but also as an acid—base pair catalyst, which
also contribute to increase the condensation rate with-
out affecting the hydrolysis rate."” Moreover, as men-
tioned above, OA can react with TB or hydroxyalkoxide
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Scheme 1. Schematic representation showing the shape
evolution of TiO, NCs as a function of the OA/OM ratio.

to generate carboxyalkoxide species which slow down
the hydrolytic condensation process. OM, on other as-
pect, can promote the nonhydrolytic condensation pro-
cess by aminolysis reaction with titanium carboxyla-
Ikoxide.?* It is therefore expected that, by modulating
the OA/OM molar ratio, the shape of TiO, NCs may be
controlled. A series of control experiments were per-
formed with 11 different OA/OM ratios, while keeping
the amount of TB and the total surfactant amount con-
stant to elucidate the effect of OA/OM molar ratios to
the shape of TiO, NPs. It is found that, when the OA/OM
ratio is less than 4:6, only rhombic-shaped TiO, NPs are
formed (Figure S5, Supporting Information). The shape
evolution in the range from 4:6 to 5:5 and 6:4 of the
OA/OM ratio is further illustrated in Figure TA—C. When
this ratio is higher than 6:4, the NC size decreases mark-
edly and nanodots of TiO, are obtained (Figure S6, Sup-
porting Information). Moreover, two additional experi-
ments were also performed using only OA or OM. In the
absence of OA, only the rhombic shape was observed,
whereas a mixture of spherical particles and nanodots is
produced in the absence of OM (Figure S7, Supporting
Information). These results confirm the cooperative ef-
fect of a combination of OA and OM on the resulting
particle shapes.

The shape of TiO, NCs is determined by the growth
rate ratio between [001] and [101] directions.?>4%41 In
the absence of OA or at low OA/OM ratio, hydrolytic re-
actions are predominant in the system, and the forma-
tion of NPs is thus a fast process. Due to high surface en-
ergy of the {001} faces,*? growth along [001] is occurring
progressively, leading to the depletion of the {001}
faces. In contrast, the low surface energy of {101} faces*?
and the adhesion of OM to these faces hinder the
growth along the [101] direction. As a result, rhombic-
shaped TiO, NPs are obtained (Scheme 1). A similar ob-
servation was also reported by Wu et al.?’ using OM as
a capping agent. Increasing the OA/OM ratio slows
down the rate of the reaction. The presence of a rela-
tively large amount of OA limits the growth along [001]
as OA binds selectively to the {001} faces. Consequently,
the surface area of the {001} surfaces is preserved. Crys-
tals grow on both {001} and {101} faces, leading to the
truncated rhombic or spherical NPs, as shown in Fig-
ure 1B,C. However, when a large excess of OA is used
(OA/OM ratio >6:4), the growth process undergoes
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Figure 2. TEM images of (A) dog-bone-shaped TiO, obtained at TB/OA/OM = 2:6:4; (B) truncated
and elongated rhombic TiO, obtained at TB/OA/OLA = 2:5:5. Insets are high-magnification images
of the corresponding shapes (left, longitudinal view; right, cross view on panel B).
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Figure 3. XRD patterns of (a) elongated rhombic-shaped TiO,, (b) truncated
and elongated rhombic-shaped TiO,, (c) dog-bone-shaped TiO,, and (d)
spherical-shaped TiO,. The XRD pattern of spherical-shaped TiO; is shown

again for comparison.

nonhydrolytic condensation rather than a hydrolytic

one. Since OA can be adsorbed on almost all of the sur-

face of TiO,, the crystals grow mainly on high surface

energy faces (i.e., {001} faces), leading to the formation

of nanodots and nanorods.
Previous studies demonstrated that varying the
amount of metal precursor also plays an important

role in the size and shape evolution of NPs.#*** We have
thus doubled the amount of TB and kept other param-
eters unchanged, which corresponds to the TB/OA/OM

molar ratios of 2:6:4, 2:5:5, and 2:4:6 instead of 1:6:4,
1:5:5, and 1:4:6 (see Scheme S1, Supporting Informa-

tion). It was found that, when a 2:6:4 ratio was applied
instead of 1:6:4, the shape of TiO, evolved from spheri-
cal (Figure 1C) to uniform dog-bone-like particles (Fig-
ure 2A and Figure S8A in Supporting Information). This

resulting shape of TiO, NCs is, to our knowledge, the

ACS) @) . .
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first time found for TiO, NCs. For
a ratio of 2:5:5 compared to 1:5:5,
a change in the morphology from
truncated rhombic (Figure 1B) to
elongated and truncated rhombic
particles was observed. The NPs
tended to assemble and lay on the
(001) plane (Figure 2B and Figure
S8B in Supporting Information).
With the 2:4:6 ratio, the formation
of elongated rhombic particles
was observed (Figure S9, Support-
ing Information) compared to the
rhombic shape obtained with the
1:4:6 ratio.

The powder X-ray diffraction
patterns (Figure 3) of these samples indicated their
single anatase phase. In addition, the (004) diffraction
peaks of these three samples appear stronger and
sharper, compared to that of spherical TiO,, suggest-
ing the evolution along the [001] direction of TiO, NPs.2
The elongation of resulting TiO, NCs with increasing
the amount of TB may arise from anisotropic crystal
growth at high monomer concentration.**4°

To elucidate the mechanism of formation of the
elongated titania particles, we have fixed the OA/OM ra-
tio at 6:4 and gradually increased the amount of TB. Dif-
ferent TB/total surfactant ratios were selected (i.e., TB/
total surfactant = 1.3:10, 1.6:10, 2:10, and 4:10). It is
found that, with increasing the ratio from 1.3:10 to
1.6:10, the shape of TiO, NCs changed from elongated
sphere to dumbbell, as viewed in Figure 4A,B. When the
ratio was 2:10, uniform dog-bone-shaped TiO, was ob-
tained (Figure 2A). However, when this ratio was further
increased to 4:10, the shape of the resulting NCs re-
mained unchanged, but larger and less uniform par-
ticles were obtained (Figure S10, Supporting Informa-
tion). It is worth mentioning that, owing to the polar en-
vironment, the surfactant-capped NCs spontaneously
precipitated at the bottom of the Teflon cup as they
reached critical size and shape in this kinetically driven
regime.

It has been demonstrated before that the reaction
temperature has a great influence on tuning the mor-
phology of different kinds of NCs.*64” We have fixed the
TB/OA/OM ratio at 1:6:4 and conducted experiments
with the temperature selected in the range of 100—180
°C to investigate the effect of the reaction temperature
on the shape of TiO, NCs. The results revealed that no
TiO, particles were observed at 100 °C. When the tem-
perature was increased to 120 °C, small TiO, nanodots
were obtained, as illustrated in Figure S11 (Supporting
Information). Increasing the temperature to 140 °C led
to the formation of uniform nanobars of TiO, with a size
of ca. 11 X 20 nm, as observed in Figure 5A and Fig-
ure S12 (Supporting Information). To the best of our
knowledge, although various shapes of TiO, NCs have
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Figure 4. TEM images of (A) elongated spherical TiO, obtained at TB/#OA/OM = 1.3:6:4; (B) dumbbell TiO, obtained at TB/

OA/OM = 1.6:6:4.

OA/OLA = 1:7:3 at 140 °C.

been synthesized, the synthesis of such monodisperse
TiO, nanobars has not been reported yet. When the re-
action was performed at 160 °C, a mixture of spherical
particles and nanodots of TiO, was observed (Figure
$13, Supporting Information). However, further increas-
ing the temperature to 180 °C yielded uniform TiO,
NCs with spherical shape, as shown in Figure 1C. When
the reaction temperature was increased, the shape of
TiO, NCs evolved from an anisotropic form to an isotro-
pic one (i.e., from nanodots to spherical particles). This
can be ascribed to the balance between the kinetic and
thermodynamic growth regimes.*’ In the kinetic re-
gime, the crystals grow rapidly on the faces with high
surface energy, leading to TiO, nanodots. However,
when the growth temperature is increased to a value
that provides sufficient thermal energy, the shapes of
TiO, NCs change to more thermodynamically stable
spherical shapes through the intraparticle ripening and
interparticle Ostwald ripening processes.

We have thus demonstrated above that the applica-
tion of relatively high OA/OM molar ratio (i.e., OA/OM
ratio >6:4) leads to the formation of nanodots and
nanorods, that nanodots could be obtained at low tem-
perature, and that variation of OA/OM ratio changed
the shape of TiO, NCs. On the basis of these results, ad-
ditional experiments were performed with applying dif-
ferent TB/OA/OM molar ratios (i.e.,, TB/OA/OM = 1:7:3

www.acsnano.org

and 1:8:2) at relatively low temperature (i.e., 140 °C) to
obtain TiO, nanodots with different aspect ratios. As ex-
pected, the diameter of the resulting nanodots de-
creases dramatically while the nanodot length de-
creases only slightly with increasing OA/OM ratio (see
Figure 5A,B and Figure S14, Supporting Information).
The nanodot diameter decreases from 11 to 6 nm and
to 3 nm with increasing OA/OM ratio from 6:4 to 7:3 and
to 8:2, respectively, while the nanodot length is essen-
tially intact. This result can be interpreted by the fact

Titanium butoxide

Oleic acid
Oleyl amine
Ethanol
4
;» = 255
S § L
>“ C}f‘-l
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Controlled growth

Scheme 2. Schematic illustration of the overall formation and shape

evolution of TiO, NCs.
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that, when a large amount of OA is employed, the ad-
sorption of OA on {001} faces is saturated. As a high OA
concentration in the synthesis solution, OA also ad-
sorbs on the {101} faces. This could eventually inhibit
the growth in the [101] direction. As a result, the diam-
eter of nanodots decreases substantially with increasing
the OA concentration. The formation mechanism and
shape evolution of TiO, NCs can be schematically illus-
trated in Scheme 2.

CONCLUSION

In conclusion, we have demonstrated the synthe-
sis of TiO, nanocrystals with various shapes, such as
rhombic, truncated rhombic, spherical, dog-bone,
truncated and elongated rhombic, bar, and dots, by

EXPERIMENTAL DETAILS

Chemicals: All chemicals were used as received; titanium(1V)
butoxide (TB, 97%), oleic acid (OA, 90%), and oleylamine (OM,
70%) were purchased form Aldrich. Absolute ethanol and tolu-
ene solvents were of analytical grade and were also purchased
from Aldrich.

Synthesis of Ti0, NCs: The synthesis of TiO, NCs with various
shapes was accomplished using a solvothermal method. Typically,
TB (5—10 mmol) was added to a mixture of X mmol OA, Y mmol
OM, and 100 mmol absolute ethanol (X + Y = 50). Xand Y were var-
ied to gain different OA/OM ratios. For example, to synthesize
TiO, with truncated rhombic shape, 5 mmol of TB was added to a
mixture of 25 mmol OA, 25 mmol OM, and 100 mmol absolute eth-
anol. The obtained mixture in a 40 mL Teflon cup was stirred for
10 min before being transferred into a 100 mL Teflon-lined stain-
less steel autoclave containing 20 mL of a mixture of ethanol and
water (96% ethanol, v/v; see Scheme S1, Supporting Information).
The concentration of ethanol was used at the azeotropic point so
that the amount of water vapor did not change much during the
crystallization process. The system was then heated at 180 °C for
18 h. The obtained white precipitates were washed several times
with ethanol and then dried at room temperature. The as-
synthesized TiO, NP products were dispersed in nonpolar solvent,
such as toluene. To investigate the effect of water on size and
shape of resulting TiO, NPs, two experiments with pure absolute
ethanol and with pure water were also carried out.

Characterization: Transmission electron microscope (TEM) im-
ages and selected area electron diffraction (SAED) of TiO, NPs
were obtained on a JEOL JEM 1230 operated at 120 kV. Samples
were prepared by placing a drop of a dilute toluene dispersion of
nanocrystals onto a 200 mesh carbon-coated copper grid and
evaporated immediately at ambient temperature. The X-ray diffrac-
tion patterns of the samples were obtained on a Bruker SMART
APEXII X-ray diffractometer operated at 1200 W power (40 kV, 30
mA) and equipped with a Cu Ka radiation source (\ = 1.5418 A).
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Supporting Information

TB:0OA:OM=

180 °C, 18h

Titanium butoxide
Oleic acid
Oleyl amine
Ethanol

Titanium butoxide
Oleic acid
Oleyl amine
Ethanol

Scheme S1. Schematic illustration of the synthesis of TiO, nanocrystals with different sizes and

shapes.



Figure S1. Low magnification TEM image of truncated rhombic shape TiO, obtained at TB:OA:OM

=1:5:5.
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Figure S2. XRD patterns (a) rhombic shape obtained at TB:OA:OM = 1:4:6; (b) truncated rhombic

shape obtained at TB:OA:OM = 1:5:5; (c) spherical shape obtained at TB:OA:OM = 1:6:4.



Figure S3. SAED images of (A) rhombic shaped TiO, and (B) spherical shaped TiO,.



100 nm

Figure S4. TEM images of TiO, nanocrystals obtained (A) with pure ethanol vapor; (B) with pure

water vapor (TB:OA:OM = 1:6:4).



Figure S5. TEM images of rhombic shaped TiO, obtained at low OA:OM ratios: (A) TB:OA:OM =

1:2:8, and (B) TB:OA:OM = 1:3:7.
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Figure S6. TEM images of nanodot TiO, obtained at high OA:OM ratio: (A) TB:OA:OM = 1:8:2, and

(B) TB:OA:OM = 1:7:3.



(A) with OM,

TEM images of TiO, nanocrystals obtained using only one surfactant

Figure S7
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bone shaped TiO, obtained with TB

Figure S8. Low magnification TEM images of (A) dog-

OA:OM = 2:5:5.

4, and (B) truncated and elongated rhombic TiO, obtained with TB:
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=2



Figure S10. TEM image of TiO, nanocrystals obtained with TB:OA:OM = 4:6:4.
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Figure S12. High-magnification TEM image of TiO; nanocrystals obtained with TB:OA:OM = 1:6:4

at 140 °C.
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1:6:4 at 160 °C.

Figure S13. TEM image of TiO, nanocrystals obtained with TB:OA:OM

S14. TEM image of TiO; nanocrystals obtained with TB:OA:OM = 1:8:2 at 140°C
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