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Abstract: The surfactant-mediated shape evolution of titanium dioxide anatase nanocrystals in nonaqueous
media was studied. The shape evolves from bullet and diamond structures to rods and branched rods.
The modulation of surface energies of the different crystallographic faces through the use of a surface
selective surfactant is the key parameter for the shape control.

Introduction of alkylamines on{001} facets, which hinders their growth.
Recently, it has been proven that anisotropic shapes can be
obtained even in highly symmetric crystal structures by enhan-
cing differences in growth rates of different facets. In the cubic
PbS systend,selective adhesion of thiol molecules onto the

The synthesis of inorganic nanocrystals with controlled shape,
potential materials with directional and shape dependent proper-
ties, is an important goal of advanced materials chemistry. Many
reports have described the shape controlled synthesis of aniso-
tropic inorganic nanocrystals in liquid media one general {111} faces results in fast growth along the0Qidirections,
approach being the growth of nanocrystals in the presence Ofproducmg cross- and star-shaped particles.
surfactants that selectively bind to specific crystalline fatels. Studies on nanocrystal shape evolution, however, have mostly
This method relies on the fact that faceted rather than sphericalbeen focused on specific materials and crystal shapes, limiting
seeds are nucleated and the different facets are characterizethe general understanding of the nanocrystal shape evolution
by different surface energies. Crystal growth rates are in turn Process and the possibility to exploit their growth mechanisms
exponentially correlated to the crystal surface energy, and for other materials and geometries. In particular, until now the
therefore anisotropic nanocrystal growth can result by enhancinguse of selective surfactants has been mainly limited to the
or reducing the surface energy by surfactant adhesion. production of anisotropic shapes arising from blocking or

We have Successfu”y app“ed this approach to Cha|cogenideretarding the grOWth along one or more directions by selective
semiconductors® and metd colloid synthesis. In the case of ~adhesion. A more interesting prospective application of surface-
hexagonally structured cadmium selenfdapd shaped nano-  Selective surfactants would be to finely tune the growth rate of
crystals are obtained by growing the nanoparticles in the the faces to follow the resulting shape evolution process. In
presence of alkylphosphonic acids. The rods are elongated alongeneral, highest energy facets are eliminated during crystal
the [001] direction as a consequence of the selective adhesiorgrowth; thus, progressive addition of a selective surfactant
of alkylphosphonic acids on the other directidrBisk shaped  should yield a sequence of shapes.

Co nanocrystafscan be formed as a result of strong adhesion  We address this issue by presenting the study of the shape
evolution process of titanium dioxide anatase nanocrystals via
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see whether the equivalent faces will follow the same fate during _ T

il *

crystal growth, as expected. a "’14, i

Carboxylic acids bind very strongly to anatase 001 facets, ﬁ X -
being still absorbed at temperatures as high as 750 K, as detectec '*jff“"‘ wf :
by temperature programmed desorption and STM observations. = & Y e e R,
On the basis of these results, the presence of surface-selective . g i
surfactants such as carboxylic acids in anatase crystallization  # «
may affect the outcome in the resulting crystal shape. it

In this paper, we vary the ratio of a nonselective and a surface '«
selective surfactant, which act upon the instrinsic anisotropic ¢
features of anatase, to induce the shape evolution ok TiO
nanocrystals from bullet and diamond to rod and branched
shapes. We use lauric acid (LA, Gl€H,);0COOH) as the
selective surfactant and trioctylphosphine oxide (TOPO,4CH
(CHy)7]3PO) as the nonselective surfactant.

" d

Experimental Section

General Methods.All procedures were carried out using standard

airless techniques under argon. All chemicals were purchased from - . S . .
q 9 P Figure 1. Shape evolution of Ti@ nanocrystals by increasing LA

Aldrich. Trloctylphophlne oxide (TOPO) and lauric acid were dried concentration: (a) bullet- and diamond-shaped nanocrystals, (b) short rods,
and degassed by heating at 1T for an hour before use. () long rods, (d) branched rods. Scale ka5 nm.

Synthesis of TiQ Nanocrystals.The synthesis of Ti@nanocrystals

with various shapes was accomplished by an alkyl halide elimination and TOPO, keeping the total surfactant amount constant. At

reactlor_1 between titanium chloride an_d titanium |soprop09<?dléyp|- low LA concentrations (2.0 mmol or lower), bullet- (3:6 12
cally, TiO, nanocrystals were synthesized by the following procedure. d di d- (3.5¢ 18 h d tal

A dioctyl ether solution (O£, 5.00 g) containing trioctylphosphine nm) .an Iamon ) (, ’ nm) shaped nanocrystals are
oxide (TOPO) and lauric acid (LA) was heated to 3@followed by obtained. By increasing the amount of LA to 4.0 mmol, the

addition of 2.0 mmol of titanium chloride under vigorous stirring. The  formation of rod-shaped nanocrystals with the diameter of 2.7
reaction was initiated by the rapid injection of 2.0 mmol of titanium NM is observed. The rods length distribution is bimodal, with
tetraisopropoxide (TTIO) into the hot solution. After-220 min, the peaks at 14.3 and 21.8 nm. A further increase of the LA amount
resulting solution was quenched with cold toluene and treated with to 8.0 mmol (high LA concentration) leads to similar results:
acetone to precipitate white flocculates that were subsequently separatedhn this case, however, slightly longer rods with lengths of 16.9
by centrifugation. The white powders obtained were washed twice with and 28.2 nm are obtained. Finally, when a large excess of LA
acetone and redissolved in toluene. o _ _is used 18.0 mmol), a mixture of nanorods and branched
Th_e relative ratio between TOPO and lauric acid was varied while nanorods is observed.

keeping the total amount of surfactant molecules to 20.6 mmol. For .

The structural development of the various shaped nanocrystals

the low LA concentration experiment, 2.0 mmol of LA and 18.6 mmol ) A . .
of TOPO were used. For the medium LA concentration experiments, &S monitored via high-resolution TEM, and the images are

4.0 mmol of LA and 16.6 mmol of TOPO were used. In the high and eported in Figure 2 together with the corresponding simulated
excess LA concentration experiments, 8.0 and 16.0 mmol of LA were three-dimensional structures. The bullet- and diamond-shaped
used, respectively. nanocrystals are elongated along [001] directions. A hexagon
Growth Kinetics Experiments. All growth kinetics experiments  shape truncated with twi@01} and four{ 101} faces (the [100]
were performed in a solution containing 8.0 mmol of LA and 12.8 projection of a truncated octahedral bipyramid) is observed at
mmol of TOPO in 5.00 g of OO at 300°C. Aliquots (~0.5 mL) one end of the bullet-shaped structures, the other end of the
were remc_)v_ed from the solution at_l, 2, 4, 8, 15, and 40 min after nanocrystal being faceted with tWd.01} faces. Likewise, a
tprrgcr?r:girn'njgit'gzgzgtq”f:\f:ﬁgryg; %‘!f?‘:ﬁ;;ﬂf?i’;’é For hexagon shape is observed at the center of the diamond-shaped
pening exp - 9 Y Ostructures, whose ends are both truncated {itb1} faces.

adopted. The products were washed through repeating redissolving an . . L .
precipitation processes with toluene and acetone, respectively. The high-resolution analysis indicates that the rods obtained

Characterization. Transmission electron microscopy (TEM) and DY increasing the LA concentration are also elongated along
high-resolution transmission electron microscopy (HRTEM) observa- the [001Xdirection. The rods exhibit a zigzag pattern{d01}
tions were carried out on a Technai 12 and Hitachi H9000-NAR faced® that can be regarded as repeating truncated octahedral
operating at an accelerating voltage of 100 kV and 300 kV, respectively. bipyramid units. The unit is also observed at the center of the
Powder X-ray diffraction (XRD) was performed on a Bruker-AXS D8  pranched nanocrystals obtained at high LA concentrations. In

general area detector diffraction SyStem (GADDS), USir‘Ig Go K thls case, however, the arms grOW out Of{ﬂ@]} faces Of the
radiation (1.790 26 A) operating at 45 kV and 35 mA. The data were seed.

collected in the & range from 20to 65’ at an< angle of 13. X-ray diffraction spectra (Figure 3) of the samples indicate

Results the presence of nanocrystalline anatase with a typical anisotropic
growth pattern along the [001] direction. A gradual increase in
the relative (004)/(200) intensities and a sharpening of the (004)
peak is observed in the spectra as the nanocrystal shape evolves

Figure 1 shows the shape evolution of titanium dioxide
nanocrystals obtained adopting different relative amounts of LA

(14) Tanner, R. E.; Liang, Y.; Altman, E. Surf. Sci.2002 506, 251.
(15) Trentler, T. J.; Denler, T. E.; Bertone, J. F.; Agrawal, A.; Colvin, VJL. (16) Similar patterns were observed previously. See: Chemseddine, A.; Moritz,
Am. Chem. Socl999 121, 1613. T. Eur. J. Inorg. Chem1999 235.
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Figure 2. HRTEM analyses and simulated three-dimensional shape of (a) a bullet, (b) a diamond, (c) a short rod, (d) a long rod, and (e) a branched rod.
The long axes of the nanocrystals are parallel toctagis of the anatase structure, while the nanocrystals are facetefMith faces along the short axes.
Hexagon shapes (the [010] projection of a truncated octagonal bipyramid) truncated w{tbG%ycand four{ 101} faces are observed either at the one end

or at the center of the nanocrystals. The branched shape is a result of the
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Figure 3. Powder XRD patterns of various shapes of titanium dioxide
nanocrystals: (a) bullet and diamond shapes, (b) short rods, (c) long rods.
The diffraction pattern of Ti@anatase is also reported as a reference.

from bullets and diamonds to short rods and long rods, as a
consequence of the extended crystalline domain along éxés.

Figure 4 reports the statistical analyses of the crystal growth
as a function of time for the rods obtained under high LA
concentration (8.0 mmol). These data indicate that during the
crystal growth stage the diameter of the rods is almost retained,
while the length increases with growth time up to a saturation
value. As mentioned previously, the rods have a bimodal size
distribution, which is retained from very early to longer growth
stages.

Discussion

The observed structural growth patterns suggest that the
injection of the TTIO precursor into the reaction solution induces

growth along [101] directions starting from the hexagon shape.3eale bar

faces with relatively low surface eneré&!3 Then, the final
shape of anatase nanocrystals is governed by the competition
between the relative surface energies of {881} and {101}

faces and, therefore, the growth rate ratio between [001] and
[101] directions Ggor and Gy, respectively).

In the absence of LA or at low LA concentrationrsd mmol),
the ratio between the growth rates along the [001] and [101]
directions is larger than the ratio between thanda lattice
parametersGioo > 2.7G101), thus bullet and diamond shapes
arise from the shrinking of th€001} faces and the complete
elimination of{ 001} faces at one or two ends of the truncated
octahedral bipyramid seed, respectively. The diamond shape
allows the crystal to expose on{y101} faces, which are the
lowest energy ones, as indicated by the fact that natural anatase
crystals facet to expose 101 pladéat high LA concentration,
however, LA selectively and strongly binds to @01} faces
through a bridge-bonding motfe’and slows down the growth
along thel@01directions. When the growth rate along the [001]
direction is close to 2.7 times that along the [101] direction
(G100~ 2.7Gs101), two Ti layers grow along the [001] direction
during the time of four Ti layers’ growth along the [101]
direction, according to crystal symmetry. Under this condition,
monomers continuously grow further onto b§®01} faces and
{103} faces of the truncated octahedral bipyramid seeds, in such
a way to expand th€101} faces during crystal growth while
preserving a constagD01} surface area. However, when the
(101) surface area reaches a critical value under the kinetically
driven regime, the formation of a step instead of further
homogeneous expansion of (101) surfaces leads to the growth
of faceted rods.

In agreement with HRTEM observations, XRD peak broad-
ening data indicate that by increasing the LA amount the crystal
is progressively elongated along the [001] direction. On the other
hand, when a very large excess of LA is used mmol), the

the formation of TiQ truncated octahedral bipyramid seeds
terminated by{ 001} faces with high surface energy aptio1}

(17) Zhang, H.; Penn, R. L.; Hamers, R. J.; Banfield, JJ.Fhys. Chem. B
1999 103, 4656.
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Figure 4. Statistical analyses of the size of long rods obtained at the LA concentration of 8.0 mmol as a function of growth time: (a) mean diameter
distribution, (b) mean length distribution, and (c) length distribution.

growth along[@01ldirections is highly hindered and growth
out of {101} faces of seeds is favored, resulting in branched
structures with various geometries.

By selectively binding to th¢ 001} faces, the effect of LA
is also to slow the growth rates of these faces. As a consequence,
under high LA amounts in order to have a growth of {i€1}
surfaces without increasing simultaneously {081 surfaces,
an anisotropic growth is favored with respect to an isotropic
growth. The result is the observed rod structure elongated along
the 01 direction with zigzag patterns §fl01} faces, allowing
the increase of thg101} surface area while preserving the (100)
surface area.

It is noteworthy that the zigzag patterns observed are very
similar to the ones obtained for titanium dioxide in hydrolytic
media by oriented attachmelitin that case, the zigzag pattern
arises from the alignment of truncated octahedral bipyramid
units through an oriented attachment process, possibly mediated
by surface oxygen (or hydroxyl) molecules. The attachment
between truncated octahedral bipyramid units occurs at high
energy facets, allowing the elimination of the surfaces at which
the crystals join. The authors observed that the presence of
surface-selective surfactants may hinder the oriented attachment
during hydrothermal growth. Insights are offered on whether
in the present case the mechanism responsible for the formation
of the observed shapes is the anisotropic growth through addition
of monomers onto the high energy surface or an oriented
attachment mechanism can be obtained by the rod size distribu-
tion and growth pattern analysis. A bimodal length distribution
is observed for the long rods, which could possibly be explained
through both growth mechanisms. On the other hand, a bimodal
length distribution is observed also in the short rods obtained
by medium LA amounts, as well as in the sample obtained by
low LA amounts where the two average sizes correspond to

b g 1K

. . . Figure 5. Time dependent shape evolution of pi@anorods: (a) 0.25 h,
either bullet- or diamond-shaped nanocrystals (see Supportmg(bg)] 24 h, (c) 48 h. pScaIe bae 58 nm. (@)

Information). These data suggest that the bimodal size distribu-
tion arises from the growth out of either one or both (001) faces of the seed. As the anatase structure is characterized by central
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symmetry of along the [001] axes, the simultaneous growth on Conclusions

the two (001) faces. would rather b_e expected. o We report the shape evolution process of titanium dioxide
A related effect is observed using excess LA conditions, nanqcrystals in nonaqueous media in the presence of surfactants.

where branched structures with less than four branches arernq ghape of the obtained nanocrystals evolves from sphere to
observed (see Supporting Information), indicating an inhibition bullet, diamond, rod, and branched rod, the growth patterns

of growth on some of the (101) faces. Nonequivalent growth peing determined by the minimization of the surface area

from equivalent faces has been already obsérvedthe associated with the high energy facet. The relative energy of
anisotropic growth of branched CdS nanocrystals. In that case g crystal facets can be varied exploiting crystallographically

the temperature and concentration dependences show that thiggective adhesion of surfactants, indicating that surface energy

effect is attributable to a kinetically controlled growth.

control by surfactant molecules is a powerful tool for tailoring

The observed increase of the length of the rods as a functionnanocrystal shape even in the case of metal oxides.

of time up to a saturation value provides further insight on the

growth mechanism, suggesting the presence of a monomer

Acknowledgment. We thank the Electron Microscopy Labor-

growth process. When an oriented attachment mechanism isatory (EML) for the use of their facilities, Mr. S.-M. Lee, Y .-
effective, an exponential (or linear) length dependence upon H- Kim, J.-I. Park, Y.-B. Lee (KBSI), and H. Ryoo (KRISS)
the growth time would be expected, as a result of the growth for HRTEM analyses, Dr. L.-S. Li and Dr. L. Manna for helpful
of nanocrystals occurring through attachment either betweendiscussions. Funding was provided by the DOE and AFOSR

rods and rods or between rods and spheres.

The evolution of rods as a function of longer growth times
was monitored by TEM analysis and is reported in Figure 5.
The TiO, nanocrystals simultaneously convert from rods to small
single crystalline spheréas a function of the growth time. This
result indicates that the minimization of the overall surface
energy is achieved preferentially by dissolution and regrowth
of monomers during an Ostwald ripening rather than by
interparticular aggregation proces¥e$1® such as oriented
attachment.

(18) Pacholski, C.; Kornowski, A.; Weller, HAngew. Chem., Int. E2002
41, 1188.

(19) Banfield, J. F.; Welch, S. A.; Zhang, H.; Ebert, T. T.; Penn, RStience
200Q 289, 751.

and National R&D Project for Nanoscience and Technology,
Korea Ministry of Commerce, Industry, and Energy (Nanostan-
dardization 10001948), the Advanced Backbone IT Technology
Development Project (IMT 2000-B3-2) of Korea, and Interna-
tional Scientific Collaboration Program of School of Molecular
Science (BK21) of KAIST. M.F.C. thanks the University of
Cagliari, Italy, for financial support.

Supporting Information Available: Statistical analyses of the
length distribution of the samples obtained at low and medium
LA concentrations; TEM and HRTEM of branched structures
with less than four branches. This material is available free of
charge via the Internet at http://pubs.acs.org.

JA0369515

J. AM. CHEM. SOC. = VOL. 125, NO. 51, 2003 15985



