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with the oleic acid and oleylamine volume ratio at 5/5, 4/6 and 3/7, respectively. X-ray diffraction (XRD) and selected area
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electron diffraction (SAED) results show that all of the three shapes of TiO, nanocrystals are highly crystallized anatase.

Furthermore, for the first time, horizontal and vertical two-dimensional superlattices have been self-assembled with all

three shapes of TiO, nanocrystals by controlling the amount of TiO, nanocrystals solution and the oleic acid. The self-

assembly process is primarily driven by maximization of the packing density and tuning entropic depletion attraction

forces. In addition, the nanodots, nanorods and nanospheres of TiO, nanocrystals have been obtained with various

amount of H,0, (0 ml, 0.05 ml, and 0.25 ml). These ordered two-dimensional superlattices may be suitable for the

fabrication of functional ultrathin films which take full advantage of the directional and shape-dependent properties for

wide ranging devices.

Keywords: titania nanocrystals, shape-controlled, self-assembly, supperlattices.

1 Introduction

Titanium dioxide nanocrystals (TiO, NCs) have attracted
tremendous attention due to their potential applications in
many fields such as catalysis, photovoltaic cell, electron field
emission and sensors.”® These applications arise from the
unique chemical and physical properties of TiO, NCs, which
depend on both the particle size, the crystal phase and the
particle shape, even surface structure 5 Controlling the
shapes and sizes of TiO, NCs is vital important in the
fabrication of nanomaterials with desired properties. The
solvothermal technique is widely used to tailor the high energy
facets owing to its versatile ability in controlling the nucleation
and growth behaviors of nanoparticles. Surface energies of
different surfaces of TiO, NCs can be decreased effectively by
the selective adsorption of appropriate inorganic ions or
organic molecules as surfactants, so that the growth rates
along specific orientations can be controlled.™™* For instance,
Chen et al.*® used sodium fluoride as the shape control agent
to prepare highly crystalline TiO, NCs enclosed by {101} and
{001} facets via a simple microemulsion method. Similarly, the
exploration of effective shape control agent for simple,
economical, and green synthesis of homogeneous TiO, NCs is
still highly desirable. In addition, uniform TiO, NCs with
different shapes can act as building blocks to form ordered
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superlattices through self-assembly process.

Self-assembly of colloidal nanocrystals
superlattices is emerging as a bottom-up approach to design
and fabricate novel functional materials with tailored physical
and chemical properties, which are promising for wide ranging
devices, such as lasers, solar cells, photodetectors and LEDs.*®
2 The collective properties of the superlattices can be
determined not only by the intrinsic characteristics of the
building blocks, but also by the synergistic interactions among
the building blocks. Therefore, these collective properties can
be engineered by the selection of the colloidal nanocrystals
(with different size, shape, surface), as well as spatial
symmetry of the resulting self-organized superlattice.n'23
Although great advances have been achieved recently for the
self-assembly of colloidal nanoparticle,zg’26 only a few studies
have been reported on the self-assembly of TiO, NCs. Wang
and co-workers obtained several ordered superlattices of
anatase TiO, nanorods,27 but how to achieve TiO, NCs with
different shapes into anisotropic superlattices remains a great
challenge.

In this paper, a facile solvothermal technique is performed
to fabricate TiO, NCs with different shapeszs, which combines
oleylamine (OM) and oleic acid (OA) as two distinct capping
ligands. The key feature of our approach is to use H,O, as
hydrolysis agent instead of H,O vapor, because the H,0, can
easily react with titanium butoxide (TB) to form stable complex
precursors. However, TB may react with H,0 to produce
unstable hydroxyalkoxides at room temperature. Bone-cuboid,
spindle and rhombic TiO, NCs are obtained with the OA/OM
volume ratio at 5/5, 4/6 and 3/7, respectively. Subsequently,
for the first time, the three shapes of TiO, NCs were all self-

into ordered

J. Name., 2013, 00,1-3 | 1



HEEHRSCIAdvances: sl

ARTICLE

assembled into horizontal and vertical two-dimensional (2D)
superlattices by the liquid-air interface method. Finally, we
analyzed these assemblies’ structures and investigated several
parameters that affecting the packing behaviors of the TiO,
NCs. The self-assembly process is primarily driven by the
packing density and the entropic depletion attraction forces. It
is also found that TiO, NCs with a small truncation play a vital
role in controlling the resulting superlattices. Moreover, the
nanodots, nanorods and nanospheres of TiO, NCs have been
obtained by changing the amount of H,0,. Our study shows
that the reported procedure may provide a simple and
effective method for fabricating uniform anisotropic TiO,
nanoparticles and their ordered superlattices with different
packing structures.

2 Experimental

2.1 Synthesis of TiO, nanocrystals

All the reagents were purchased form Aladdin Industrial
Corporation and used as received. The TiO, nanoparticles were
synthesized according to a modified previous report.28 In a
typical synthesis, 1 ml of titanium butoxide (TB), 5 ml of oleic
acid (OA), 5 ml of oleylamine (OM), 5 ml of absolute ethanol
and 0.1 ml of hydrogen peroxide solution (H,0,, 30 wt.% in
H,0) were mixed together under stirring at room temperature
for 15 min. The light yellow solution was transferred into a
teflon-lined stainless steel autoclave and heated at 180 for 12
h. The obtained white precipitates were washed several times
with ethanol and then were dispersed in 30 ml hexane for the
following self-assembled process. The bone-cuboid, spindle
and rhombic TiO, nanoparticles were obtained with the
OA/OM volume ratio at 5/5, 4/6 and 3/7 respectively. The
morphology changes of bone-cuboid TiO, nanoparticles were
further investigated with various amount of H,0, (0 ml, 0.05
ml, 0.15 ml and 0.25 ml).

2.2 Self-assembly of TiO, nanocrystals into superlattices

The two-dimensional superlattices were obtained by the
liquid-air interface method.?® Firstly, 200 pl, 400 pl and 600 pl
solution (from 30 ml hexane) and certain amount of OA (Oul,
5ul, 10ul) were mixed, respectively. Then the mixed solutions
were all diluted to 1 ml with hexane. Secondly, 200 ul of each
diluted solution was drop-casted on a dense liquid surface
(ethylene glycol) in a sealed vail. The hexane slowly
evaporated at room temperature, forming a continuous
membrane at the liquid-air interface. Then the membranes
were transferred to a TEM-grid and the grid was dried in
vacuum prior to further investigation. For simplicity, the self-
assembled TiO, NCs samples will be referred to as (200 pl, 5 pl),
which means 200 pl TiO, stock solution and 5 pl OA in the final
diluted solution.

2.3 Characterization

Powder X-ray diffraction (XRD) patterns were collected on a
PANalytical X’Pert X-ray powder diffractometer equipped with
a Cu Kal radiation source (A=0.15406nm). Transmission
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electron microscope (TEM) images and selected area electron
diffraction (SAED) of TiO, nanoparticles were obtained on a
transmission electron microscope (TEM, JEOL-1011). The
structures of the nanocrystals were measured by high-
resolution transmission electron microscope (HRTEM, JEM-
2011F).

3 Results and discussion

3.1 Synthesis of TiO, nanocrystals with different OA/OM ratios

Fig. 1 shows the TEM images of the TiO, nanoparticles (NPs)
synthesized by varying the OA/OM volume ratio (here
H,0,=0.1 ml). When the OA/OM volume ratio is 5/5, bone-
cuboid TiO, NPs with uniform morphology are obtained (Fig.
la). By decreasing the OA/OM volume ratio to 4/6,
monodisperse large spindle TiO, nanoparticles are produced
(Fig. 1c). When decreasing this ratio to 3/7, the typical rhombic
nanocrystals are prepared and TEM image reveals that the
synthesized nanoparticles have a width of 13 nm and a length
of 30 nm (Fig. 1e). To better visualize the crystal structure and
the morphology of the obtained TiO, NPs in detail, we
characterized the products by HRTEM. In Fig. 1b, 1d and 1f, the
lattice fringes with the spacing of about 0.34 nm and 0.48 nm
correspond to the {101} planes and {001} planes of anatase
respectively, and the interfacial angles are all about 68.3°,
which is consistent with the theoretical value. On the basis of

our HRTEM observations and the Wulff construction,30 we
propose that the morphology of bone-cuboid nanoparticles
are mainly of {001} facets and {100} facets, while spindle
nanoparticles are dominated by {101} facets and a part of
{001} facets, and rhombic nanoparticles are mostly exposed
with eight {101} lateral facets.

Fig. 1 TEM images of the TiO, nanoparticles ( here
H,0,=0.1ml): (a) bone-cuboid; (c) spindle; (e) rhombic. HRTEM
images of the TiO, nanoparticles: (b) bone-cuboid; (d) spindle;
(f) rhombic.

The crystallinity of the obtained products was verified by
powder X-ray diffraction (XRD). As shown in Fig. 2a, the typical
XRD patterns of TiO, nanoparticles with (A) bone-cuboid, (B)
spindle, and (C) rhombic shapes all show well-defined peaks

This journal is © The Royal Society of Chemistry 20xx
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assigned to the single anatase phase (JCPDS No. 211272),
indicating of the high crystallinity of these products. The (004)
diffraction peaks of these products synthesized under different
OA/OM ratio all appear more pronounced and sharper,
compared to the bulk reference or nanospheres, suggesting
the evolution along the preferential [001] crystallographic
orientation. The intensity of the (200) peak and the (004) peak
are always independent and correspond to a-axis and c-axis
respectively.31 In addition, The average crystallite width and
length of rhombic TiO, estimated from the (101) and (004)
diffraction peaks by Scherrer formula are 15 nm and 31 nm,
respectively. Compared with the TEM image (Fig. 1e), these
two values are very close to those of rhombic TiO, NCs (13nm
and 30 nm). By using selected area electron diffraction (SAED),
the highly crystalline anatase phase of bone-cuboid TiO,
nanoparticles is also revealed, as shown in Fig. 2b. The rings
can be indexed clearly to diffraction from the (101), (004),
(200), (105), (211), and (204) planes of anatase.

[(a) (101) (C) OA/OM=3:7
(B) OA/OM=4:6
craxle ) (A) OA/OM=5:5
aaxis
z (004) |
& J (m)uoS)‘m)
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il | 1] il 1nn
20 30 40 50 60 70 80
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Fig. 2 (a) XRD patterns of the TiO, nanoparticles: (A) bone-
cuboid; (B) spindle; (C) rhombic. (b) SAED pattern of bone-
cuboid TiO, nanoparticles.

Organic surfactants take a prominent role in controlling the
shape of nanoparticles largely owing to the diversity of organic
molecules. We may controll the morphology of TiO,
nanoparticles by using different capping agents. The selective
OA and OM with different binding strengths can act as the
surfactants of the anatase TiO, {001} face and {101} face,
respectively and restrict the growth in corresponding
direction.?® 32 By modulating the OA/OM volume ratio, it is
therefore expected that, the shape of TiO, NCs can be facile
tailored. Interestingly, we also find that the presence of a
certain amount of H,0O, along with the appropriate oleic
acid/oleylamine ratio plays a crucial role in controlling
morphology of TiO, nanoparticles.

3.2 Synthesis of TiO, nanocrystals with different amount of H,0,

Fig. 3 shows the corresponding TEM images of the TiO,
nanoparticles obtained with different amounts of H,0, (here
OA/OM=5/5). As shown in Fig. 3a, the formation of TiO,
nanoparticles undergoes slow nonhydrolytic reaction, which
generally produces nanodots or nanorods in the absence of
H,0, with poorly crystalline. As trace H,0, was added, the
short TiO, nanorods with uniform size were obtained (Fig. 3b),
indicating the evolution along the [001] direction. Slow
hydrolysis of titanium precursors is favorable for forming TiO,
nanoparticles with controllable shape. With the increasing of

This journal is © The Royal Society of Chemistry 20xx
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the amount of H,0, (Fig. 3c), the samples became short along
[001] direction which is similar to that of the bone-cuboid TiO,
NCs. Hydrolytic and nonhydrolytic processes reach the
equilibrium with a certain range of H,0,. In this case, OA/OM
ratio plays a crucial role in controlling the size and shape of
TiO, nanoparticles. When adding 0.25 ml H,0, into solution,
the shape of TiO, nanoparticles is close to spherical
nanoparticles. Fig. 3d indicates that, adding a large amount of
H,0,, titanium butoxide reacts vigorously with water and
greatly accelerates the hydrolysis-condensation process. This
process thus weakens the stabilizing effect of OA and OM,
leading to a decreased anisotropic growth of the products.

@ « Q‘, , S )."

different amount of H,0, (here OA/OM=5/5): (a) 0 ml, (b) 0.05
ml, (c) 0.15 ml, (d) 0.25 ml.

In this system, titanium butoxide (TB) can easily react with
H,0, to produce interim precursor and hydroxyalkoxide
species at high temperature by hydrolysis process. This
precursor then reacts with OA to form carboxyalkoxide or with
other hydroxyalkoxides as a function of the amount of H,0,
and OA used. Subsequently, the reaction between these
precursors by a hydrolytic condensation or a nonhydrolytic
condensation process forms a Ti-O-Ti network by means of
oxolation or olation. OA and OM both act as organic capping
agents, controlling the condensation rate without changing the
hydrolysis rate.®® OA can react with TB to generate
carboxyalkoxide species and these intermediate products can
slow down the hydrolytic condensation process. OM can
accelerate the nonhydrolytic condensation process though
aminolysis  reaction with titanium carboxylalkoxide.“
Hydrolytic process is fast at the initial stage, while the
nonhydrolytic process is relatively slow and predominant as
the reaction continued. The rate of these two processes is
determine by the amount of H,0, and dramatically affects the
morphology of the final products. Therefore, TiO,
nanoparticles with different shapes and sizes have been
successfully achieved by varying the amount of H,0,. We
selected H,0, both as hydrolysis agent and morphology
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control agent. It not only can simplify the experimental process
and shorten the reaction time (12 h) for reducing energy
consumption, but also can obtain the highly crystalline titania
nanocrystals with good dispersion and homogeneity. As an
environmentally friendly shape-controlling agent, H,0, may
potentially be used to tailor other morphology and facet-
controllable nanomaterials. Compare with nanodots, short
nanorods and nanospheres, TiO, NCs (bone-cuboid, spindle
and rhombic) have uniform size and shape, and we select them
as building blocks to form ordered superlattices.

3.3 Self-assembly of TiO, nanocrystals into superlattices

To investigate the shape-directed packing behaviour of TiO,
NCs, 2D superlattices of anisotropic TiO, NCs were obtained
through slow evaporation of the hexane on the surface of
ethylene glycol (EG). The viscous polar EG subphase provided
individual NCs of sufficient mobility, even at high nanoparticle
volume fractions, to remove defects and access

thermodynamically stable assemblies over large areas. In this
work, we accumulated three shapes of TiO, NCs into horizontal
and vertical 2D superstructures respectively. The assembled
arrays could be controlled by adjusting the amount of TiO, NCs
and the amount of OA, which both served as surfactants and
depletion agents. To the best of our knowledge, these results
are the first to be reported for TiO, NCs.

Fig. 4 TEM images of 2D superlattices self-assembled from TiO,
NCs (200 pl, 5 ul). (a) (b) horizontal arrays of bone-cuboid TiO,
NCs, (c) (d) horizontal arrays of spindle TiO, NCs, (e) (f)
horizontal arrays of rhombic TiO, NCs, Insets show
corresponding schematic illustrations and SAED patterns.

The TEM images (Fig. 4) reveal that bone-cuboid, spindle,
rhombic TiO, NCs all yielded horizontal self-assembled arrays
with low amount of TiO, NCs solution and OA (200 ul, 5 ul).
These superlattices in horizontal linear chains are displaced by
a part of unit. It is difficult to assemble the bone-cuboid TiO,
NCs into highly ordered chain pattern because of theirs
uneven (001) faces (Fig. 4a). They tend to be aligned in the
[100] direction when rectangular faces are attached. However,
Fig. 4c and Fig. 4e show that the spindle and rhombic TiO, NCs
can self-assembled into a tight tip-to-tip chain pattern along
the [001] direction by elimination of high energy (001)
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surfaces. When adding more TiO, NCs and OA (400 pl, 10 ul)
onto EG surface, we can see that TiO, NCs dramatically self-
organized into vertical 2D superlattices (Fig. 5). These NCs are
all oriented in the same direction-one tip of the NCs pointing
upward, while the other tip adhered to the liquid-air interface.
These assembled architectures exhibit simultaneous
orientational and positional order, as indicated by SAED
patterns that arises from the periodic atomic lattice planes
(Fig. 4 and Fig. 5 insets). The horizontal arrays display highly
ordered chain pattern in one-dimension, and the vertically
aligned superstructures exbihibt ordered arrays in two

dimensions with tetragonal symmetry. Moreover, some

defects and stacking faults are seen, which do not altered the
total packing pattern. Micrometer scale superlattices were
achieved in all cases (Fig. 4 and Fig. 5).

Fig. 5 TEM images of 2D superlattices self-assembled from TiO,
NCs (400 pl, 10 pl). (a) (b) vertical arrays of bone-cuboid TiO,
NCs, (c) (d) vertical arrays of spindle TiO, NCs, (e) (f) vertical
arrays of rhombic TiO, NCs, Insets show corresponding
schematic illustrations and SAED patterns.

In accordance with Onsager’s mechanism® and typical
packing configurations in our experiment, we investigated
several parameters affecting the assembly formation, including
concentration and depletion force, and tried to reveal the
underlying mechanisms about how to reproduce highly
ordered superlattices in certain configurations. We also
discussed the relationship between the shape and the
resulting superlattice.

The concentration of colloidal TiO, NCs and OA molecules in
the spreading solution play a key role in determining the
morphologies of 2D superstructures. With a slow solvent
evaporation in our experiment, the volume of solvent may
diminish after the majority has been evaporated, and the
concentration of the NCs increases gradually and the free
volume available for each NC decreases. A thin layer of hexane
on top of the EG solubilizes the NCs before the hexane
evaporates completely. When the thickness of the hexane
layer becomes comparable to the largest dimension of an
individual NC, clusters will be formed on the surface of the
remaining solution as the nucleation sites and then the
remained TiO, NCs might find their preferred location on the

This journal is © The Royal Society of Chemistry 20xx
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clusters faces and follow the pattern templated by the
underlying structure. This may account for why a certain
superstructure type could always maintain its continuity even
across a relatively large area. At low nanoparticle and OA
concentration (200 pl, 5 pl), chain patterns appear because
they have enough space to form horizontal or interleaved
arrangements which are favoured to minimize the overall
surface energy. When the (400 pl, 10 ul) solution are used,
vertical patterns are obtained by maximization of the packing
density. With further increase of TiO, NCs concentration (600
wul, 10 ul), bilayer arrangements are obtained, as depicted in
Fig. 6a, 6b and 6¢c. The bottom-layers in these images are all
well-aligned vertical arrays, and the top-layers are mixtures of
standing nanoparticles and lying nanoparticles which are not
favourable for self-organized superlattices. Particularly, for
rhombic TiO, NCs, we can only obtain disordered top-layers,
which may be due to the poor stability of rhombic
nanoparticles with upright position. The assembly process is
compressing the solution system from the isotropic fluid phase
to the anisotropic orderly solid phase, thereby leading to a
close-packed ordered arrays.gs‘37 Because of different volume

fraction of the nanoparticles, we obtained horizontal and
vertical ordered superlattices respectively.

Fig. 6 TEM images of arrangements of self-assembled TiO, NCs.
(a), (b) and (c) correspond to bone-cuboid, spindle and
rhombic TiO, NCs with bilayer arrangements (600 pl, 10 pl),
respectively. (d), (e) and (f) correspond to bone-cuboid,
spindle and rhombic TiO, NCs with disordered arrangements
(200 pl, 0 ul), respectively.

Various types of interparticle interactions could be exploited
for the assembly, among which depletion attraction stands
out.?®3° We added a certain amount of OA to the solution of
TiO, NCs and the nonadsorbing OA molecules could behave
similarly to polymer molecules. These molecules are usually
used to induce depletion attractions between colloid
nanoparticles. The large TiO, NCs and small OA molecules (as
depletion agents) all have a high solubility in a nonpolar
solvent (hexane). The self-assemble of TiO, NCs induced by
entropically depletion may be explained by the following
hypothesis. When gradually increase the NC volume fraction
up to a solubility threshold by slow solvent evaporation, the

This journal is © The Royal Society of Chemistry 20xx
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system of the solution would undergo phase transition of TiO,
NCs to maximize its total entropy. In this system, the average
distance between two adjacent TiO, NCs becomes shorter with
an increasing concentration of OA molecules, and thus the
total volume available to the OA molecules increases owing to
the excluded volume among the TiO, NCs. The experimental
results indicated that these assemblies are predominantly
entropy driven. When OA molecules are excluded from
adjacent nanoparticles, the total entropy of this systems
increased. The TiO, NCs need to find the proper locations on
the growing superlattice to minimize the entropy and form the
most ordered structure and the “free” volume available to
depletants became maximal to increase the total entropy. As a
result, there gives rise to a mean force equivalent to a net
osmotic pressure of the small molecules acting to push the
large TiO, NCs together. The magnitude of the depletion
attraction force relies on the OA concentration, the length of
carbon chain and molecular weight. When 5 pl OA added, the
OA molecules adhere on the surfaces of TiO, NCs, and draw
neighboring NCs together into ordered horizontal 2D
superlattices over large areas. At a higher concentration of OA
(10 pl), excess OA molecular diffuse in a uniform solution, the
entropically depletion-induced assembly of TiO, NCs can be
assembled into vertical 2D monolayers of close-packed
tetragonally arrays. The capping ligands of TiO, NCs are mainly
OA, with which three types of TiO, NCs are synthesized with
the OA/OM ratio at 5/5, 4/6 and 3/7, respectively. With the
decrease of OA and the increase of OM, the stability of
nanoparticles becomes worse in hexane. OA are employed
both as surfactants to stable anisotropic nanoparticles and as
depletion agents to fabricate ordered superstructures in our
experiments. If we ignored the role of depletion interactions
without adding OA to the TiO, NCs solutions in self-assembly
process, then there was only very disordered and agglomerate
TiO, NCs on the surface of EG, even if other relevant factors
were held constant (Fig. 6d, 6e and 6f).

It should be noted that the tips of the spindle and rhombic
NCs are slightly truncated. It is very common for colloidal
nanoparticles to have tip truncation, as tip truncation
minimizes the overall free-energy of nanoparticles.‘m There are
two possible equilibrium configurations, in which the TiO, NCs
align their the [001] direction either horizontal or
perpendicularly adhered to the liquid—air interface (Fig. 4 and
Fig. 5 insets). The truncated TiO, NCs have multiple options for
interfacial adhesion, and have enough time to translate and
rotate into ordered arrays in the plane of the air-hexane
interface under the assembly process. In particular, we
obtained different 2D superlattices from TiO, NCs over large
areas. These TiO, NCs superlattices may have very importance
for exploring new inorganic liquid crystal materials or tailoring
novel promising structures for photovoltaic application.

4 Conclusions

In conclusion, a simple solvothermal method has been used
to fabricate the TiO, nanoparticles with different shapes. The
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key characteristic of our approach is using H,O, as hydrolysis
agent and morphology control agent to control the nucleation
and growth of the TiO, nanoparticles. We successfully
achieved three shapes of TiO, NCs (bone-cuboid, spindle,
rhombic) by varying the OA/OM ratio. All of these TiO, NCs can
be self-assembled into horizontal and vertical 2D superlattices
by controlling the amount of TiO, NCs solution and OA at the
liquid-air interface. In this system, OA not only act as
surfactants to stable anisotropic nanoparticles, but also as
depletion agents to induce ordered superlattices. The self-
organization process is primarily driven by maximization of the
packing density and tuning entropic depletion attraction
forces. We also found that TiO, NCs with a small truncation
can align their [001] direction either horizontal or vertically
adhered to the interface, and finally form different arrays.
Moreover, we also obtained TiO, nanoparticles with different
shapes such as nanodots, nanorods and nanospheres by
controlling the of H,0,. These ordered 2D
superlattices provided here will be hopefully used to tailor

amount

novel promising structures for wide ranging devices.
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