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ABSTRACT: Oleic acid, an 18-carbon chain fatty acid, has been
widely used as a surfactant to fabricate colloidal nanocrystals. In
previous work, we discovered a lamellar microemulsion strategy to
fabricate sub-20 nm SrTiO; nanocuboids using oleic acid and oleate
species. Here, we demonstrate (i) the general synthesis with
lamellar microemulsions of a family of compositionally varied
Ba,Sr,_,TiO; crystalline nanocuboids with uniform size, and (ii)
subsequent assembly into two-dimensional arrays by nanoparticle-
bound oleate in a nonpolar solvent. The measured interparticle
distance (2.4 nm) of adjacent nanoparticles in an array is less than
the length of a double oleate layer (~4 nm). On the basis of
calculations of the interfacial free energy, we propose the
hydrophobic, hydrocarbon-terminated groups of oleate from
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adjacent nanocuboids are situated closely but do not overlap. Lower aspect ratio nanocuboids are bordered by four adjacent
nanocuboids which results in a uniform direction self-assembly array, whereas higher aspect ratio nanocuboids are bordered by
five or six adjacent nanocuboids and can develop an arced local coordination.

B INTRODUCTION

Two-dimensional (2D) or three-dimensional (3D) nanoma-
terial arrays have attracted considerable attention in different
fields in the last two decades, including photonics, thermo-
electrics, photovoltaics, catalysis, sensors, and piezoelectric
materials. Various nanomaterial synthesis methods and self-
assembly processes have been reIported for noble metals,
semiconductors, and metal oxides."”* For instance, Li et al.
demonstrated an emulsion-based bottom-up self-assembly to
three-dimensional colloidal spheres,” with further calcination
into mesoporous materials,” and their application in high
temperature catalysis.” Yamada et al. prepared a nanocrystal
bilayer “tandem catalyst” for ethylene hydroformylation with
MeOH where single layers of Pt metal nanocubes and CeO,
metal oxide cubes were deposited sequentially.® Wang et al.
fabricated ZnO nanowire arrays for piezoelectric nanogener-
ators.” Murray et al. investigated 2D binary nanocrystal super
lattice membranes and 3D binary super lattices of magnetic
nanocrystals and semiconductor quantum dots.'*~"?

The fabrication of perovskite-type nanomaterials has been
discussed in numerous publicaltions;l3_20 however, simulta-
neous controllable synthesis with uniform shape, size,
composition, and well-defined surface is still difficult, owing
to the high pH typically used in methods such as the
hydrothermal process. Recently, we successfully fabricated sub-
20 nm SrTiO; nanocuboids in a lamellar microemulsion
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formed by oleic acid.*' It was shown that quasi 2D nucleation
and a Kinetic—Wulff growth mode (e.g, ref 22 and references
therein) determined the cuboid shape for the nanocrystal
growth.

Here, we continue to explore the synthesis of the family of
cubic Ba,Sr;_, TiO; (0 < x < 1) crystalline nanocuboids and
their self-assembly process. As-prepared Ba,Sr;_, TiO; (0 < x <
1) nanocuboids with surfaces covered in oleate can be well
dispersed in a cyclohexane solution, and dispersed on TEM
grids. As the sample dries, the nanocuboids self-assemble into
arrays on the grids. The particle—particle interactions in the
self-assemblies of nanocuboids on the grids is analyzed by
modeling the interface energy between oleate and cyclohexane.

B EXPERIMENTAL SECTION

Materials Synthesis. Ba,Sr,_,TiO; (0 < x < 1) nanocuboids: 1.5
mmol Ti(OBu), was added to 52.5 mL ethanol, 7.5 mL oleic acid, and
300 mg sodium oleate to form solution A, 1.5x mmol Ba(Ac), and
1.5(1 — x) mmol Sr(Ac), in 1S mL water was used to form solution B,
1.2 ¢ NaOH in 6 mL water to form solution C. Solution B and C were
successively added to solution A and mixed while stirring for a few
minutes, with a pH of 13—14, and the resultant solution was sealed in
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a 125 mL autoclave, then heated at a rate 2 °C/h to160 °C, and held
for 8 h before cooling down.

Chemicals. All chemicals were of analytical grade and were used as
received without further purification. Distilled water without CO, was
used throughout, Ti(OBu), (99%), oleic acid (90%), Sr(Ac), (99%),
Ba(Ac), (99%), sodium oleate (99%), ethanol were supplied by Alfa
Aesar Company.

Electron Microscopy. The size and morphology of the nano-
crystals were determined using a Hitachi H8100 and a HD2300
scanning transmission electron microscope both at 200 kV, and a high-
resolution electron microscope (HREM) and scanning transmission
electron microscope JEOL 2100F at 200 kV. For high angle annular
dark field (HAADF) imaging the inner and outer angle of the detector
was 124 mrad and 268 mrad. Electron energy loss spectroscopy
(EELS) and energy dispersive X-ray analysis (EDX) were performed
to verify the composition of Ba and Sr. Samples were prepared by
placing several drops of a cyclohexane dispersion of the as-prepared
materials on the surface of a carbon film supported on a copper grid.

X-ray Powder Diffraction. X-ray powder diffraction of the
samples was recorded using a Rigaku D/Max VB2+/PC diffractometer
with Cu Ka radiation at 40 kV and 20 mA.

B RESULTS AND DISCUSSION

Ba,Sr,_,TiO; (0 < x < 1) nanocuboids can be fabricated by
using different ratios of Ba and Sr precursors.

Figure la shows powder XRD patterns of as-prepared
Ba,Sr;_,TiO; (0 < x < 1) nanocuboids. BaTiO; and SrTiO,
can be indexed as cubic perovskites with Pm3m space group for
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Figure 1. (a) Powder XRD patterns of Ba,Sr,_,TiO; (x = 0, 0.1, 0.3,
0.5, 0.7, 0.9, 1) nanocuboids. (b) Evolution of the unit cell volume
with increasing Sr content.
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ICDD #75-0213 and ICDD # 73-0661, respectively. While
BaTiO; nanoparticles as small as 10 nm can be ferroelectric,
the distortion is small enough that it will be concealed by the
Debye—Scherrer broadening averaged over different particle
sizes in the PXRD. The unit cell of Ba,Sr,_,TiO; (0 < x < 1)
decreases from 4.034 A (x = 1) to 3.905 A (x = 0) with
increasing Sr mole content. The substitution of Sr does not
observably change the cubic structure.

Figure 2a shows a typical transmission electron microscope
(TEM) image of 10—12 nm BaTiO; nanocuboids forming an
ordered single layer on the TEM grid. Owing to their
uniformity and average length/width aspect ratio of ~1.08,
each nanocuboid is bordered by four adjacent edge and four
adjacent corner nanocuboids with the same orientation. Figure
2b shows a typical TEM image of BaTiO; nanocuboids where
many nanocuboids are linearly arranged. Figure 3 shows a
typical HREM image of an individual BaTiO; nanocuboid with
{100} surfaces and well-ordered lattice fringes of 0.283 nm
from the {110} planes.

Figure 4ab shows typical TEM images of 10—15 nm
Ba sSrysTiO; nanocuboids. By measuring the dimensions of a
representative collection of nanocuboids, an average length/
width aspect ratio of 1.24 was calculated, as seen in Figure 4c.
Unlike BaTiO; nanocuboids, which have a total of eight nearest
neighbors, BaSrysTiO; nanocuboids can self-assemble into
arrays with five to eight nearest neighbors. This variance in the
self-assembly is a result of the ratio of length and width differing
from a true nanocube (length/width = 1). The TEM image in
Figure Sa shows 10 Ba, sSr,sTiO; nanocuboids that are part of
an extended array, and numbered for identification. In this
example, nanocuboids No. 0 and 3 are bordered by six nearest
neighbors, and No. 4 has five nearest neighbors. The longest
side of an average BaySrosTiO; nanocuboid (the “length”
dimension) is face—face adjacent with two different nano-
cuboids, instead of one for a BaTiO; nanocuboid. Such self-
assembly can be hindered by larger nanocuboids. There is
additional space between particles No. 10 and 2, as a result of
the large size of particle No. 10 disrupting the packing. Figure
5Sb shows a typical HREM image of Ba, sSrysTiO; nanocuboid
with well-ordered lattice fringes of 0.279 nm from the {110}
planes. Similar to the BaTiO; nanocuboids, {100} surfaces are
exposed. In our previous work, sub-20 nm SrTiO; nanocuboids
with an average length/width aspect ratio of ~1.4 were
synthesized, and they formed self-assembled arrays with §reater
disorder than nanocuboids with lower strontium content.”' The
average length/width aspect ratio increases from 1.08, to 1.24,
to 1.4 with the mole percent increase of Sr (x = 1, 0.5, 0). The
BaTiO; nanocuboids are closest in aspect ratio to nanocubes
(L/W = 1), exhibiting the least anisotropic growth.

Figure 6 shows the EELS spectrum of BaysSr;sTiO; and
BaTiO; nanocuboids, respectively. The peak height of the Ti L
and O K edges of the Bay;Sr;sTiO; nanocuboid are similar to
those of the BaTiO; nanocuboid, while the peak height of the
Ba M edge is approximately half that of the BaTiO;
nanocuboid. This confirms a ~50% Ba content in the
BaysSrysTiO; nanocuboids. The EDX line-scan in Figure 7
shows that Ba and Sr are uniformly dispersed.

Self-assembly of two-dimensional ordered arrays were
achieved using drops of uniform nanocuboids solution of
varying concentration. Figure 8 shows a HAADF image of a low
concentration of BaTiO; nanocuboids with ordered single-layer
self-assembled structures. Figure 9 shows a HAADF image of a
high concentration of BaTiO; nanocuboids with the yellow
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Figure 2. (a) TEM image of BaTiO; nanocuboids with single-layer self-assembly synthesized at 160 °C for 8h. (b) TEM image of BaTiO,
nanocuboids with chains. (c) Aspect ratio (length/width: L/W) plot of BaTiO; nanocuboids.

Figure 3. Typical HREM image of a BaTiO; nanocuboid.

region highlighting a single-layer, and the red region, a
multilayer self-assembly packing.

Self-assembly of nanoparticles is a natural and spontaneous
process occurring mainly through interactions such as van der

Waals, hydrogen bonding, hydrophilic/hydrophobic, electro-
static, and metal—ligand coordination networks.>*™>” Mod-
ification of the surface of metal nanocubes with different
surfactants can lead to edge—edge (PVP) or face—face (PEG)
self-assembly.”® Noncovalent interactions of long-chain mole-
cules can lead to close-packed regular superstructures such as
with hexagonal yttrium phosphate nanocrystals.” Although
noncovalent interactions of long chain molecules associated
with hydrophobic interactions and a siphonic effect have been
discussed, the role of nonpolar solvent has not been closely
considered for such nanoparticle self-assembly.

As shown in Figure 3, the distance of adjacent nanocuboids is
~2.4 nm, which is larger than one layer of oleate (~2 nm) and
less than two layers of oleate (~4 nm). To understand the self-
assembly, a calculation of interface free energy between the
nonpolar hexane solvent and oleate is given in the Supporting
Information (SI). The capillary energy of two adjacent
nanocuboids immersed in cyclohexane is 13.4 x 107 J,
much larger than 1 kT (4.04 X 107" J) which is the minimal
resistant energy for self-assembly from infinite separation to a
finite separation.®®®' This indicates that there is a strong
interaction between the oleate chains driving self-assembly.

All of the Ba,Sr,_,TiO; nanocuboids should have a similar
degree of oleate coating; therefore, the driving force of self-
assembly should be similar, including the interface free energy
between oleate on the surface and the nonpolar solvent, and
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Figure 4. (3, b) TEM images of Bay;SrysTiO; nanocuboids synthesized at 160 °C for 8 h. (c) Aspect ratio (length/width: L/W) plot of

Bay sSr; sTiO5 nanocuboids.
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Figure S. (a) Self-assembly of TEM image of BaySrysTiO; nanocuboids labeled No. 0-10. (b) A typical HREM image of a BagSrysTiO;

nanocuboid.
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Figure 6. EELS spectrum of single BaSrysTiO; and BaTiO,
nanocuboids showing the Ti L, O K, and Ba M edges.

the van der Waals force between the oleate chains, even for
nanocuboids of different aspect ratios. However, for the
Ba,Sr,_,TiO; series, even though the driving force for self-
assembly should be similar, the nanocuboids show very
different assembly patterns as the aspect ratio varies. BaTiO;
nanocuboids show a uniform self-assembly into a cubic array
with 90° angles, whereas as the aspect ratio increases, as with
Bay ;SryTiO;, the nanocuboids show a multidirection self-
assembly, with curved arcs of nanoparticles. We argue this is
dependent on their aspect ratio (length/width). When the
assembly is happening between nanocuboids with an aspect
ratio sufficiently removed from unity, the long edge of a
nanocuboid might be bordered by either the similar long edge
of an adjacent nanocuboid or two short edges from adjacent
nanocuboids. These two options and the rotation that occurs to
minimize the unused space in the array lead to increasingly
random assembly as the aspect ratio moves away from unity.
To further illustrate the self-assembly behavior of higher aspect
ratio, a TEM image of ~20 nm SrTiO; nanocuboids, Figure 10,
with ~1.4 aspect ratio, is shown. These nanocuboids do not
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Figure 7. (a) Bright field image of a single Ba, sSr(sTiO; nanocuboid;
the red line is the EDX line scanning path; the scale bar is S0 nm. (b)
EDX based compositional line profile across the particle by indicating
an even distribution of Ba (upper line) and Sr (lower line) in the
nanocuboid.
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100 nm

Figure 10. SrTiO; nanocuboids with single-layer self-assembly.

Figure 9. BaTiO; nanocuboids with single-layer (yellow) and
multilayer (red) self-assembly.

form a uniform cubic 90° self-assembly but instead exhibit an
obvious arc-direction self-assembly in the left corner.

B CONCLUSIONS

In summary, a family of cubic BaSr,_,TiO; (0 < x < 1)
crystalline nanocuboids was successfully synthesized with
simultaneous control of uniform shape, size, composition, and
well-defined surface. These nanocuboids exhibit a large area of
ordered two-dimensional self-assembly. The self-assembly
depends upon the aspect ratio of the nanocuboids. Lower
aspect ratio nanocuboids are readily self-assembled into
uniform arrays, matching the high symmetry of the nano-
particles, and larger aspect ratio nanocuboids tend to show less
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ordered self-assembly. The interactions between nanoparticles
in a self-assembled array can be understood by the analysis of
interface free energy of adjacent nanocuboids in a nonpolar
solvent. It is believed that hydrophobic carbon chains are
playing a crucial role in perovskite nanocuboids self-assembly
which is different from the role played during the lamellar
microemulsion synthesis.*"
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