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F
or material scientists, biomineraliza-
tion offers a playground not only to
discover andwonder about beautifully

assembled materials, but also to try to mi-
mic them and learn the principles of their
formation. Duringmillions of years of evolu-
tionary development and testing, biomin-
erals have evolved in optimized forms
under various constraints. A unifying build-
ing principle in biominerals is the hierarch-
ical assembly of their building blocks, start-
ing from the basic structural units.1�3

Understanding the formation ofmaterials
from their building blocks is essential for
the design of hierarchically structured
materials. Much work has been devoted to
the fabrication of nanoparticleswith desired
properties; however, their assembly into
larger structures is still not fully understood,
nor controlled at the molecular level.
Superstructures showing ordered arrange-

ment of nano- or micro-building blocks can
be built either by self-assembly directly in
solution, or on a substrate following solvent
evaporation or sedimentation.4�6 Colloidal
self-assembly, in particular, has attracted
special attention because it allows easy
generation of 3D ordered structures.7,8 Nano-
building blocks can spontaneously orga-
nize under the effect of externally applied
magnetic, electric, or flow fields, or by spe-
cific interaction such as short-range forces.9

The large majority of reported approaches
fall into the latter category, mainly using
substrates, templates, and long aliphatic
chain ligands as assembly directing agents.
DNA10�14 and liquid crystals15,16 driven

self-assembly of metal nanoparticles has
been one of the most widely investigated
methods allowing the engineering of a
large number of superlattices. All these

approaches rely on the use of large and
complex ligand molecules. As a conse-
quence, the fraction of organic species in
the final material is significant, especially
when dealing with small colloids.
Assemblies of nanocrystals stabilized by

shorter molecules were also explored.17 For
example, Kahn et al. proposed the for-
mation of 2D and 3D arrays of ZnO
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ABSTRACT

A simple one-pot approach based on the “benzyl alcohol route” is introduced for the fabrication of

highly ordered supercrystals composed of highly uniform 3�4 nm zirconia and rare-earth stabilized

zirconia nanoparticles. The as-fabricated supercrystals reach sizes larger than 10 μm and present

well-defined 3D morphologies such as flower-like, rhombic dodecahedron, and bipyramids. This

system is unique in that the supercrystals are formed in one-step directly in the reaction medium

where the nanoparticles are synthesized. The uniformity in nanocrystal shape and size is attributed

to the in situ formation of benzoate species that directs the nanoparticle growth and assembly. The

low colloidal stabilization of the benzoate-capped nanoparticles in benzyl alcohol promotes the

formation of supercrystals in solution by π�π interaction between the in situ formed benzoate

ligands attached to neighboring particles. By varying the reaction temperature and the nature of

the doping the way the nanobulding blocks assemble in the supercrystals could be controlled.

Standard FCC superlattice packings were found together withmore unusual oneswith P6/mmm and

R3m symmetries.

KEYWORDS: zirconium oxide . nanoparticles . supercrystals . mesocrystals .
assembly . electron microscopy
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nanoparticles stabilized by diverse alkyl chains
through evaporation of colloidal THF solutions.18

Better control over dimensionality of the superstruc-
ture was achieved by selectively functionalizing either
some or all of the faces of silver cubes with a hydro-
phobic thiolate.19 Complex 3D structures were also
obtained by slow precipitation of CdSe/CdS octapod
nanocrystals stabilized with phosphonic-based surfac-
tants.5 An interesting example of supercrystal forma-
tion is the synthesis of CuS nanocrystals stabilized by
dodecanthiol.20,21 However, in many cases the produc-
tion of superstructured materials is a mere laboratory
exercise, and robust approaches scalable up to indus-
trial level aimed at commercial applications are still at a
research stage.
Surfactant-free nonaqueous (and/or nonhydrolytic)

sol�gel routes constitute one of themost versatile and
powerful methodologies for the synthesis of nanocrys-
talline metal oxides with high compositional homo-
geneity and purity.22 However, one of the drawbacks
of these synthesis protocols is the lack of precise
control over particle size and size distribution, which
is attributable to the lack of stabilizing agents (e.g.,
surfactants) added to the synthesis. One notable ex-
ception is the solvothermal reaction of zirconium iso-
propoxide in benzyl alcohol leading to the formation of
uniform zirconia nanocrystals, which can also be
doped by the addition of various metal complexes to
the reaction mixture.23�26 As will be discussed below,
the low size dispersion of the zirconia nanoparticles is
tentatively attributed to the in situ formation of organic
ligands, which make this approach not entirely surfac-
tant-free.
In the present work, the ZrO2 synthesis is modified

by increasing the reaction temperature above 230 �C
and by using Tb and Y as dopants. This simple synthetic
protocol leads to the formation of benzoate-capped
zirconia nanocrystals of uniform shape, size, and or-
ientation that self-assemble into large supercrystals.
The present study will show that the main weakness of
the surfactant-free nonaqueous routes can be over-
come by the in situ formation of benzoate species
acting as stabilizing and structure-directing agents.
The morphology and structure of the supercrystal is
studied as a function of the amount of the benzoate
species and as a function of nanoparticle doping. To
the best of our knowledge, there have been no pre-
vious reports of surfactant-free syntheses of nanocryst-
als coupledwith in situ assembly into a 3D supercrystal.

RESULTS AND DISCUSSION

Structural Characterization of Zirconia Nanoparticles. Since
in this work we use X-ray diffraction to probe both the
atomic arrangement in the nanocrystals and the ar-
rangement of nanocrystals in supercrystals, we shall
refer to the former as wide-angle XRD (WAXD) and to
the latter as small-angle XRD (SAXD). WAXD patterns of

the as-synthesized pure zirconia particles are displayed
in Supporting Information, Figure S1. They show broad
diffraction peaks due to the nanometric size of the
crystals. An average particle size around 4 nm, as
deduced by the Scherrer formula, is obtained for the
pure zirconia particles independently of the reaction
temperature (cf. Table 1). Due to the broadening of the
diffraction peaks it is difficult to assign univocally the
crystalline structure of 3�4 nm sized zirconia particles
from WAXD experiments.23,27 Indeed, the expected
WAXDpattern of the cubic (Fm3m) and tetragonal phase
(P42/nmc) of zirconia are very similar in this particle size
range.27 However, in a previous study, on the basis of
Rietveld refinement, it was possible to conclude that
the “benzyl alcohol route” leads to the cubic phase for
pure zirconia.23 The yttrium-doped samples consist of
particles of similar size, whereas the terbium-doped
nanoparticles are slightly smaller (cf. Table 1 and
Supporting Information, Figure S1). In those specimens
the WAXD reflection due to the {111}cub

n lattice planes
are broadened and contain a shoulder indicating a devia-
tion from the cubic structure. (Since there are two
different scales and structures, (i.e., the atomic arrange-
ment in the nanocrystals and the arrangement of
nanocrystals in supercrystals) in order to avoid confu-
sion, a sub and superscript notation of the Miller
indices is applied. The superscript “n” and “s” refer,
respectively, to nanocrystal and supercrystal, while the
subscript denotes the lattice system.) Raman spectra
(cf. Supporting Information, Figure S2 and discussion)
support the stabilization of the tetragonal phase by
rare earth ions, similar to what is observed for the
bulk.28 The presence of additional crystalline phases is
excluded on grounds of there being no WAXD peaks
additional to those already discussed, and because all
Raman shifts are attributable to a single zirconia phase.
Because the difficulty in discriminating between the

TABLE 1. Composition, Carbon Content, Reaction Temper-

ature, Nanoparticle Size Extracted from Wide-Angle XRD

and Packing Arrangement As Determined by SAXD of the

Sample Discussed in This Study

particle distance (nm)

composition

carbon

content

(wt %)a

reaction

temperature

(�C)

particle

size (nm)b packing

between

columns

within

column

ZrO2 4.4 230 3.7 P6/mmm 4.48 4.87
ZrO2 10.5 325 4.4 Fm3m 6.36 6.36
ZrO2 350 4.4 R3m 6.92 5.71
ZrO2:Tb 14.8 300 3.0 P6/mmm 4.01 4.09
ZrO2:Tb 15.0 325 3.1 R3m 4.24 3.80
ZrO2:Y 11.1 350 4.3 R3m 5.91 4.89

a Deduced from CHN analysis. b Crystallite size estimated from WAXD patterns using
the Scherrer equation and considering the diffraction peak at 2θ = 50� (i.e., 220);
the values are in good agreement with the particle sizes extracted from TEM
measurements, suggesting the single crystal nature of the nanoparticles (cf. also
HRTEM measurements).
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cubic and tetragonal zirconia modifications in the
3�4 nm size range by WAXD, and therefore also by
high resolution transmission electron microscopy and
selected area electron diffraction, hitherto we will only
use the cubic (Fm3m) modification to denote lattice
planes and directions.

Nanoparticle Assembly. Transmission electron micro-
scopy (TEM) studies of the standard sample synthesized
at 230 �C principally show isolated nanoparticles, but
also some supercrystals such as the one in Figure 1a.
They are composed of monodisperse particles of
about 4 nm, that is, the same size as isolated nanopar-
ticles but assembled periodically. This first observation
motivated us to investigate the factors controlling the
assembly behavior of zirconia nanoparticles. An in-
crease in reaction temperature did not dramatically
affect either the zirconia particle size or their size
distribution. On the other hand, large aggregates of
several tens of micrometers were now present as
shown by the scanning electron microscopy (SEM)
images (Figure 1b,c). Zooming in on one of these
aggregates reveals that they are composed of 4 nm
zirconia nanoparticles assembled in ordered structures
(Figure 1d,e). Therefore, a simple increase in reaction
temperature has the effect of promoting nanoparticle
assembly into large supercrystals without affecting the
nanocrystal size.

It was shown recently that zirconia nanoparticles
synthesized in benzyl alcohol could be homogeneously
doped with various transition metals and euro-

pium.24�26 The fabrication of terbium-doped
zirconia should take place at higher temperatures
compared to pure zirconia. As a matter of fact, at
temperatures lower than 300 �C the yield of the
reaction was lower than 30%. At 300 �C nanoparticles
forming large ill-defined objects could be obtained
(Figure 2a). It turned out that they are composed of
monodisperse terbium-doped zirconia nanoparticles
assembled in well-ordered superlattices. Figure 2b
shows the edge of a supercrystal containing several
layers of hexagonally assembled nanoparticles. The
Fourier transform (FT) of the whole image shows two
sets of reflections, the outer ones attributed to the ZrO2

structure and the inner ones, attributed to the packing
of nanoparticles (Figure 2c). It illustrates very graphi-
cally the orientational correlation between the nano-
crystal and supercrystal lattices. The two outer sets of
reflections can be attributed to the cubic zirconia struc-
ture in [110]cub

n zone axis. The outer spots ({111}cub
n and

{220}cub
n ) are arranged with hexagonal symmetry, with

a degree of azimuthal spread. This is understandable
since the 3 axis of the cubic ZrO2, that is, [111]cub

n , is
not parallel to the overall hexagonal symmetry axis
of the FT image; instead it is the [110]cub

n , that is
parallel to it, inevitably leading to arcing of the outer
FT spots. The presence of six reflections due to the
{220}cub

n lattice planes suggests that the nanocrystals
can rotate in steps of ∼60� around the [110]cub

n axis.
The [110]cub

n orientation is further supported by the FT
calculated on single particles such as the one shown

Figure 1. (a) TEM image of a small supercrystals made of ZrO2 nanoparticles synthesized at 230 �C; (b�e) SEM images
recorded at different magnifications on large supercrystals made of ZrO2 nanoparticles synthesized at 325 �C.
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in Supporting Information, Figure S3. Close to the
center, two families of reflections can be distinguished
(this part, almost indiscernible, is indicated by a square
and is magnified in the right part of Figure 2c), they
are characteristic of a 2D hexagonal packing of the
nanoparticles.

Since transmission and scanning electron micro-
scopy are not the best techniques for the assessment
of the nanoparticles 3D-packing and because the
synthesis approach readily produces a gram quantity
of material, the nanoparticle assembly was studied
by small-angle X-ray diffraction (SAXD). The unusual
packing of the nanoparticles is manifested in the rela-
tively sharp SAXD peaks (cf. the figures and detailed
explanation for each sample in the Supporting
Information). Figure 3 shows a typical SAXD pattern
recorded from a FCC assembly together with the best
fit-curve and the resolved diffraction peaks. The pack-
ing of the zirconia nanoparticles strongly depends on

temperature. For the lower temperatures of synthesis
(i.e., 230 �C for pure zirconia and 300 �C for 10% Tb-
doped zirconia) a 3D simple hexagonal lattice with
space group P6/mmm is found. The reconstructed
electron density map (Figure 4a) shows that the nano-
particles are centered at the corners of the hexagonal
unit cell. The cell parameters are a = 4.01 nm (the
distance between nanoparticles within the {001} hex-
agonal plane) and c = 4.09 nm (distance between
particles within a column, normal to the hexagonal
plane) for the 10% Tb-doped zirconia synthesized at
300 �C. The isoelectron surface enclosing the high
density region (i.e., the core of the nanoparticles)
shows disproportionally large elongation along the
c-axis, suggesting relatively poor correlation along the
column. By comparing the TEM (Figure 2b,c) and the
SAXD data, it is clear that the [001]hex

s of the P6/mmm

superlattice is normal to the plane of the image in
Figure 2b, that is, parallel to the [110]cub

n .

Figure 2. (a) SEM and (b) TEM images of supercrystals of 10% Tb-doped zirconia synthesized at 300 �C. (c) FT of the whole
image in panel b and a magnified part of center.
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At higher reaction temperatures (i.e., 325 and
350 �C) the synthesis produces supercrystals with
well-faceted shapes such as flower-like, rhombic do-
decahedron, and bipyramids, depending on the tem-
perature and dopant used. At 325 �C the terbium-
doped particles mainly show a flower-like morphology
(Figure 5a). SEM images of isolated supercrystals high-
light the complex morphology and growth pattern
(Figure 5b,c). The overview TEM image (Figure 5d)
shows the facets and the complexity of the leaves.
The three pairs of reflections present in the selected
area electron diffraction are characteristic of the cubic
zirconia in the [110] orientation (Figure 5e). Here again
the nanocrystals exhibit a preferential crystallographic
orientation. The higher resolution image of the same
edge of the aggregate, from which the SAED was
recorded, shows the nanobuilding blocks forming an
ordered superlattice (Figure 5f). Increasing the reaction
temperature to 350 �C results in rhombic dodeca-
hedron supercrystals, in addition to flower-like mor-
phologies, such as the ones shown in Figure 5g. The
yttrium-doped sample synthesized under the same
conditions shows bipyramid supercrystals (Figure 5h).
The HRSEM images of the surface of the well-faceted
supercrystals always show a highly ordered assembly
of the nanobuilding blocks (cf. Figure 5i).

It is important to point out that irrespective of the
synthesis temperature and the doping the resulting
nanoparticles have similar size (i.e., between 3.0 and
4.4 nm, cf. Table 1). Combined with the fact that the
nanobuilding blocks are not completely fused and
are therefore still discernible, these unique features
allow us to study the formation mechanism of the
supercrystals.

By increasing the reaction temperature the packing
changes as well; for the pure samples it passes from the
3D simple hexagonal latticewith space group P6/mmm

via a face centered cubic lattice (FCC) with space group

symmetry Fm3m, to a rhombohedral lattice with space
group R3m. The reconstructed electron density map of
the FCC phase (Figure 4b) shows the well-known close-
packed structure of hard spheres, with each nanopar-
ticle surrounded by 12 nearest neighbors, 6.36 nm
apart from each other. Because of the higher correla-
tion length, the R3m packing is more easily studied on
doped samples, and this structure will thus be dis-
cussed further below.

Similar packings, with symmetries P6/mmm (synthe-
sized at 300 �C) and R3m (325 and 350 �C), are observed
for doped nanoparticles (Table 1). According to the
SAXD diffraction pattern, the R3m superlattice of
Tb-doped ZrO2 nanoparticles synthesized at 325 �C
has lattice parameters a = 7.01 nm and c = 3.80 nm
(hexagonal coordinates). The reconstructed electron
density map (Figure 4c) shows that ZrO2 nanoparticles
form linear chains. The distance between nanoparticles
in each chain is c = 3.80 nm. The nanoparticle columns
pack on a hexagonal lattice, with the columns shifted
longitudinally by c/3 = 1.27 nm relative to the neigh-
boring columns. Consequently, each unit cell contains
3 chains of nanocrystals with a relative longitudinal
shift of 0, 1.27, and 2.53 nm, respectively. In contrast to
the simple hexagonal packing of low-temperature
synthesized nanoparticles, here the nearest distance
between nanoparticles in neighboring chains is larger
(4.24 nm) than within the same chain (3.80 nm) (see
Table 1). This rhombohedral structure can in fact be
viewed either as a BCC or a FCC structure compressed
along the [111] axis. In terms of packing of nearest

Figure 4. Reconstructed electron density maps of the
superlattices: (a) ZrO2 synthesized at 230 �C; P6/mmm
lattice. Isoelectron surfaces enclose the regions of highest
average electron density, that is, the central portions of the
nanoparticles; (b) ZrO2 synthesized at 325 �C; Fm3m (FCC)
lattice; (c) 10% Tb-doped ZrO2 synthesized at 325 �C; R3m
lattice. In panels a and c the three orthogonal 2D maps
lining the walls are [100], [110] and [001] cuts, referring to
hexagonal coordinates.

Figure 3. SAXD of ZrO2 synthesized at 325 �C, FCC (Fm3m)
phase. Best fit-curve and resolved diffraction peaks are
plotted below for comparison. The last four peaks are
expanded vertically 15 times and shown in the inset.
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neighbor particles, this rhombohedral phase is closer
to BCC (shrunk by 13% along z) than FCC, both
possessing a 3 axis. The order in the rhombohedral
phase is quite high, judging by the FWHW of the (110)
diffraction peak (cf. Supporting Information, Figure S12)
which gives a domain size of ∼63 nm.

High resolution TEM of an edge of a supercrystal
gives additional information on nanoparticle packing.
In Figure 6a several layers of particles were imaged in
high resolution. The slight difference in contrast makes
it possible to distinguish the edges and the shape of
the individual nanobuilding blocks. The particles are
well-faceted showing nonequilateral hexagonal pro-
jections. Each nanocrystal shows well-defined lattice
fringes. The FT of the lattice fringes of the whole image
(Figure 6b) consists of azimuthally spread spots, the
distance and the angle between them being charac-
teristic of the cubic ZrO2 structure imaged along the
[110]cub

n zone axis. One of the particles, delineated by
the yellow contour in panel (a), was further magnified
in Figure 6d showing the mask used in the Fourier
transformation (Figure 6e). The FT spots of this smaller

region exhibit no arcing, in contrast to the FT calcu-
lated from the whole assembly (Figure 6b). The spots
are again characteristic of the cubic ZrO2 structure
imaged along the [110]cub

n axis, proving that the azi-
muthal spread of the spots in Figure 6b is due to slight
crystallographic misorientation of the nanobuilding
blocks.

The HRTEM picture (Figure 6a) agrees very well with
the R3m superlattice determined from SAXD, viewed
along the [100]rho

s = [110]cub
n direction. (In this paper we

use hexagonal coordinate axes to describe the rhom-
bohedral lattice, so [100]rho

s is orthogonal to [001]rho
s or

the z-axis.) If we replace each nanoparticle with its
Voronoi cell, as outlined in black and red in Figure 6a, it
becomes clear that the outlines correspond well with
the identifiable edges of the nanoparticles. In Figure 6a
one can clearly see the columns formedby the stacking
of nanoparticles along z (rhombohedral [001]rho

s ). The
shift along zbetween neighboring columns can also be
clearly seen. The Voronoi cell of the R3m phase is found
to be very close to a regular cuboctahedron of a BCC
structure. The two Voronoi cells are compared in

Figure 5. (a) Optical micrograph, (b,c) SEM, and (d,f) TEM images of supercrystals of 10% Tb-doped zirconia synthesized at
325 �C; (e) selected area electron diffraction of the region indicated by a circle in panel d; (g) SEM of rhombic dodecahedra
supercrystals of 10% Tb-doped zirconia synthesized at 350 �C; (h) SEM of bipyramidal supercrystal of 6% Y-doped zirconia
synthesized at 350 �C; (i) HRSEM of the surface of an aggregate showing the assembly of the nanocrystal building blocks
(inset: color coded image showing a different layer of nanoparticles).
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Figure 6c. The outer two polyhedra are the cuboctahe-
dron of the BCC packing in gray, and the distorted
cuboctahedron found in our R3m packing in green.
The distortion (i.e., compression) along the [111]cub

n (i.e.,
z) axis is obvious for the R3m compared to the
cuboctahedron of the BCC structure. There are eight
{111}cub

n and six {100}cub
n facets in a cuboctahedron.

For R3m the hexagonal symmetry of two of the
{111}cub

n facets (normal to z) is preserved, while the
other {111}cub

n facets are slightly distorted, and the
{100}cub

n facets become rectangular rather than square.
Discussion of the Assembly Mechanism. To better under-

stand the factors controlling the nanoparticle assem-
bly, additional characterization has been carried out.
First of all, it is known that supercrystals are generally
formed by interactions between the ligands adsorbed
at the surface of the nanoparticles. Although no sur-
factants are used in the present synthesis, a careful
investigation of the organic species left at the surface
of the zirconia nanoparticles was carried out by 13C
solid state NMR and FT-IR spectroscopy (cf. Figures S4
and S5 and the discussion in the Supporting Infor-
mation). In all the cases, carbon contamination was
observed (cf. Table 1). More surprisingly, it was found
that the only organic species detected are benzoates.
In situ formed benzoate species coming from the
oxidation of benzyl alcohol used as solvent for the
metal oxide synthesis have been observed previ-
ously.29 They are usually formed at relatively high
temperatures and can be catalyzed by metal centers.
A peculiar example is the formation of rare-earth (RE)

oxide-based lamellar organic�inorganic nanostruc-
tures under similar reaction conditions.29�31 For ex-
ample, it was found that benzoate species were the
only organic moieties present between the inorganic
RE2O3 layers, separating them by 1.2 nm. They form
bridging bidentate coordination to the RE2O3 layers,
and are responsible for the formation of the periodic
organic�inorganic structure via π�π stacking. More-
over, the assembly of gold nanorods due to π�π
stacking was recently demonstrated upon addition
of salicylates (hydroxybenzoates) molecules.32 From
chemical analysis the concentration of organic “conta-
mination” increases with the reaction temperature and
the doping (cf. Table 1). Indeed, the carbon content
estimated from elemental and thermogravimetric
analysis was less than 5wt% for the standard synthesis
of ZrO2 nanoparticles at 230 �C and it increased up to
15% for the nanoparticles synthesized above 300 �C.
From FT-IR spectra a bridging bidentate coordination
between benzoate species and zirconium ions is found
(cf. Figure S5 and discussion in the Supporting Infor-
mation). It should also be pointed out that the mother
liquor after nanoparticle formation (not shown) does
not contain any benzoic acid, while it shows the
presence of toluene and benzaldehyde (i.e., the by-
products of the disproportion of benzyl alcohol in-
volved in the benzoate formation29). Moreover, had
benzoic acid been present in the solution, it would
have reacted, under the reaction conditions applied,
with the solvent (i.e., benzyl alcohol), leading to the
formation of the corresponding ester and water; traces

Figure 6. (a) HRTEM imageof a superlatticemadeof 6%Y-dopedZrO2 synthesized at 350 �C. Theblack and red lines represent
two layers of the Voronoi cells drawn around the ideal center (0,0,0) position of each nanoparticle in the R3m superlattice,
projected along [110]cub

n axis of the nanoparticles. These projected polyhedra closely match the observed outlines of the
particles in the TEM image. (b) FT of the region of the supercrystal shown in panel a. (c) Three Voronoi polyhedra drawn
around the 0,0,0 positions, i.e., the ideal center of the nanoparticle; the outer one (gray) is the perfect cuboctahedron thatwould
tessellate a BCC lattice (point symmetrym3m); the middle polyhedron (green) tesselates the R3m lattice (point symmetry 3m)
with lattice parameters observed in the case of 6% Y-doped ZrO2 synthesized at 350 �C. The distortion of the R3m along the
z-axis is obvious. The inner Voronoi is that of the lattice shrunk upon annealing at 425 �C (cf. following section). (d) HRTEMof the
selected particle used for the FT shown in panel e; the same particle is highlighted by the yellow contour in panel a.
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of benzylbenzoate were actually found in the NMR
spectra. A test reaction in the presence of benzoic
acid was also carried out, unfortunately its presence
changes the reaction conditions promoting a hydro-
lytic mechanism and the formation of monoclinic
zirconia nanoparticles (not shown). These analyses
and control experiments prove that benzoate species
are formed at the surface of the nanoparticles, staying
adsorbed and stopping their further growth. The low
polydispersity of the ZrO2 nanoparticles, compared to
similar surfactant-free nonaqueous sol�gel routes,
supports this mechanism. These findings suggest that
the formation of the zirconia supercrystals could be
attributed to the surface benzoate species, where π�π
stacking between phenyl groups keeps the structure
together and directs the assembly. Generally, the
primary particle sizes extracted fromWAXD linewidths
and TEMmeasurements are in good agreement, point-
ing to a single crystal characteristic of the particles as
also previously demonstrated.24,26 On the other hand,
the particle�particle distance determined from SAXD
experiments is always larger than the particle size (cf.
Table 1). This implies that organic species acting as
glue are intercalated in the superlattice and participate
in its assembly.

To confirm the above hypothesis selected samples
were subjected to mild heat treatment to remove the
organic specieswhile preserving the order. At the same
time, the assembly and lattice contraction was mon-
itored by SAXD. Annealing at 400 �C for 1 h led to a
weight loss of 18% and a contraction of the lattice
parameters larger than 20% for the 10% Tb-doped
nanoparticles synthesized at 300 �C. The parameters of
the simple hexagonal (P6/mmm) lattice contracted
slightly nearly isotropically from a = 4.01 and c =
4.09 nm to a = 3.49, c = 3.58 nm, that is, by 13.0%
and 12.5% along a and c, respectively. It should also
be pointed out that the structure of the superlattice
was not affected by thermal treatment up to 400 �C
(cf. Figure S15 and discussion in the Supporting
Information). Similar results were obtained for the
10% Tb-doped nanoparticles synthesized at 325 �C.
In the latter case, the R3m structure and the order were
retained for annealing up to 400 �C, while the lattice
parameters decreased anisotropically from a = 7.01 nm,
c= 3.80 nm to a= 6.30 nm, c= 3.17 nm, that is, by 10.1%
and 16.5% along a and c, respectively. Increasing the
annealing temperature to 425 �C led to a further steep
contraction of the lattice to a = 5.85 nm and c =
2.97 nm, as well as to a rapid deterioration and finally
loss of order (cf. Figure S16 and discussion in Support-
ing Information). The relative shrinkage of the nano-
crystals on thermal treatment, particularly in the c

direction, is seen more clearly by comparing the green
intermediate polyhedron in Figure 6c (average nano-
particle shape before treatment) with the white inner-
most polyhedron (nanoparticle after heat treatment).

The gap between the surfaces of these two polyhedra
had originally been filled by the organic ligand, which
disappeared on thermal treatment. These experiments
thus prove that the supercrystals are formed due to
organic ligands stabilizing the nanocrystals.

After the assessment of the mechanism leading to
the ordered assembly of the nanoparticles, the factors
governing the assembly toward one structure or an-
other have to be discussed. Both the reaction tem-
perature and doping affect particle size, benzoate
formation, and packing. Generally, increasing the tem-
perature leads to larger particles (cf. Table 1).Moreover,
the quantity of benzoate species increases with the
reaction temperature and with doping. The latter can
be attributed to the catalytic effect of the lanthanide ions
on the oxidation of benzyl alcohol to benzoate species as
already demonstrated in previous reports.29,30,33

The assumption that it is the accumulation of
benzoate groups that poison the growth faces and
limit particle growth to a uniform size is supported by
the fact that a low amount (e.g., below 5 wt %) of
benzoate does not allow the formation of large super-
crystals, such as for particles synthesized at 230 �C. The
next question is what causes nanocrystals of cubic
lattice symmetry to form anisotropic particles which,
moreover, pack with long-range orientational order. As
shown, the anisotropy only develops at higher tem-
peratures of synthesis, where the surface density of
benzoate groups is high. Although this is difficult to
prove with the techniques at our disposal, we propose
that under such circumstances the densely packed
benzoate rings exhibit a nematic-like structure, similar
to that in nematic discotic liquid crystals. The resulting
difference in inclination of benzoate groups on differ-
ent nanocrystal facets means that the effective poison-
ing of particle growth is different on different facets. As
it happens, it is most effective on {001}rho

n facets,
leading to oblate cuboctahedra. We note that there is
a precedent in liquid crystal ligands, albeit rod-like
rather than disk-like, effecting anisotropic packing of
isotropic gold nanoparticles; interestingly, this packing
is also on a R3m lattice.16 It has also been shown
recently that a dilution of the nematogen ligand leads
to a loss of anisotropy and, quite remarkably, also to
formation of the FCC structure.34

The remaining question is where the FCC super-
lattice in ZrO2 fits in the present scheme. In doped ZrO2

the transition from P6/mmm to R3m is direct, but in
pure ZrO2 it happens via the FCC. Table 1 shows that
the interparticle distance in FCC is the average of the
distances in R3m. This suggests that the FCC is in fact
made up of small domains of R3m that are randomly
oriented along all four [111]FCC

s directions. Thus FCC
appears to be the symmetry of long-range order, but
locally the symmetry may still be R3m. Then on
further increase in reaction temperature one direc-
tion prevails and R3m becomes the symmetry of the
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long-range order. As mentioned above, our R3m
phase can be regarded as FCC compressed along
[111] and distorted further.

CONCLUSION

Compared to previous reports on self-assembly of
nanoparticles, our system is unique in that the super-
crystals are self-assembled directly in the reaction
medium where the nanoparticles are formed. This is
in contrast to the generally used strategy where super-
crystals are formed by slow evaporation of the solvent
from a stable colloidal suspension of ligand-capped
particles. The low colloidal stabilization of the benzoate
capped nanoparticles in benzyl alcohol promotes the
formation of stable supercrystals in solution by π�π
interaction between the in situ formed benzoate ligands
attached to neighboring particles. The as-fabricated

supercrystals reach sizes larger than 10 μm and pres-
ent well-defined 3D morphologies such as flower-like,
rhombic dodecahedron, and bipyramids that can be
controlled by adjusting the reaction parameters.
Indeed, the reaction temperature and doping
have an effect on the amount of benzoate species
present at the surface of the particles, which causes
the nanoparticles to self-assemble in unusual
superlattices.
Finally, using this strategy we were able to easily

fabricate a gram quantity of highly hierarchically struc-
tured supercrystals. The 3�4 nm building blocks could
be assembled in superlattices that are normally not
achievable for nanoparticles capped with common
surfactants. Because of the versatility of the synthetic
approach similar assemblies might be obtained with
other metal oxides.

METHODS
Chemicals. Zirconium(IV) isopropoxide isopropyl alcohol

complex 99.9%, terbium(III) acetate hydrate 99.9%, yttrium(III)
isopropoxide oxide and benzyl alcohol 99%, were purchased
from Aldrich. All the precursors were stored in a glovebox and
used as received.

Synthesis. Nanomaterial syntheses were performed in an
argon-filled glovebox (levels of O2 and H2O below 1 ppm).
In a typical reaction, a glass vessel of 45 mL inner volume was
filled with 250mg (0.645mmol) of zirconium(IV) isopropoxide
isopropyl alcohol complex and 10mL of benzyl alcohol. In the
case of the doped samples, 24 mg (0.071 mmol correspond-
ing to 10% doping) of terbium(III) acetate or 10 mg (0.008 mmol
corresponding to 6% doping) of yttrium(III) isopropoxide
oxide were added to the reaction mixture. The vessel
was slid into a steel autoclave, sealed, removed from the
glovebox, and then heated for 2 days in a furnace at the
needed temperature (230, 300, 325, and 350 �C). The resulting
suspensions were centrifuged and the precipitates were
washed with ethanol and acetone and afterward dried in
air at 60 �C. The powders are white for both pure and doped
oxides.

Characterization Techniques. The wide-angle X-ray powder dif-
fraction (WAXD) data were collected on an X'Pert MPD Philips
diffractometer (Cu KR radiation at 40 kV and 50 mA). Transmis-
sion electron microscopy (TEM) was carried out on a Hitachi
H-9000 microscope operating at 300 kV. High resolution TEM
(HRTEM) was performed using a CM200FEG (Philips) micro-
scope with a field emission gun or a Jeol 2200FS, both micro-
scopes were operated at 200 kV. Samples were prepared by
depositing a drop of a suspension of particles in ethanol on a
copper grid coated with an amorphous carbon film. Scanning
electron microscopy (SEM) investigations were carried using a
HR-SEMHitachi SU-70 and a Hitachi S-4800 operated between 2
and 30 kV acceleration voltage. 13C NMR spectra were recorded
at 9.4 T on a Bruker Avance 400WB spectrometer (DSX model)
on a 4 mm BL Cross-polarization magic angle spinning (CPMAS)
VTN probe at 100.61 MHz. Fourier transform infrared spectros-
copy (FT-IR, Spectrum BX, Perkin-Elmer) was carried out in the
range of 4000�350 cm�1 in transmission mode. The pellets
were prepared by adding 1�2 mg of the nanopowder to 100 mg
of KBr. The mixture was then carefully mixed and compressed
at a pressure of 10 MPa to form transparent pellets. Raman
spectroscopywas carried outwith a frequency-doubledNd:YAG
laser at a 532 nm excitation wavelength directly on the powder.

The small-angle X-ray diffraction (SAXD) experiments were
carried out at station I22, Diamond Light Source and Station
BM28, ESRF. The wavelength used was 0.65 Å. 2-Dimensional

SAXDpatternswere recorded using aMar165 CCDdetector, and
converted to 1-D curves by radial averaging. The measurement
of the positions and intensities of the diffraction peaks is carried
out using the Galactic PeakSolve program, where experimental
diffractograms are fitted using Gaussian shaped peaks. The
diffraction peaks are indexed on the basis of their peak posi-
tions, and the lattice parameters and the space groups are
subsequently determined. Once the diffraction intensities are
measured and the corresponding space group determined, 3-D
electron density maps can be reconstructed, on the basis of the
general formula

E(xyz) ¼ ∑
hkl

F(hkl) exp[i2π(hxþ kyþ lz)] (1)

Here F(hkl) is the structure factor of a diffraction peak with index
(hkl). It is normally a complex number, and the experimentally
observed diffraction intensity is

I(hkl) ¼ K 3 F(hkl) 3 F�(hkl) ¼ K 3 jF(hkl)j2 (2)

Here K is a constant related to the sample volume, incident
beam intensity, etc. In this paper we are only interested in the
relative electron densities, hence this constant is simply taken to
be 1. Thus the electron density is

E(xyz) ¼ ∑
hkl

ffiffiffiffiffiffiffiffiffiffi
I(hkl)

p
exp[i2π(hxþ kyþ lz)þφhkl] (3)

As the observed diffraction intensity I(hkl) is only related to the
amplitude of the structure factor |F(hkl)|, the information about
the phase of F(hkl), φhkl, cannot be determined directly from
experiment. However, the problem is greatly simplified when
the structure of the ordered phase is centrosymmetric, and
hence the structure factor F(hkl) is always real and φhkl is either 0
or π.

This makes it possible for a trial-and-error approach, where
candidate electron density maps are reconstructed for all
possible phase combinations, and the “correct” phase combi-
nation is then selected on themerit of themaps, helped by prior
physical and chemical knowledge of the system. This is espe-
cially useful for the study of nanostructures, where normally
only a limited number of diffraction peaks are observed.
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