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Selective self-assembly processes were identified in an aged col-

loidal dispersion containing CeO2 cube-like and polyhedral nano-

crystals as building blocks, resulting in two types of 2D micro-

arrays. The cube-like nanocrystals were hierarchically self-

assembled to form cubic nanoblocks with a mesostructure size of

ca. 100 nm and a 2D microarray size of over 100 μm. The hierar-

chical assembly of the cube-like nanocrystals triggered the direct

self-assembly of polyhedral nanocrystals, which then formed 2D

microarrays. The hierarchical assembly of nanocrystals with a simi-

lar morphology was the dominant assembly process in the colloi-

dal dispersion, and the cube-like nanocrystals tend to assemble

through an oriented axis; otherwise, the fusion between the ori-

ented nanocrystals is random.

Introduction

Self-assembly of nanocrystals is a fascinating way to realize a
variety of novel functional materials. Self-assembled nano-
structures obtained from metal oxide nanocrystals have
served as catalysts,1,2 magnetic materials3 and electrodes.4–8

Much attention has focused on the self-assembly of nano-
crystals to build complicated architectures. As a bottom-up

approach, critically stabilized nanocrystals with a well-defined
morphology can be assembled into 1D, 2D and 3D superstruc-
tures through a driving force.9–22 For example, capillary or
electrochemical forces as driving forces promoted the self-
assembly process.9–19 Binary or ternary types of nanocrystals
can be self-assembled into 2D close-packed structures driven
by the capillary force between nanometric units when a dis-
persion is evaporated on a substrate. Morphology, crystal
facets and size have a significant influence on the final archi-
tecture. The self-assembled structures of nanocrystals obey
the rule of minimum surface energy. Meanwhile, colloidal
conditions can be disturbed by an external stimulus such as
UV irradiation, ultrasonic irradiation and a mixed solvent.
Changing the surface polarization or dielectric constant of
nanocrystals can also be used to promote the spontaneous
formation of 3D microarrays from dispersed nanocrystals.23–27

In these cases, the microarrays usually show an anisotropic
crystallographic morphology.

Although nanometric units have different morphologies
(size and shape), their self-assembly process is considered to
be unique, in which all the different nanoblocks will be as-
sembled into unique functional structures in a limited time.
Morphology influences the self-assembled architecture. There
are limited reports on selective and multiple self-assembly of
nanoblocks. Furthermore, few works reported the self-
assembly process under colloidal conditions. In a colloidal
dispersion, nanocrystals are considered to be stable and no
self-assembly occur.

In our previous works, we have fabricated sole 1D, 2D and
3D self-assembled architectures from building blocks of
metal oxide nanocrystals. 1D linear chain and 3D close-
packed structures were obtained using Mn3O4, BaTiO3 and
SrTiO3 cube-like nanocrystals.28–31 2D superlattices of CeO2

nanocubes were obtained from an enlarged liquid–gas inter-
face.32 BaTiO3 hollow spherical and confetti-like mesocrystals
were obtained using a sonication-assisted process.26,27 MCO3

(M = Ni, Co, Mn) and Li–Mn–O mesocrystals were obtained
using a bio-inspired process.33 In the present work, selective
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and multiple self-assembly processes were used for the first
time to form different 2D microstructures in an aged colloi-
dal dispersion containing cube-like and polyhedral CeO2

nanocrystals. As shown in Scheme 1, hierarchical assembly of
the cube-like nanocrystals and self-assembly of the polyhe-
dral nanocrystals occurred due to a time sequence. Hierarchi-
cal assembly was defined as a periodical and multiple assem-
bly process, in which building blocks were assembled into
different nanostructures with different aggregation patterns
(2D or 3D aggregation) at different stages. Two types of 2D
microarrays were obtained. One of the 2D microarrays had a
close-packed structure of 3D cubic nanoblocks with a critical
size of ca. 100 nm. The cubic nanoblocks were identified to
be an intermediate hierarchically assembled from the cube-
like nanocrystals. The other 2D microarrays were self-
assembled from polyhedral nanocrystals directly. The self-
assembly of the polyhedral nanocrystals was thought to be
triggered by the hierarchical assembly of the cube-like nano-
crystals. Cube-like nanocrystals tend to assemble through an
oriented axis, otherwise, the fusion between nanocrystals is
random in the self-assembly process of colloidal dispersion.

Results and discussion

Fig. 1 shows the CeO2 nanocrystals synthesized using a wa-
ter/toluene interface under hydrothermal conditions. Oleic
acid and tert-butylamine were used to control the morphology
of the nanocrystals and stabilize their dispersion in toluene.
The as-prepared nanocrystals showed a size range of ca. 4 to
6 nm. Two peaks at ca. 4.5 and 5 nm were identified from
the size distribution of the nanocrystals (the inset of Fig. 1a).
The bimodal distribution indicated two types of nanocrystals
in the suspension. The first had a cube-like morphology with
exposed (100) and (110) faces, and a large size of ca. 5 nm

(Fig. 1b, c & d). The second showed a polyhedral morphology
with exposed (100), (110) and (111) faces, and a smaller size
of ca. 4 nm (Fig. 1e, f & g).

The suspension of the nanocrystals was aged for 2 months
to obtain 2D microarrays. 2D microarrays with different
structures were identified through SEM and TEM observa-
tions. As shown in Fig. 2A, one 2D microarray showed a size
of over 100 μm. At high magnification, the 2D microarray
consisted of oriented cubic nanoblocks with a critical size of
ca. 100 nm. Fig. 2B shows the TEM image of this 2D microar-
ray. A single crystal-like ED pattern from the <100> direction
of CeO2 was obtained from the 2D microarray, indicating the
single crystal-like structure of the cubic nanoblocks and their
oriented aggregation along the <100> direction. At high
magnification, as shown in Fig. 2D, the cubic nanoblocks
showed irregular cracks, indicating that the cubic nanoblocks
formed a mesostructure and were composed of irregular
units, as schematically illustrated in Scheme 1.

It is worth noting that the cubic nanoblocks were com-
posed of irregular units with sizes of 20–30 nm instead of
primary nanocrystals. The thickness of the 2D microarrays
was about 100 nm as identified by AFM analysis (Fig. 2E),
indicating the critical 2D assembly of the cubic nanoblocks
and the monolayer structure of the 2D microarrays. These

Scheme 1 Selective assembly of bimodal distributed nanocrystals
toward 2D microarrays in an aged colloidal dispersion.

Fig. 1 (a) TEM microstructure of the nanocrystals and the inset shows
the size distribution; HRTEM, FFT patterns and morphology of (b, c, d)
the cube-like nanocrystals and (e, f, g) polyhedral nanocrystals. %T
stands for the percentage of particles of a certain size over the total
number. The bottom inset is a photo of the colloids in toluene.
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results indicate that the formation of the 2D microarrays
was a hierarchical self-assembly process. Another 2D micro-
array showed a significantly different structure (Fig. 2c).
This 2D microarray has a large size of over several hundred
micrometers. From the TEM observation (Fig. 2F), it was
mainly composed of primary nanocrystals with a polyhedral
morphology. The diffraction ring shown in Fig. 2F indicates
that this 2D microarray was formed from the random as-
sembly of polyhedral nanocrystals directly. There were no
cubic nanoblocks observed in this type of 2D microarray. It
is worth noting that the 2D microarray which consisted of
cubic nanoblocks was the main product in this work. Only a
limited 2D microarray of polyhedral nanocrystals was ob-
served. Detailed kinetics of the 2D microarrays was moni-
tored. Fig. 3 shows the intermediates after aging for 1
month. Nanocubes with a critical size of ca. 100 nm accom-
panied with 3D clusters of nanocrystals can be observed in
the SEM image (Fig. 3A). No 2D microarrays were observed
at this time. The spot-like FFT pattern and irregular cracks
of the nanocubes observed in Fig. 3B indicate a meso-
structure in the nanocubes and are the cubic nanoblocks
observed in the 2D microarrays introduced in
Fig. 1A, B and D. It is deduced that there was limited fur-
ther growth of the cubic nanoblocks during the subsequent
aging time. It consisted of fused cubic nanocrystals and had
a rectangular morphology. Irregular units were observed in
the 3D clusters. The FFT spots of the selected area (Fig. 3D)
indicate that the 3D cluster formed a single crystal-like
structure, with the fused nanocrystals arranged in the
<100> direction. These results suggest that the 3D clusters
were the building blocks for the formation of the cubic

nanoblocks in the 2D microarrays, and prove that the for-
mation of the cubic nanoblocks was a hierarchical self-
assembly process. Primary cubic nanocrystals were first self-
assembled and fused into 3D clusters with cubic and rectan-
gular morphologies, and then the 3D clusters were assem-
bled into hierarchical aggregates. Through the fusion be-
tween the nanocrystals and the clusters, cubic nanoblocks
were formed during the subsequent aging (Scheme 1). In
this process, two phenomena should be mentioned. The
first is that the self-assembly of polyhedral nanocrystals is
not observed; the second is that the cubic nanoblocks have
a single crystal-like structure containing units with an irreg-
ular morphology. These observations suggest that the cubic
nanoblocks were formed through a selective self-assembly
process of primary cubic nanocrystals.

The most exposed crystal face of the CeO2 cubic nanocrystals
was the (100) face with a higher surface energy than the other
faces. The CeO2 cubic nanocrystals have a better tendency to
minimize the surface energy of the system compared to the
polyhedral nanocrystals. The large surface area of the (100) face
is thought to accelerate the assembly of the cubic nanocrystals.
We have previously reported the oriented aggregation and fu-
sion of metal oxides nanocubes dispersed in different sol-
vents under hydrothermal conditions. For example, CeO2

nanocubes were assembled into large cubic particles in an or-
ganic solvent.32 SrTiO3 nanocubes were assembled into 3D
cubic clusters in aqueous solution.26 Cubic nanocrystals have
been shown to be more active for aggregation and fusion
compared to nanocrystals with different morphologies.

To investigate the fusion of cubic nanocrystals, we ob-
served the fusion between cubic nanocrystals with an

Fig. 2 SEM images of the two types of 2D microarrays (A, C); TEM and FFT patterns of the 2D microarrays composed of cubic nanoblocks (B, D)
and nanocrystals (F); AFM analysis of the 2D microarrays composed of cubic nanoblocks (E).
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oriented arrangement. A monolayer of cubic nanocrystals on
a collodion film was irradiated using an electron beam (200
kV) for 15 minutes to initiate the fusion between the nano-
crystals. As shown in Fig. S1B,† cubic nanocrystals were uni-
formly distributed on the collodion film with a distance of
about 1 nm. Through irradiation using an electron beam,
oleic acid absorbed on the surface of the nanocrystal began
to decompose and shrinkage of the monolayer was observed
after 10 min of irradiation. The fusion between the nano-
crytals was observed after 15 min of irradiation, as shown in
Fig. 4 and S1.† As shown in Fig. 4, the cubic nanocrystals
did not fuse through the identical crystal face with a large
surface area. Instead, the fusion between (100)/(100), (110)/
(110) and (100)/(110) was observed in Fig. 4B and C. These
results indicate that the fusion between the nanocrystals was
mainly influenced by the position of the nanocrystals rather
than the most exposed crystal faces. Huris et al. reported
that the nanocrystals will consecutively rotate for full fu-
sion.34 It is thought that the irregular units in the cubic

nanoblock were formed through the rotation of nanocrystals
in the fusion process.

It can be concluded that the irregular units observed in
the cubic nanoblocks (Fig. 3B) were attributed to the random
fusion of misaligned nanocrystals in the self-assembly pro-
cess. An organic matrix containing cubic nanoblocks was ob-
served after centrifugation of the dispersion (Fig. 5). A size of
over several hundred micrometers was obtained. As shown in
Fig. 5B, the cubic nanoblocks were distributed uniformly in
the organic matrix. Fig. 5C shows the FT-IR spectra of the or-
ganic matrix. The intense peak at 1695 cm–1 attributed to
C–O stretching indicates the presence of free oleic acid.
Meanwhile, a peak at 1500 cm–1, which would indicate the
chemical bond between oleic acid and Ce ions, was not iden-
tified. The FT-IR results indicate that the organic matrix was
mainly composed of free oleic acid. Detailed FT-IR analysis
can be found in the ESI.†

The formation of the 2D microarrays from the primary cu-
bic nanocrystals is shown to be a hierarchical self-assembly

Fig. 3 SEM image (A) and TEM images of the intermediate after aging for 1 month: cubic nanoblock (B), 3D clusters of nanocrystals (C, D).
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process that triggers the formation of 2D microarrays of poly-
hedral nanocrystals. This hierarchical self-assembly process
is concluded to have three stages during the aging time. The
first stage is the oriented self-assembly and fusion of the pri-
mary cubic nanocrystals to form 3D clusters. During this
stage, the primary cubic nanocrystals were mainly fused
through the (100) face with the consumption of a higher sur-
face energy. The second stage is the self-assembly of the 3D
clusters to form cubic nanoblocks. During this stage, the 3D

clusters were assembled into large aggregates. Through the
random fusion between the different crystal facets, a meso-
structure consisting of irregular units was obtained. The se-
lective absorption of oleic acid on the (100) face of CeO2 in-
duces the morphology change from irregular to cubic.32 The
third stage is the formation of 2D microarrays. For the cubic
nanoblock, their dispersion was broken by its large size. The
fusion of nanocrystals released free oleic acid molecules to
enhance the surfactant concentration around the cubic nano-
blocks and caused 2D aggregation of the cubic nanoblocks.

2D microarrays of polyhedral nanocrystals were also
formed in this stage. The hierarchical self-assembly process
triggers the formation of 2D microarrays of polyhedral nano-
crystals. For a self-assembly process caused by a driving
force, the morphology of the nanocrystals influences the self-
assembled structure significantly. Complicated structures
such as face-centered cubic (fcc), hexagonal close packed
(hcp) and body-centered cubic (bcc) structures can be fabri-
cated by controlling the morphology of the binary or ternary
types of nanocrystals. In contrast, the self-assembly process
under colloidal conditions is selective, as shown in the
present work. Only nanocrystals with a similar morphology
have the tendency to be self-assembled. During a long aging
time, nanocrystals will fuse to each other to form small clus-
ters or large aggregates. Meanwhile, the fusion of oriented
nanocrystals is random and will result in a mesostructure of
the aggregates. It is important that the hierarchical assembly
of cubic nanocrystals is the dominant self-assembly process
in a colloidal dispersion. This process is similar to the
growth of mesocrystals, but still has differences. For instance,
the formation of a mesocrystal or the oriented attachment of

Fig. 4 (A) TEM, and (B, C) HRTEM images of fusion and aggregation of the cube-like nanocrystals under electron beam irradiation.

Fig. 5 SEM image (A, B) and FT-IR spectra (C) of the organic matrix.
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a nanocrystal is a one-step assembly process.35,36 However,
the assembly process of the cube-like nanocrystals in this
work is hierarchical. We believe that the hierarchical assem-
bly process will be unique when the colloidal dispersion used
contained nanocrystals with a designed morphology, and
novel functional structures can be fabricated from a colloidal
dispersion based on this work.

Conclusions

In summary, two different self-assembly processes, i.e., hierar-
chical assembly and self-assembly, were observed in the colloi-
dal dispersion of CeO2 nanocrystals. The assembly of cube-like
nanocrystals is a hierarchical assembly process and triggers
the direct assembly of polyhedral nanocrystals. 2D microarrays
with different microstructures were obtained. The 2D micro-
arrays containing cubic nanoblocks were hierarchically assem-
bled from cube-like nanocrystals. The cube-like nanocrystals
were hierarchically assembled and randomly fused into 3D
clusters and cubic nanoblocks with a mesostructure. Polyhe-
dral nanocrystals were self-assembled into 2D microarrays di-
rectly after the hierarchical assembly of the cubic nanocrystals.
This work exemplifies the self assembly derived from the aging
of collodial particles in solution, which provides useful guid-
ance for synthesizing other hierarchical nanostructures.

Experimental

Synthesis of CeO2 nanocrystals: 15 mL of 16.7 mmol L−1

ceriumĲIII) nitrate aqueous solution was added into a 50 mL au-
toclave, and then a 15 mL mixed solution of toluene, oleic acid
(OLA) and tert-butylamine (0.15 mL) was added with a molar ra-
tio of Ce :OLA = 1 : 8 to the autoclave in open air without stir-
ring. The sealed autoclave was heated at 180 °C for 36 h, then
cooled down to room temperature. The morphology of the
nanocrystals can be controlled by the reaction temperature.

Fabrication of the colloidal dispersion of the nanocrystals:
after the synthesis, the upper organic crude solution was
centrifuged to separate the CeO2 nanocrystals. The centrifuged
CeO2 nanocrystals were redispersed into 10 mL of toluene,
then oleic acid was added. The concentration of oleic acid was
adjusted to 4 vol%. The colloidal dispersion of the CeO2 nano-
crystals was aged for 2 months at room temperature. Aggre-
gates of the nanocrystals were obtained by centrifugation.
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