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Abstract: Here, we describe a simple approach to control

the oriented attachment process through selective ligand
scavenging from the {100} facets of CeO2 nanoclusters.
Aggregates of these nanoclusters smaller than 10 nm with
controlled shapes and exposed facets were obtained. For
the synthesis of the cuboctahedral CeO2 nanoclusters, we

developed a solvent-controlled synthesis approach based
on a non-hydrolytic sol–gel process and used an ester

aminolysis reaction to control ligand scavenging from the

{100} facets. First-principle calculations allowed us to un-
derstand and interpret, at the atomic level, the effects of

shape control on the synthesis. Fine-tuning of the desired
morphologies can be achieved by controlling the values

of the surface energies, which leads to the formation of
morphologies that the classic growth process does not

allow.

In the last decade, significant progress has been made in the

synthesis and assembly of nanocrystals, and has allowed the
control of their compositions, sizes, shapes, and functionali-

ties.[1–4] More recently, efforts have focused on the use of non-
classical nucleation and growth approaches, which allow the

development of nanocrystals and nanoparticles with high com-
plexity in terms of shape, composition, and enhanced function-

ality.[5–7] An important mechanism related to the non-classical

approach is the aggregation of nanoclusters and nanoparticles.

Aggregation-based growth (AG) occurs via aggregation and
coalescence of nanoclusters or nanocrystals rather than mono-

mer-to-monomer deposition (classical process). Subsequent to

aggregation, interface elimination and recrystallization take
place.[8] In particular, the AG of stable nanoclusters and nano-

crystals with coherent crystallographic orientations, a process
known as oriented attachment (OA), is a well-established kinet-

ic process that allows the synthesis of nanoparticles with aniso-
tropic and complex shapes.[9–21]

Since the OA process occurs via collisions between nano-

crystals or nanoclusters,[10, 22] it can be inhibited by a capping
ligand, which protects the nanoparticle surface, through

a mechanism similar to steric hindrance. The use of the limited
ligand protection method[23] is an elegant way to promote the

aggregation of very complex 3D structures. However, this
method is not effective for synthesizing nanoparticles with

high symmetry and controlled exposed facets. Furthermore,

changing the relative concentration of the ligand during the
synthesis leads to the variation of the primary nanoparticle

size and shape but not their aggregation state.[24–27] Following
this line of reasoning, using the OA process to control the

nanoscale morphology via the selective removal of the ligand
(“ligand scavenger”) would be not only be very effective but

also be one of the simplest strategies to manipulate the ex-

posed crystallographic facets.
Here, we report a simple and elegant approach to control

the OA process using a selective ligand scavenger, which pro-
duces nanocluster aggregates smaller than 10 nm with con-

trolled shapes and exposed facets. Cerium oxide (CeO2) was
used as the model system for the development of this growth

strategy because it has a cubic symmetry and it is possible to
synthesize CeO2 nanoclusters with well-defined exposed facets,
such as cuboctahedral nanoclusters.[24, 25] It is interesting to

note that a cuboctahedron has the same group symmetry (Oh)
as that of a cube. This similarity facilitates the sharing of facets

with identical crystallographic orientations during the aggrega-
tion process, leading to the formation of aggregates with con-

trolled shapes and exposed facets. The strategy reported here

is based on the synthesis of cuboctahedral CeO2 nanoclusters
(see Scheme 1 a) and selective ligand scavenging from their

{100} facets (see Scheme 1 b), thereby allowing OA on these
surfaces, generating cuboid aggregates. For the synthesis of

the cuboctahedral CeO2 nanoclusters, we developed a solvent-
controlled synthesis approach based on a non-hydrolytic sol-

[a] Prof. E. Longo, Prof. E. R. Leite
Department of Chemistry
Federal University of Sao Carlos
13565-905, Sao Carlos, SP (Brazil)
E-mail : edson.leite@pq.cnpq.br

[b] S. Maya-Johnson
Department of Materials Engineering
Federal University of Sao Carlos
13565-905, Sao Carlos, SP (Brazil)

[c] Prof. J. Andres
Department de Qu&mica Fisica I Analitica
Universitat Jaume I
12071 Castellon de la Plana (Spain)

[d] Dr. L. Gracia
Department de Qu&mica Fisica
Universitat de ValHncia
46100 Burjassot (Spain)

Supporting information and the ORCID identification number(s) for the au-
thor(s) of this article can be found under http ://dx.doi.org/10.1002/
cnma.201700005.

ChemNanoMat 2017, 3, 228 – 232 T 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim228

CommunicationDOI: 10.1002/cnma.201700005

http://orcid.org/0000-0001-5017-2239
http://orcid.org/0000-0001-5017-2239
http://orcid.org/0000-0001-5017-2239
http://dx.doi.org/10.1002/cnma.201700005
http://dx.doi.org/10.1002/cnma.201700005


gel process[25, 28] using cerium(III) acetylacetonate hydrate

(Ce(C5H7O2)3·x H2O) as the cerium source and oleyl alcohol
(OLA) as the solvent and a reactant. For the controlled ligand

scavenging from the {100} facets, we used a well-known ester

aminolysis reaction.[29]

The detailed experimental procedure used in this work is de-

scribed in the Supporting Information. We conducted a series
of experiments with and without the addition of oleylamine

(OAm) (0, 1, 3, or 5 mmol) in order to understand the effect of
this primary amine in the selective ligand scavenging.[30] For

the synthesis without the addition of OAm, low-magnification

high-resolution transmission electron microscopy (HRTEM)
images (see Figure S1a in the Supporting Information) revealed

the formation of well-dispersed nanoclusters with a mean size
of 2.7 nm, and X-ray diffraction (XRD) analysis revealed the

crystallization of CeO2 nanoclusters with a fluorite cubic struc-
ture (see Figure S2 in the Supporting Information). HRTEM and
XRD analysis showed that the reaction between cerium(III) ace-

tylacetonate and OLA led to the formation of single-crystalline
CeO2 nanoclusters with a well-defined shape and size in the 2–

4 nm range.
In order to shed light on the reaction between OLA and the

metal precursor, we performed Fourier transform infrared
(FTIR) spectroscopy analysis on the CeO2 nanoclusters (see Fig-

ure S3 in the Supporting Information) and identified bands in
the 2800–2960 cm@1 region attributed to the C@H stretching
mode of methyl and methylene groups, a band centered at

3470 cm@1 associated with the OH group, and bands at 1544
and 1445 cm@1 associated with the stretching of carboxyl

groups chemically bonded (as a bidentate complex) to the
CeO2 nanocluster surface.[31] These results show that OLA is oxi-

dized to the carboxylic acid during the synthesis procedure,

which acts as a reactant to promote the inorganic phase for-
mation and as a surfactant. At this point, we have to underline

that it is quite difficult to clearly determine the reaction mech-
anism; however, it is clear that a cerium carboxylate complex

forms at the nanocluster surface and this carboxylate will act
as a surfactant. It is important to note that the CeO2 nanoclus-

ter synthesized without OAm shows very high colloidal stabili-
ty in organic non-polar solvents, such as hexane and toluene
(see Figure S4 in the Supporting Information), supporting the
hypothesis that the carboxylate complex acts as a surfactant.

Since the CeO2 nanocluster was synthesized using a high sur-
factant/cerium precursor ratio, the organic ligand blocked

most growth on both the {100} and {111} facets, resulting in
the formation of small and truncated octahedral clusters.[24]

Figure 1 shows the nanocluster size distribution of the mate-
rial synthesized without the addition of OAm, as well as

a series of high-magnification HRTEM images of the well-facet-

ed CeO2 nanocluster oriented along the < 1̄01> zone axis (see
the fast Fourier transform (FFT) patterns in the insets). Detailed

HRTEM analysis revealed that the nanoclusters show a cubocta-
hedron shape with {111} and {100} facets. Image simulation of

the HRTEM images (see insets in Figure 1 a) confirmed the fluo-
rite cubic structure of CeO2 and showed that the nanoclusters
with a mean size of 2.5 nm (Figure 1 b) are dominated by {100}

facets, with preferential growth in the [111] direction. It is inter-
esting to note that the growth process of the nanoclusters is

cyclical, with growth along the [100] direction for nanoclusters
with a typical size of 2.7 nm (Figure 1 c) and growth along the

[111] direction for nanoclusters with a typical size of 3.3 nm

(Figure 1 d). For more detail, see the video in the Supporting
Information. This indicates that the growth of the nanoclusters

occurs via classical deposition of monomers with no preferred
growth direction, keeping the cuboctahedron shape.

The effect of the addition of OAm on the morphology and
aggregation state of the CeO2 nanoclusters is illustrated in Fig-

Scheme 1. a) Cuboctahedron with its projections in different zone axis orien-
tations; b) selective ligand scavenger from {100} facets developed in this
study.

Figure 1. a) Nanocluster size distribution obtained through TEM analysis of
the CeO2 nanoclusters synthesized without (0 mmol) OAm. The arrows indi-
cate that the nanoclusters with different sizes shows different ratio of [100]
and [111] facets. Insets (b), (c), and (d) show high-magnification HRTEM
images of the similar-sized nanoclusters. FFT analysis showed that the nano-
clusters are single-crystal and oriented along the < 1̄01> zone axis. Image
simulation showed that the CeO2 nanoclusters have a cuboctahedron shape
with {111} and {100} facets.
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ure S1 (Supporting Information). The addition of a small
amount of OAm (1 mmol) did not promote any change in the

size or aggregation state of the CeO2 nanoclusters, which kept
their cuboctahedron shape (see Figure S1b and particle size

distribution in the inset). However, upon increasing the
amount of OAm (3 mmol) added to the reaction, we observed

a remarkable change in the aggregation state. We noticed the
formation of well-defined aggregates of cuboid CeO2 nanoclus-
ters. Upon increasing the OAm concentration further (5 mmol),

we observed the formation of aggregates without defined
shapes, indicating the formation of CeO2 nanocluster agglom-
erates with random orientation.

In order to obtain a detailed description of the CeO2 nano-

cluster aggregates whose formation was promoted by the ad-
dition of 3 mmol of OAm, we performed HRTEM characteriza-

tion with image simulation. Figure 2 shows high-magnification

HRTEM images of the cuboid aggregates. Better analysis of this
image (Figure 2 b and FFT in Figure 2 c) revealed that the cub-

octahedral CeO2 nanoclusters share the {100} facets, resulting
in a cubic-like structure, oriented along the [001] zone axis, as
illustrated in Figure 2 d. Furthermore, Figure 2 a and Figure 2 b

strongly suggest that the OA mechanism dominates the AG
during the synthesis.[9–22] We can see characteristic defects

from the OA aggregation process, such as defects caused by
imperfect aggregation between the {100} facets, indicated by

the black arrow in Figure 2 b, as well as a grain boundary, indi-

cating that the aggregates are in a state of transition from pri-
mary nanoclusters to single crystal domain via assembly and

recrystallization (we have a mesocrystal).[9, 11, 15]

The previous HRTEM analysis clearly showed that the OAm

modified the aggregation state. With a controlled amount, the
addition of OAm resulted in the CeO2 nanoclusters sharing the

{100} facets. This result suggests that the OAm scavenges the
carboxylate complex bonded to the {100} surface, allowing the
OA process to occur in these facets. A plausible explanation
for the role of OAm during the synthesis process is an ester

aminolysis reaction that involves the nucleophilic attack of
OAm on the carbonyl carbon atom of the cerium carboxylate,

as illustrated in Scheme 2. This mechanism is similar to that re-

ported by Han for the synthesis of titania nanorods with tuna-
ble aspect ratios.[29] The removal of the carboxylate complex

from the nanocluster surface was confirmed by thermogravi-
metric analysis (TGA) of the CeO2 nanoclusters synthesized

with and without OAm. As we can see in the TGA results
shown in Figure S5 (see Supporting Information), the nanoclus-

ter synthesized in the presence of OAm showed less weight

loss, confirming the partial removal of the carboxylate complex
from the CeO2 nanoclusters. FTIR analysis (see Figure S3 in the

Supporting Information) did not produce any signs of amine
groups in the nanocluster synthesized with OAm, indicating

that this compound promotes only the removal of the ligand.
In the present study, the selective removal of the carboxylate

complex from the {100} facets and the formation of hydroxylat-

ed cerium on the surface allowed the subsequent nanocluster
aggregation to occur via OA in a controlled manner. The selec-

tive removal of the ligand will eliminate the steric hindrance in
the [100] direction.

The results reported thus far clearly show that the surface
energies of the different CeO2 facets play a crucial role in both

classical and non-classical growth processes. To obtain an un-

derstanding from an energetic point of view, we performed
first-principle calculations for the different CeO2 surfaces (for

details about the theoretical methodology used, see the theo-
retical calculation procedure in the Supporting Information).

The {100}, {110}, and {111} facets of CeO2 were modeled by an
unreconstructed slab model using an optimized equilibrium

geometry. Slab models (see Figure S6 in the Supporting Infor-
mation) containing 8, 7, and 7 molecular units were considered
for the {100}, {110}, and {111} facets, respectively, after some
convergence tests were performed on the system. Their re-
spective areas were 14.4, 20.7, and 12.6 a2. According to the

theoretical calculations, the {111} facet was the most stable, fol-
lowed by the {110} and then the {100} facets. In principle,

a stable crystal system tends to expose the facets with the

lowest surface energy. The ideal morphology of CeO2, derived
from the Wulff construction, exhibits a typically octahedral

shape exposing the {111} facets. The calculated surface ener-
gies are shown in the inset of Figure 3 a.

Our theoretical calculation approach, based on the Wulff
construction, allows the modification of the morphology by

Figure 2. a) High-magnification HRTEM image of the CeO2 nanocluster ag-
gregates whose formation was promoted by the addition of 3 mmol of
OAm; b) detailed view of an ordered aggregate (mesocrystal), where it is
possible to observe defects (indicated by arrows) typical of an aggregation
promoted by OA; c) FFT of image b; d) image simulation of the CeO2 nano-
clusters showing that aggregates share the {100} facets.

Scheme 2. Aminolysis reaction between a carboxylate complex bonded to
the CeO2 surface and OAm.
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tuning the surface energies of the different facets (see Fig-

ure S7 in the Supporting Information). Analysis of the theoreti-
cal results revealed that when the relative stability of the

facets changes (increases or decreases), more than one type of
facet will appear in the resulting morphology. The available

morphologies shown in Figure 3 a reflect a change in the {100}

surface energy. To generate a cuboctahedron with exposed
{100} and {111} surfaces, it is necessary to decrease the surface

energy of the {100} facets. It is also clear from our simulation
study that to obtain a cuboid shape, it is necessary to decrease

the surface energy of the {100} surfaces further. Therefore, to
obtain a cube-like nanocrystal or nanocluster, it is necessary to

change the surface energy of the {100} facets, which will result

in preferential growth in the [111] direction. Thus, the reduc-
tion of the surface energy serves as a driving force for the OA

growth process.[32]

The ratio between the surface energies of the (111) and

(100) facets (see Figure S8 in the Supporting Information) is
a useful parameter for understanding the growth process. This
ratio for the Wulff structure is 0.49 and the ratio for a cubic

morphology is 1.73. From this theoretical analysis, it is clear
that to obtain morphologies with {001} facets, it is necessary
to alter the surface energy of these facets. Therefore, the
change in the morphology of the CeO2 nanocrystals from trun-
cated octahedral to cubic was mostly caused by the suppres-
sion of crystal growth on the {100} surface.[20] As the CeO2

{100} surfaces are less stable than the {111} surfaces, the car-
boxylate ligands interact preferentially with the {100} surfaces.
This reduced the growth rate of the crystals in the {100} direc-

tion significantly, and the crystal growth in the {111} direction
became dominant. The change in growth direction led to the

formation of nanocubes with exposed {100} surfaces.
The morphology change can be attributed to the fluctuation

of the energy barriers for the formation of different crystal

facets during nanocrystal growth. In our case, if the difference
between the surface energies for the {100} facets in the initial

and final morphologies are considered as kinetic energy barri-
ers (DE1 and DE2 in Figure 3 b), then we can conclude that the

carboxylate complex bonded to the nanocluster surface de-
creased the surface energy of the {100} facets sufficiently to

allow the kinetic barrier, DE1, to be overcome, and a cuboctahe-
dron with {111} and {100} facets was formed. However, we did

not observe (under the experimental conditions used) the for-
mation of cubic nanoclusters experimentally, suggesting that

the stabilization of the surface by the complex did not pro-
mote a sufficient reduction of the surface energy of the {100}

facets to cause the formation of a cubic morphology, i.e. , to
overcome the DE2 barrier. However, the addition of OAm led
to selective scavenging of the ligand from the {100} surfaces,

allowing the OA process to occur on these surfaces. This event
allowed the formation of cubic nanoparticles, following an OA
non-classical growth process. The attachment between nano-
clusters, via OA, should result in a significant reduction in the
surface energies of the connected facets, thus allowing the for-
mation of morphologies that the classic growth process (mo-

nomer deposition) does not allow. This is equivalent to finding

a reaction path that can overcome the kinetic energy barrier
(DE2), as illustrated in Figure 3 b.

In summary, based on both experimental and theoretical re-
sults, we have reported here a reaction pathway that allowed

the use of the OA process in a controlled fashion for the syn-
thesis of CeO2 nanoparticles with controlled sizes and shapes

via a control ligand scavenging process involving the {100}

facets selectively. First-principle calculations were carried out
to understand and interpret, at the atomic level, the structure,

surface stability, and morphological transformations; the sur-
face energies of the connected facets were reduced significant-

ly, enabling the formation of morphologies that the classic
growth process does not allow. The methodology reported

here for the synthesis of CeO2 may be relevant for the investi-

gation of self-assembly processes of other metal oxides as well
as for other types of inorganic nanoparticles in future work,

which means that it brings new insight for nanostructure
design and controlled synthesis.
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