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Abstract: Modeling of nanocrystals supported by advanced morphological and chemical characterization
is a unique tool for the development of reliable nanostructured devices, which depends on the ability to
synthesize and characterize materials on the atomic scale. Among the most significant challenges in
nanostructural characterization is the evaluation of crystal growth mechanisms and their dependence on
the shape of nanoparticles and the distribution of doping elements. This paper presents a new strategy to
characterize nanocrystals, applied here to antimony-doped tin oxide (Sb-SnO2) (ATO) by the combined
use of experimental and simulated high-resolution transmission electron microscopy (HRTEM) images and
surface energy ab initio calculations. The results show that the Wulff construction can not only describe
the shape of nanocrystals as a function of surface energy distribution but also retrieve quantitative information
on dopant distribution by the dimensional analysis of nanoparticle shapes. In addition, a novel three-
dimensional evaluation of an oriented attachment growth mechanism is provided in the proposed
methodology. This procedure is a useful approach for faceted nanocrystal shape modeling and indirect
quantitative evaluation of dopant spatial distribution, which are difficult to evaluate by other techniques.

Introduction

The development and implementation of new applications
for nanostructured materials is, in many cases, closely linked
to the ability to describe, model, and control nanocrystal
morphology during the synthesis process, especially by the
bottom-up approach.1 Hence, the successful application of
nanocrystals as building blocks for the development of novel
materials requires control over the shape and the assembly of
those nanocrystals. Crystal modeling2-4 is therefore a unique
tool due to its wide application in the prediction of crystal
shapes, growth process, and the resulting properties of an
unlimited number of systems.

A key subject in materials chemistry and a major issue in
crystal modeling, particularly for nanocrystals synthesis, is the
strong influence of the chemical environment and synthesis
parameters that determine the surface chemistry and crystal

morphology. Several cases reported in the literature show that
organic and/or inorganic additives5-7 and solvents8 can deter-
mine crystal growth and final morphology. Those studies
indicate that additives act as selective poisoning agents, shifting
the configuration of the nanocrystal surface energy, defining
crystal habit and preferential growth directions. However, the
role of synthesis parameters on the resulting nanocrystal features
is complex and still not fully understood.

In recent years, advanced tools9-13 have been developed for
nanocrystal characterization in order to obtain accurate chemical,
structural, and morphological information, such as crystal-
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lographic habit, surface chemistry, and growth mechanisms from
self-assembled arrangements. Although a number of techniques
based on X-ray,9,14 scanning probe microscopy,15 and transmis-
sion electron microscopy (TEM)16-18 have been successfully
applied to retrieve compositional and morphological information
about nanostructures, several challenges still remain, especially
with regard to three-dimensional reconstruction and chemical
mapping.

In this work we present a novel approach based on high-
resolution transmission electron microscopy (HRTEM) char-
acterization and surface energy ab initio calculation19 (atomistic
simulation). By combining information from HRTEM images
of faceted nanocrystals, Wulff construction,20,21 and surface
energies obtained by atomistic simulation for selected facets,
the 3D morphological and compositional features of ATO
nanocrystals and their growth mechanisms were elucidated.

Among the transparent conductive oxides (TCO),22 SnO2 and
its doped forms, such as FTO23 (fluorine-doped tin oxide), ITO24

(indium-doped tin oxide), and ATO25 (antimony-doped tin
oxide), have received special attention due to their unique
electro-optical properties with applications in catalysis,26,27

electronics,28 optics,29 and as gas sensors.30 The antimony-doped
tin oxide (Sb-SnO2) (ATO) nanocrystalline system31 was
chosen for this work because of the limitations for its compre-
hensive characterization by conventional and advanced tech-
niques. These limitations are due to the reduced dimensions,
small difference between the atomic weight of Sn and Sb, and
the structural and chemical instability of these nanoparticles,
which preclude long-duration TEM and/or scanning transmission
electron microscopy (STEM) analyses, for example. However,
the proposed methodology should not be seen as exclusive to

the study of ATO system, for it can also be applied to other
faceted nanostructured crystalline systems.

Experimental Section

The ATO nanocrystals were synthesized in a glovebox under a
controlled atmosphere by the benzyl alcohol method.32 For an
18%atom Sb doping concentration (nominal composition), a total of
5.47 mmol of SnCl4 (99.995%) and 1.01 mmol of SbCl3 (99.99%)
were stirred in a vessel with 40 mL of benzyl alcohol, after which
the reaction vessel was removed from the glovebox and heated at
150 °C for about 48 h in a silicone bath. ATO nanoparticles were
collected by centrifugation, washed twice with tetrahydrofuran, and
stocked in a concentrated tetrahydrofuran (THF) dispersion.

TEM samples were prepared by dripping diluted ATO solution
onto copper grids covered with a thin amorphous carbon film (∼5
nm). HRTEM characterization was performed on a JEM-3010 URP
TEM at 300 kV with a LaB6 electron gun and equipped with a
1024 × 1024 thermoelectrically cooled charge-coupled device
(CCD) camera and an X-ray energy-dispersive spectroscopy
(XEDS) detector.

Wulff construction20,21 was applied to build theoretical crystals
by using the ab initio calculated surface energies and the SnO2 P42/
mnm crystal structure. HRTEM multislice simulated images of
theoretical ATO nanocrystals were obtained by use of JEMS
software.33

Surface energy calculations19 for ATO nanocrystals were
performed with the CRYSTAL06 program package. Oxygen atoms
were described by the standard 6-31G* basis sets and the tin and
antimony centers in the PS-21G* scheme,34 where PS stands for
Durand-Barthelat’s nonrelativistic large effective core potential.35

Becke’s three-parameter hybrid nonlocal exchange functional36

combined with the Lee-Yang-Parr gradient-corrected correlation
functional (B3LYP)37 was used.

Full optimization of the cell parameters (a and c) and internal
coordinate (u) for the bulk SnO2 was carried out. The low index
(110), (101), (100), and (001) surfaces were modeled by unrecon-
structed (truncated bulk) slab models by use of the calculated
equilibrium geometry. Because these surfaces have a different
number of atoms in each layer, the low-index surfaces were modeled
with different thicknesses in the z-direction but were periodic in x-
and y-directions. After the corresponding convergence test on the
undoped systems, slab models containing nine SnO2 layers for the
(110), (100), and (101) surfaces and 11 layers for the (001) surface
were selected. For the models used here, the top and bottom planes
are equivalent in symmetry so the substitution of Sn for Sb atoms
was done on both sides of each slab model. Supercells were used
to model the lower percentages of doping (∼7%). A complete
relaxation of all the atoms in each model was performed.

Results

X-ray diffraction (XRD) analysis of synthesized ATO indi-
cated highly crystalline nanocrystals with SnO2 cassiterite
tetragonal structure (see section SI1 in Supporting Information).
No other crystalline phases were revealed by the XRD analysis,
indicating the complete incorporation of Sb in the SnO2

structure. The broad XRD peaks indicate small crystalline
domains with dimensions of approximately 5 and 4 nm for (110)
and (101) planes, respectively, as evaluated by Scherrer’s
equation, suggesting the presence of elongated crystals.
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HRTEM images show that the nonaqueous synthesis route
produces highly dispersed and crystalline ATO nanoparticles,
as presented in Figure 1a. The evaluation of size distribution
shown in Figure 1b reveals elongated particles with a mean
length of 4.2 nm, mean width of 3.2 nm, and mean aspect ratio
of 1.3.

The electron diffraction pattern of ATO nanoparticles depicted
in Figure 1a also indicates a SnO2 cassiterite tetragonal structure
with P42/mnm spatial group symmetry. Measured interplanar
distances are in excellent agreement with the XRD results and
the previously reported crystallographic characterization.38

The HRTEM analysis of ATO samples indicated two relevant
morphological aspects: (a) the formation of faceted nanocrystals
and (b) the occurrence of oriented attachment as the growth
mechanism for a significant number of particles, as illustrated
in Figure 2a,b. Figure 2c shows a representative HRTEM image
of ATO samples and the fast Fourier Transform (FFT), which
indicates the particle orientation along the [111] zone axis. An
HRTEM multislice simulation of SnO2 P42/mnm crystal struc-
ture under the experimental image conditions is shown in Figure
2c (dashed box). It is important to point out that the reported

morphological features of the ATO nanocrystals are directly
related to the presence and distribution of Sb dopant. SnO2

nanocrystals obtained by a similar synthetic route do not present
a faceted shape.39

Soluble ions play a major role during crystallization, par-
ticularly in crystal shape, as previously reported for CaCO3.

40

This effect is explained by the reduction of particle surface
energy due to the substitution of native surface ions by foreign
ones. The analyses suggest that the addition of Sb modifies the
SnO2 surface energy, leading to crystal shape modifications. In
order to validate this assumption, the Wulff construction20,21

was chosen as the model to evaluate ATO nanocrystal faceting
based on surface energy ab initio calculations for different
exposed crystallographic planes and Sb concentrations.

According to Wulff’s rule,41 which determines the equilibrium
crystal shape by minimizing surface energy for a given enclosed
volume, the crystal morphology can be thermodynamically
predicted by use of the surface energy of different facets. Thus,
the crystal shape can be derived from a geometrical construction
where the distance of the facet from an arbitrary origin is
proportional to the respective crystallographic plane surface
energy. The ab initio calculated surface energies for different
crystalline planes and Sb concentrations are presented in Figure
3, as well as the Wulff construction for different Sb contents.
Due to the substitutional character of Sb in the ATO structure,
the dopant concentration is quantized according to available
exposed sites.

The results of the calculations shown in Figure 3 indicate
that the surface energy for different exposed crystalline planes
is highly dependent on the Sb concentration, leading to depen-
dence of the nanocrystal habit on the dopant content. In addition,
preferential segregation toward different exposed crystalline
planes can be inferred due to modifications of the nanocrystal
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Figure 1. Typical HRTEM image of ATO nanocrystals and size distribution
histogram. (a) HRTEM image of representative ATO (Sb-SnO2) nano-
crystals, where the inset shows the electron diffraction pattern and the dashed
lines exemplify the measured length and width. (b) Size distribution
histogram, where the red and black bars represent the width and length,
respectively. The inset text indicates the mean sizes with their respective
standard deviations and the aspect ratio for a total count of 200 particles.

Figure 2. HRTEM images of ATO nanocrystals. (a, b) HRTEM images
of faceted ATO (Sb-SnO2) nanocrystals, showing oriented attachment
growth. The red dashed lines highlight the projected facet boundaries. (c)
HRTEM image of faceted ATO nanocrystal. The dashed red box indicates
the superimposed multislice simulated HRTEM image. (Inset) Fast Fourier
Transform, which indicates the particle alignment along the [111] zone axis.

Figure 3. Surface energies for different Sb contents and Wulff constructed
nanocrystals for each dopant content considering a homogeneous Sb
distribution. The figure shows the ab initio calculated surface energies for
the selected crystalline planes with different Sb contents. The facets on the
constructed Wulff crystals are indicated by a color code.
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habit as a function of dopant content, especially in highly doped
systems. Therefore, both qualitative and quantitative information
can be extracted from HRTEM images of faceted and crystalline
nanosystems by evaluating the aspect ratio for different crystal-
line planes within the Wulff construction.

Based on projected two-dimensional HRTEM images of ATO
nanocrystals observed along the [111] zone axis, a hypothetical
nanocrystal shape is proposed. The actual HRTEM images
provide the exact number of atomic columns on the oriented
ATO nanocrystals and hence provide precise information
regarding their projected dimensions. In this specific case, the
exposed (100), (110), (111), and (101) facets were successfully
reconstructed on the basis of the HRTEM image of the particle
due to the [111] oriented tetragonal crystalline structure. Only
the possibly exposed (001) facet could not be directly evaluated
because it does not substantially modify the projected dimen-
sions of the ATO nanoparticle HRTEM image when observed
along the [111] zone axis. However, simulated HRTEM images
of the proposed nanocrystal atomic arrangement provide infor-
mation about all the facets considered (see section SI2 in
Supporting Information). Thus, it is possible to infer the habit
of the actual ATO nanocrystals from an iterative process based
on the combined use of HRTEM characterization, Wulff
construction, and HRTEM multislice image simulation.

Figure 4a,b presents the proposed ATO nanocrystal atomic
arrangement with a superimposed Wulff construction and the
multislice simulated HRTEM image,33 respectively. Figure 4c,d
compares the nanocrystal multislice simulated HRTEM image
(c) and the experimental image (d). The remarkable agreement
between the images supports the proposed nanocrystal habit.

Dimensional analysis of the proposed ATO nanocrystal
indicates the surface energy ratio for the different exposed
crystallographic planes of the experimental ATO nanocrystals.
Therefore, a comparison of these surface energy values and the
ab initio calculated ones provides the dopant content on those
exposed facets. Table 1 presents the absolute distances of the

proposed Wulff-constructed facets of the ATO nanocrystal, the
surface energy values, and the estimated Sb content for the
exposed crystalline planes. Both surface energy and dopant
content of each facet were evaluated by use of Wulff construc-
tion dimensions, mean nanocrystal Sb content retrieved by
XEDS measurements, and ab initio calculated surface energies.
A detailed description of this methodology is presented in
section SI3 of Supporting Information. Finally, the estimated
Sb concentrations of the exposed facets of the proposed ATO
nanocrystal were quantized on the basis of the available Sn
atomic sites on these crystallographic planes. This evaluation
of the Sb content on the exposed facets, presented in Table 1,
indicates a preferential segregation of Sb toward the (100) and
(110) facets and a dopant depletion at the (001) facets of the
ATO nanocrystals.

As previously shown, the ATO nanocrystal self-assembling
process occurs through oriented attachment (OA) growth.42-44

OA is a statistical process related to the collision rate among
nanocrystals in suspension and to the reduction of surface energy
driven by the area minimization of high-energy facets.45 It has
been recently reported as the predominant growth mechanism
for an increasing number of materials and has called the attention
of scientists as a suitable technique for processing mesocrystals
and anisotropic nanomaterials.46-51 Several growth kinetic
models52,53 have been developed that consider OA as a common
step in the nanocrystal growth mechanism, even in systems with
high solubility in which Ostwald ripening is the predominant
growth mechanism.54

Figure 2b shows a pair of coalesced ATO nanocrystals, self-
organized through OA growth. This oriented ensemble was
evaluated by use of the previously proposed nanocrystal model
and simulated HRTEM images in order to investigate the OA
growth mechanism. Figure 5a,b presents the atomic arrangement
of an ATO nanocrystal ensemble superimposed with its Wulff
construction and the results of HRTEM multislice image
simulation, respectively. Figure 5c,d compares the multislice
simulated HRTEM image of the ensemble (c) and the experi-
mental image (d).
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Figure 4. Proposed and actual ATO nanocrystals observed along the [111]
zone axis. (a) Proposed ATO (Sb-SnO2) nanocrystal habit superimposed
on its Wulff construction. (b) Multislice simulated HRTEM image obtained
from the proposed nanocrystal habit. (c,d) Comparison of the nanocrystal
multislice simulated HRTEM nanocrystal image (c) and the experimental
HRTEM image (d).

Table 1. Evaluation of Surface Energy and Sb Content for the
Proposed ATO Nanocrystal Habit

exposed plane distance (nm) surface energy (J/m2) %atom Sb

(001) 1.73 4.68 8.0
(101) 2.08 5.63 14.2
(100) 1.90 5.14 15.3
(110) 2.50 6.76 16.1
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The remarkable agreement between the experimental HRTEM
image and the simulated image of the proposed ATO nanocrystal
assembly allows for an accurate evaluation of the OA mecha-
nism. [100] and [101] were observed as the preferential growth
directions for the ATO nanoparticles. Figure 5c corresponds to
an example of (100) facet oriented attachment. The OA growth
process along the [100] and [101] directions is congruent with
the predicted attachment configurations (see section SI4 in
Supporting Information) and with the higher expected collision
rate for the (100) and (101) facets as a result of their larger
exposed facet area. In the proposed nanocrystal habit, more than
78% of the total surface area corresponds to (100) and (101)
facets.

The combined use of HRTEM characterization, HRTEM
multislice image simulation, and ab initio calculations provided
information on the 3D habit and surface chemical composition
of faceted nanocrystals by correlation of the crystal faceting
and the dopant-dependent surface energy of exposed facets.

Concluding Remarks

Based on indirect quantitative measurements, this methodol-
ogy is a novel approach for the evaluation of surface dopant
distribution on nanoparticles. It is a powerful tool for the analysis
of nanocrystals, where usual quantitative techniques such as
X-ray photoelectron spectroscopy (XPS), X-ray energy-
dispersive spectroscopy (XEDS), high-angle annular dark field
(HAADF), and electron energy loss spectroscopy (EELS) would
require a much greater effort and/or would be restricted by
system dimensions and/or small atomic weight differences
between the material elements.55

In addition, the combined use of surface energy ab initio
calculations and Wulff construction applied to nanocrystal
modeling was applied successfully to study the oriented
attachment growth mechanism in ATO nanocrystals and can
be used to carry out such studies in a number of nanostructured
systems. Modeling hypothetical nanocrystals as building blocks
with known surface energy distribution and faceting enables
one to produce a three-dimensional description of the oriented
attachment growth mechanism, which can be further investigated
by HRTEM imaging and HRTEM multislice image simulation.
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Figure 5. Proposed ATO nanocrystal ensemble and its simulated HRTEM
image. (a) Atomic arrangement of the ATO (Sb-SnO2) nanocrystal
ensemble superimposed on its Wulff construction. (b) Multislice simulated
HRTEM image obtained from the proposed nanocrystal ensemble. (c, d)
Comparison of the simulated nanocrystal image (c) and the experimental
image (d).
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