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he assembly of nanocrystals into 3D

ordered superstructures with a lattice

parameter on the order of tens of
nanometers has attracted increasing atten-
tion due to their potential to enhance a
wide variety of applications based on col-
lective optical’ or magnetic? effects. Nano-
crystal superlattices are a new type of
artificial materials having properties that
are controlled by the individual building
blocks and also by their collective interac-
tions. The assembly of nanocrystals (NCs)
into ordered structure leads to the observa-
tion of unexpected physical behaviors, such
as coherent vibrations that have been ob-
served using Raman spectroscopy’® and
femtosecond laser pulses in a frequency
range much smaller than in atomic or mo-
lecular crystals.* Another famous illustration
of such collective effects is the electro-
magnetic energy transport in metal self-
organized nanoparticle plasmon wave-
guides.>™” In this context, the recent ad-
vances in both the synthesis of colloidal
nanocrystals® and the design of superstru-
ctures® have opened up great opportunities
for fundamental investigations of structural
and physical properties of superlattices.
From the viewpoint of the structural study
of these nanodevices, it becomes necessary
to analyze the arrangement of crystals into
packing on more local bases. The packing
symmetries and densities strongly depend
on the shape of the NCs and on their relative
positions. In particular, a large long-range
ordered superlattice requires a narrow size
distribution of a unique shape. Therefore,
these parameters must be precisely con-
trolled before the ordering of the particles,
preferentially at the time of the synthesis.
The existence of minor facets on the NCs
can lead to other packing symmetries, such
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ABSTRACT The work re-
ported herein focuses on the
3D relative arrangement of
individual platinum nano-
crystals with a size of about
5 nm, and on the structure of
the superlattices, they spon-
taneously form. Electron to-
mography was systematically
used in this study because it

allows obtaining quantitative
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3D information in real space. Performing tomography in the bright-field TEM mode allowed

investigating the short and long-range orderings of the nanoparticles packed as self-organized

supercrystals. Systematic fcc pilings were observed with a mean lattice parameter measured to

be 19.5 nm, the nature of the arrangement being controlled by the truncated octahedral

morphology of platinum nanocrystals and the associated steric effects. A numerical 3D

quantitative analysis of the ordering characteristics of the superlattice with a nanometer

resolution has been performed that, for the first time, showed a direct correlation between

single entities' characteristics and their ordering in periodic arrays. It has been shown that the

lattice parameter is different in two orthogonal directions of the fcc structure, which indicates

the presence of a slightly compressed superlattice. Inside the superstructure, vacancies and

axial defects were observed that would blur the occurrence of potential collective effects from

the supercrystals.

KEYWORDS: platinum nanocrystals - nanocrystal superlattices - 3D stacking -
long-range order - electron tomography - pair distribution function

as body-centered cubic (bcc)'® or nematic
liquid-crystal-like phases."’

This work reports on the 3D characteriza-
tion of self-ordered platinum NC superlat-
tices. One of the major challenges here was
to carry out characterizations at both the
scale of the nanoparticles and the scale of
the lattice they form. For this purpose,
techniques based on the Fourier analysis
of the information obtained from X-rays and
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electron diffractions are commonly used. The main
drawbacks of these scattering methods or of the
associated ones are their inability to provide spatially
resolved information and the need of producing hy-
potheses on the nanoparticles' morphology for inter-
preting the data. In addition, the analysis of the defects
in the long-range ordering is difficult since these
scattering methods are strongly model-dependent. In
this context, the electron tomography technique
which gives access to real space information is thus
a strongly relevant tool to overcome the above-
mentioned difficulties. Applied with a subnanometer
resolution on a field of view of several hundreds of
nanometers, this characterization technique makes it
possible to work out specific information at three
dimensions, providing thus spatial selectivity in the
nanometer range. It consists in the volume reconstruc-
tion of a 3D specimen by using a series of its 2D
projections recorded in one of the TEM modes com-
patible with the tomographic approach. In the specific
case of self-assembled superlattices, it can achieve
ordering characterization by detecting and classifying
individual 3D defects in the structure when the scatter-
ing methods only provide access to global averaged
order parameters. In spite of its impressive potential for
the 3D characterization of the nanostructures, its reg-
ular implementation in the field of materials science
started only 15 years ago.'> ' One of the reasons was
the presence of the diffraction contrast in the tradi-
tional TEM images recorded on crystalline materials;
this phase contrast does not satisfy the projection
requirement for the tomography that stipulates the
image intensity must be proportional only to the mass
and thickness of the specimen. Nowadays, several
electron tomographic modes exist that are initiated
by the large variety of imaging modes which have
been made available in electron microscopy. For in-
stance, the energy-filtered (EFTEM) mode enables one
to provide elemental maps with a resolution in the
nanometer range,'®> '? and the scanning TEM (STEM)
mode uses a very convergent probe to explore the
sample in a raster pattern and to record 2D images one
pixel after the other by collecting different signals.?
This last mode can be combined with the EDS or EELS
spectroscopies, but its most usual implementation in
electron tomography is applied to the acquisition of a
series of bright-field and annular dark-field images.
This last mode is actually very appropriate for the 3D
analysis of crystalline nanomaterials, especially when
high collection angles are used (in the so-called HAADF
mode), as in this case the contribution of the Bragg
diffraction by crystalline structures is strongly reduced
when the recorded signal is incoherent.'?' However,
itis worth noticing that, in the case of weakly scattering
crystalline materials or the case of very small crystal-
lites, the BF-TEM mode can also provide reliable
3D information,>? with the advantage of an easy to
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implement technique especially concerning the acqui-
sition step of the tilt series.

In this study of superlattices made out of crystalline
nanoparticles having a very small size, the deleterious
effect of the residual diffraction contrast in the recon-
structed volume obtained by traditional TEM tomogra-
phy is low because (i) the contribution of the diffraction
contrast to the TEM images becomes less important
when the crystallite size decreases; (i) for single crys-
tals the artificial changes in image intensity due to the
diffraction contrast only appears for specific angles,
and thus their contribution to the final reconstruction
is canceled by the averaging of information originating
from the whole tilt series. Furthermore, related to the
study of these 3D nanostructures by electron tomo-
graphy, the traditional TEM mode has a dual advantage
compared to BF or ADF STEM: (i) the rapidity of the
acquisition process enables the recording of a high
number of images within a large angular interval,
reducing thus the contribution of the reconstructions
artifacts; (ii) the thickness of the in-focus part of the
sample is larger, allowing thus the observation of
thicker areas of specimen under study, which is funda-
mental for the study of superlattices. For these reasons,
this tomographic study was performed in the usual
TEM mode. Finally, it is worth noting that the present
work is focused principally on the analysis of the
periodical arrangement of the NCs into the super-
lattice, and that the precise study of their individual
morphologies will be reported in another work.

Since the implementation of electron tomography
in materials' field, some studies of 3D arrangements of
NCs into superlattices have been published. One of the
first experiments reports on the use of the traditional
bright-field TEM tomography to reveal the shape of
larger PbSe nanoparticles and their relative stacking in
3D arrays.® The accurate determination of the lattice
parameters and distortions has also been carried out
into binary superlattices made of spherical particles
with different sizes (PbSe/Au, PbSe/CdSe)** and also
into a bcc packing supercrystal composed by octahe-
dral Pt;Ni NCs of 10 nm size.>® More recently, a 3D
electron tomography study has been performed on
self-assembled octapod nanocrystals, revealing an un-
common tetragonal structure.?® However, though few
recent papers were devoted to finding a correlation
between the shape of nanoparticles and their long-
range arrangement in ordered arrays,”’ 2° no pub-
lished work has reported up to now a numerical 3D
quantitative analysis of the ordering characteristics of
the NC superlattices.

In this context, we report here a 3D analysis of the
relative arrangement of Pt NCs and their periodical
stacking into 3D superlattices. For this purpose, a
quantitative analysis of the reconstructed volumes
obtained by using electron tomography is required,
which permits the measurement of the parameters of
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Figure 1. (A) Examples of BF-TEM images from the tilt series used to reconstruct the volume of a fragment of a meta-crystal,
corresponding to 0 and 45° tilt angles. (B) Typical transverse and longitudinal slices through the reconstruction, showing the
relative packing of the layers and the in-plane hexagonal symmetry. (C) Successive slices, separated by the mean distance
between two monolayers of Pt NCs, through the reconstructed volume; any stacking fault is observed in the 3D stacking of
NCs for the analyzed fragment; the 3D assembly contains 11 layers when looking along the direction corresponding to a six-
fold symmetry axis in the packing of the Pt NCs. (D) Modeling of the first four layers of the studied assembly which contains 11
successive layers; the successive layers are depicted with different colors. (E) Synopsis of our separate work which has shown
that the shape of individual Pt nanoparticles corresponds to a truncated octahedron.

the periodic array and the establishment of a relation-
ship between the morphology previously deduced and
the long-range ordering. Furthermore, the type and
the density of the existing defects were also investi-
gated from the reconstructed volumes of an assembly
of NCs. Last, information on the spatial extension of the
long-range ordering in the superlattice was obtained
using a direct distance measure between NCs in the
real space (PDF analysis).

RESULTS AND DISCUSSION

One of the main parameters governing the potential
use in applications of these NC superlattices is the
long-range order degree, in other words the spatial
extension of the periodic arrangement of the NCs. In
this context, the aim of the present analysis is to obtain
reliable information on the 3D organization in the Pt
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supercrystals. For this purpose, several tomographic
analyses were performed on representative fragments
containing NC multilayers of NCs. The parameters of
interest, which can be extracted from the 3D recon-
struction, are the spatial positions of all of the NCs and
also their individual mean size compared to an average
value representing the whole assembly. In particular,
the precise knowledge of the relative positions of the
NCs allows, first, determining typical parameter char-
acteristics of the long-range order, such as the super-
lattice parameter and the coherence length, and,
second, to provide direct evidence on the point defects
or the stacking defects. As explained in the introduc-
tion, to obtain reliable information, such an analysis
must be performed on relatively large clusters, and
consequently, the acquisitions were performed at
mean magnification in BF-TEM mode.
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Figure 2. In-plane (A) and out-of-plane (B) pair distribution functions (PDF). The black square symbols represent the
experimental PDFs, the blue lines represent the PDFs for a slightly distorted fcc structure, and the red lines represent the

corresponding PDFs for disordered structures.

It is worth noting that information on the 3D period-
ical arrangement of NCs into a superlattice can also be
deduced through electron diffraction experiments.
However, the out-of-plane distances are much more
difficult to obtain in the case of superlattices directly
deposited on a TEM support membrane. In addition,
the correlation length of 3D positions of NCs is rather
limited in such superlattices, giving rise to broad
diffraction spots and thus inaccurate values for dis-
tances; this is not the case for the artifact-free tomo-
graphic analysis, where the measurements are
performed in the real space and are not limited to
the study of highly ordered systems.

The necessary steps for performing the tomographic
analysis are illustrated in Figure 1, where we present for
one of the analyzed fragment some typical 2D TEM
images (1A), then two numerical orthogonal sections
crossing successive layers or parallel to the support
(1B), and at last the modeling of the assembly where
the various layers are depicted with various colors (1D).
Furthermore, Figure 1C depicts several equidistant
slices through the reconstructed volume, separated
by the mean distance between two monolayers of Pt
NCs oriented parallel to the support. By analyzing the
stacking of these successive layers in this fragment that
contains more than 10 layers, we systematically ob-
served an ABC stacking alternation, characteristic of a
face-centered cubic (fcc) structure. This suggests the
absence of stacking faults in this superlattice, a typical
defect often present in this type of arrangement. On
the other hand, a simple inspection of the transverse
sections shows that the spatial extension of single
layers increases with the distance to the horizontal
support, indicating that the presence of the substrate is
not of prime importance for the 3D ordering process.
As a general comment, thanks to its ability to give
access to real space information, tomographic analysis
provides useful information on the nucleation and
growth mechanisms. Note that the limited 3D resolu-
tion in this reconstructed volume does not allow
one to precisely solve the morphology of an individual
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nanoparticle located in the 3D stacking, which was
rather the aim of another work.*°

In order to precisely determine the relative 3D
positions of the Pt NCs contained in the global recon-
struction, the hard sphere model that assigns a sphe-
rical shape for each particle was used in a first
approximation. A relevant parameter for characterizing
the long-range order of the superlattices is the pair
distribution function (PDF). It describes the density of
interparticle distances in the superlattice. Figure 2
shows the associated in-plane and out-of-plane pair
distribution functions (PDF). For the calculation, the
two directions were separated in order to examine a
potential effect due to different in-plane and out-of-
plane superlattice parameters. A striking point evi-
denced from these figures is the large value of the
long-range ordering. This good ordering inside the
fragment is confirmed by the structure of the pair
distribution functions (PDF) (Figure 2). In addition, a
decrease of the intensity of the peaks when the inter-
cluster distance increases is observed due to limited
spatial extension of the superlattice. This intensity
decrease is also governed by the broadening of the
peak (inset in Figure 2B). Such a broadening is due to a
limited coherence length of the NC positions. The first
maximum, corresponding to the nearest neighbors
(NN) distance between NCs, indicates an in-plane
nearest neighbors distance of 14.65 + 0.02 nm and
an out-of-plane one of 12.93 £ 0.02 nm. The distance
between two NCs is higher than their mean diameter,
which confirms the presence of organic ligands
(octylamine) on the platinum nanocrystal surfaces
from their synthesis procedure. Four additional peaks
are present in the in-plane PDF at 25.94 4+ 0.01, 30.02 +
0.20, 39.09 + 0.19, and 44.28 + 0.49 nm. They corre-
spond, respectively, to the third, fourth, seventh, and
ninth nearest neighbors. The absence of the second,
fifth, sixth, and eighth nearest neighbors provides
direct evidence of the presence of several monolayers
with a six-fold symmetry perpendicular axis. A similar
feature is observed for the out-of-plane PDF where the
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Figure 3. (A) Top view and (B,C) side views of (a) the experimental NCs assembly, (b) associated perfect superlattice, along
three crystallographic axes. The experimental superlattice has been built from the 3D positions of the centers of NCs obtained
by tomography, whereas the perfect ordered one has been constructed by considering the lattice in-plane and out-of-plane
parameters deduced from the pair distribution functions of the experimental superlattice. For representation, we have

considered spherical shapes for the NCs in both superlattices.

presence of peaks corresponding to the second, fifth,
sixth, and eighth nearest neighbors strongly suggests
the presence of a face-centered cubic structure. How-
ever, in such a structure, the significant difference
between the in-plane and out-of-plane NN distances
can be explained by the existence of two different
lattice parameters of the cubic lattice in the two
orthogonal directions, leading thus to a slight com-
pression of the supercrystal lattice. An important
remark at this stage of the analysis is that the difference
between in-plane and out-of plane NN distances can-
not be due to the elongation effect, generally present
in the electron tomography reconstructions: on the
one hand, with our acquisition parameters, the esti-
mated value of the elongation factor is insignificant in
first approximation (down to 1.1); on the other hand,
this effect would induce an out-of-plane distance high-
er than the in-plane one, which is not the case here.
On the basis of the in-plane and out-of-plane
parameters determined from the experimental PDF,

FLOREA ET AL.

we build up the corresponding theoretical distorted fcc
structure. The associated PDFs are represented with
blue lines in Figure 2; the positions and the intensities
of the various peaks are in good agreement with those
of the experimental PDFs, providing once again direct
evidence of an fcc-type structure. A larger number of
peaks are present in the out-of-plane PDF because
of different in-plane and out-of-plane superlattice
parameters. Additionally, the comparison between
the experimental NC arrangement and the perfect
one (Figure 3) evidences different degrees of ordering
depending on the crystallographic direction. Note that
the quantitative analysis of the NC arrangement in the
3D stacking does not necessitate the consideration of a
perfect ordered lattice as an input, which was built only
in order to allow a one-to-one comparison of the
characteristics of two types of PDF peaks, in terms of
height and width.

Once the morphology of a unique particle (of trun-
cated octahedron type, as studied in our separate work™®)
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and the periodical arrangement in a 3D array of an
assembly of those are known, another parameter can be
deduced from the 3D analysis as to say the relative orienta-
tion between the neighboring particles. Figure 4A pre-
sents the idealized 3D packing of a series of truncated
octahedrons, as well as three corresponding orthogo-
nal views, two side views (B and C) and the top view (D).
A schematic representation of the in-plane packing is
also represented (Figure 4F), with the {100} facets in
blue and the {111} planes in red. Indeed, the relative
packing of truncated octahedral nanoparticles orga-
nized in a hexagonal array is relatively well-known in
the literature.®" To check the relative orientation of Pt
NCs in our superlattice, several 3D slices crossing the
mass centers of some neighboring NCs have been
extracted. A fragment from a typical slice is shown on
Figure 4E. By inspecting these oriented slices, it appears
that the NCs belonging to a 2D array have a spatial
orientation similar to the idealized packing of truncated
octahedrons, as represented in three dimensions on

Figure 4. (A) Idealized representation of the 3D packing of
truncated octahedron crystals organized in a hexagonal 2D
array, as is the case of the monolayers contained in our
superlattice. (B,C) Side views and (D) top view of the 3D
supercrystal represented in (A). (E) Typical 2D slice extracted
from the reconstructed volume showing the borders of
several neighboring Pt NCs located in the same 2D hex-
agonal layer. (F) Two-dimensional schematic representation
of a series of ideal truncated octahedrons organized in a
hexagonal 2D layer, illustrating their in-plane packing. The
{100} facets are represented in blue and the {111} in red.

Figures 4A—D and in two dimensions on Figure 4F,
imposed by the steric effect. As can be observed when
looking at two orthogonal slices extracted from this 3D
representation, the facets involved in the in-plane
packing are the {111} and {100}, whereas in the out-
of-plane directions, only the {111} facets play a role in
the relative stacking of neighboring NCs. Such a differ-
ence in the contribution of the two facets to the in-
plane and out-of-plane packing can explain the com-
pression of the crystallographic lattice build by the 3D
positions of the NPs. Additionally, the presence of two
crystallographic facets involved in the in-plane packing
can be at the origin of the existence of an anisotropic in-
plane degree of ordering, as can be observed when
comparing the side views of the 3D Pt NCs assembly
represented on Figure 3B,C. As a final remark, it seems
to be obvious that identical morphologies and relative
orientations of the entities building up a superlattice
are the main requirements to promote their periodical
arrangement and both conditions seem to be realized
in the present studied case.

The presence of defects in the periodical arrange-
ment is another structural information that can be
accessed using electron tomography. Once again,
thanks to its ability to provide information directly in
the real space, tomography allows detecting defects
without the need for any modeling. In such systems, as
in atomic crystals, the entropy governs the number and
the types of organization defects. However, the kinetic
effects that happen during the growth of the super-
crystals can drastically increase this number of defects.
Generally, their influence on the emerging properties
of the superlattice strongly depends on the spatial
extension and periodicity of the defects such as point
or planar defects. Two types of organization defects
were particularly observed in our superlattices. The first
one is given by the presence of some individual
vacancies localized in one of the successive layers
(schematized by red circles in the longitudinal section
presented in Figure 5A), without any real disturbance
of the long-range organization for the neighbor-
ing NCs. A second type of defect that is observed
by analyzing the reconstruction is an axial defect

Figure 5. Two (111) slices revealing the presence of two individual vacancies in the superlattice (A) and of an axial defect (B).
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(Figure 5B). One of the proposed hypotheses to explain
its presence is the inhomogeneity of the organic ligand
shell that is supposed to surround the NCs. From a
general point of view, considerable work must be
devoted to the adjustment of the synthesis conditions
in order to drastically reduce the density of defects, as
the supercrystal symmetry is broken at their location,
inducing a blurring of the collective properties of the
superlattice. As a general comment, it is worth noticing
that quantifying defects by direct visualization or using
automated routines seems to be an unavoidable ex-
tension for future studies in the field.

CONCLUSIONS

Using the ability of electron tomography to provide
reliable 3D representations of objects in the real space,
we reported here a complete structural study of Pt
nanoparticle superlattices. The originality of this study
is that it furnishes for the first time a relation between
the joined morphology and long-range ordering, for
really small nanoparticles having a complex morphol-
ogy. The tomographic analysis directly provides the

MATERIALS AND METHODS

Elaboration of Nanocrystal Superlattices. Pt nanocrystals were
synthesized using a chemical synthetic route reported in a
previous work.>?*3 Multilayers of self-organized platinum NCs
have been elaborated through a close control of the solvent
evaporation process after the synthesis. A TEM copper grid
coated with amorphous carbon is placed at the bottom of a
glass vial (height 1 cm, width 0.3 cm). The vial is filled with
200 uL of a suspension of the nanoparticles stabilized in
toluene, which is then slowly evaporated for around 12 h.
Two parafilm sheets have been used to close the vial aperture
in order to slow down the evaporation process, with the
container being kept at constant room temperature. A low
suspension concentration of 2 x 107> mol-L™" has been used
in order to limit the thickness of the multilayers.

Electron Tomography Experiments. Experimental data for tomo-
graphy were acquired by means of a JEOL 2100F transmission
electron microscope with a field emission gun operating at
200 kV. The acquisition software, plugged in the Digital Micro-
graph software, provides an automated acquisition of the tilt
series by varying the tilt angle step-by-step and by controlling
the defocusing and the specimen drift at each tilt angle. In
addition, it allows the automatic adjustment of the focal point of
the beam in order to ensure that the focus is maintained on the
tilted specimen. The tilt series of TEM BF images were recorded
with a 2048 x 2048 pixel cooled CCD detector having a pixel
size of about 0.25 nm and a 1 s exposure time for each record.
The angular interval sampled during the acquisition was be-
tween 70 and —70°, with a tilt increment given by a 2° Saxton
scheme, giving a total of 90 images. Once the acquisition of the
tilt series was completed, the images were first roughly aligned
using a cross-correlation algorithm. A refinement of this initial
alignment was then obtained with the IMOD software,>* where
5 nm gold beads deposited on the membrane supporting the
specimen were used as fiducial markers. The volume recon-
structions were computed using algebraic reconstruction tech-
niques (ART)*® implemented in the Tomol software3® with a
number of iterations not exceeding 20. Visualization and quan-
titative analysis of the final volumes were carried out using Slicer
and ImageJ software.

FLOREA ET AL.

characteristics of the long-range order in the super-
lattices, without the need to compare the experimental
data to simulations. As a separate study has demon-
strated that the shape of Pt NCs is close to the
truncated octahedron crystal, one can conclude here
that the periodic arrangement of NCs on a fcc lattice
originates mainly from the initial truncated octahedron
morphology. We have shown here that the periodic
arrangement of truncated octahedral NCs on such a fcc
lattice presents an out-of-plan lattice compression that
can be related to the influence of the {111} facets in
the relative stacking of neighboring NCs. Finally, the
superlattice parameters were precisely determined
and two different types of defects illustrated. Finally,
a structure factor for the supercrystal was defined,
which contains useful information on the spatial
extension of the long-range ordering. Our findings
underline once again the benefit and the uniqueness
of this kind of multiscale analysis for the characteriza-
tion of the self-assembled systems, where the indivi-
dual morphology of the constitutive entities govern
their periodic arrangement.

Conflict of Interest: The authors declare no competing
financial interest.
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