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New developments in the field of nanomaterials drive
the need for quantitative characterization techniques
that yield information down to the atomic scale. In this
review, we focus on the three-dimensional
investigations of metal nanoparticles and their
assemblies by electron tomography. This technique has
become a versatile tool to understand the connection
between the properties and structure or composition of
nanomaterials. The different steps of an electron
tomography experiment will be discussed and we will
show how quantitative three-dimensional information
can be obtained even at the atomic scale.
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of electron microscopy to different
aspects of materials science. He is the

Nanoscience is currently considered a scientific field in its own.
However, it is a field that branches out to many of the “traditional”
scientific fields, including chemistry, physics, biology or materials
science. Therefore, advances in nanoscience are unavoidably linked
to developments of synthetic and theoretical methods, as well as
characterization techniques.! In the context of “chemical
nanoscience”, crucial challenges are related to understanding the
growth mechanisms of nanoparticles,”” as well as their mutual
interactions and self-assembly processes.”! In both cases, a variety
of characterization tools are required, which provide complementary
information. These needs have boosted the tremendous development
of electron microscopy and indeed a huge amount of information
can be obtained from currently available electron microscopes.

In particular, transmission electron microscopy (TEM) and
scanning transmission electron microscopy (STEM) are excellent
techniques to investigate nanomaterials. Not only structural, but also
chemical and even electronic information can nowadays be obtained,
atomic column by atomic column.” However, TEM and most
related techniques actually provide only a two-dimensional (2D)
projection of what is a three-dimensional (3D) object. To overcome
this problem, 3D electron microscopy or so-called "electron
tomography” has been developed. ! Most results have been
achieved at the nanometer level, but recent developments have
pushed the resolution of the technique to the atomic level. ! In
addition to 3D structural information, also chemical composition



can be investigated in 3D by combining the concepts of tomography
with analytical TEM techniques. !
tomography has become a versatile tool to understand the

connection between the properties and structure or composition of
[8]

In this manner, electron

nanomaterials.

This review focuses on the possibility of using TEM to obtain
3D information of nanomaterials. Although electron tomography has
been long used in biology, the resolution requirements of
nanomaterials characterization have promoted the development of
impressive results, such as atomic resolution in 3D or chemical
information in 3D. Among the wide variety of existing
nanomaterials, we focus mainly on metal nanoparticles and their
assemblies for several reasons. First of all, metal nanoparticles have
generated a tremendous interest because of their excellent
performance in plasmonics and catalysis,”’ among other fields,
which are strongly determined by a strict control of morphology and
composition. Therefore, controlling the size, shape and elemental
distribution in (multi)metallic nanostructures requires detailed
information in 3D, with sufficient spatial resolution. In the case of
catalytic nanoparticles, their activity is closely related to the
crystallographic nature of the surface facets, on which reactants can
adsorb, as well as to the presence of crystallographic defects such as
twin planes or dislocations. Therefore, atomic resolution is
necessary for a complete picture of the system. Additionally, the
applications of metal nanoparticles in plasmonics rely on the
unusual inhomogeneous enhancement of electromagnetic fields
within and around the nanoparticles. The use of electron microscopy
and electron tomography toward understanding the plasmonic
response of metal nanoparticles not only relies on the capability to
provide detailed morphological information, but even on the
possibility of exciting plasmon modes in sifu, and obtaining (even
three-dimensional) maps of field distributions.

2. Electron Tomography

2.1. History

Electron tomography has been applied in the biological sciences
since the 1970s, but the resolution in this case is typically limited to
the nanometer range because of several parameters such as beam
damage, the thickness of the sample and sample preparation. For
inorganic materials, beam damage is less important though it might
still be a bottleneck for specific samples,
important problems to overcome. Conventional bright field TEM
(BF-TEM) images of crystalline materials are often dominated by
Bragg scattering and for certain orientations, the interaction is non-
linear. This violates the so-called "projection requirement", which
states that each image of a tilt series for electron tomography should
be a monotonic projection of a physical property of the sample
under investigation.'”! Therefore, it was only in the past 15 years
that electron tomography has been introduced in materials science.
One of the earliest studies demonstrating bright field (BF)
tomography for the reconstruction of porous zeolites was published
by Koster and co-workers.!"! However, the presence of diffraction
contrast in BF-TEM images of crystalline materials hampered the
application of the technique to metallic nanostructures. The
development of electron tomography based on high angle annular
dark field (HAADF) STEM images however led to the possibility of
characterizing crystalline nanoparticles in 3D as well.’> ' Ever

but there are more

since, this technique has been used in a wide variety of studies
where both two-dimensional, one-dimensional and zero-dimensional
nanostructures have been investigated. '’

Over the years, different electron microscopy techniques such
as BF TEM, HAADF STEM, annular dark field TEM, electron
holography and energy filtered TEM (EFTEM) have all been
extended to 3D, providing a world of new information on structure-
function relationships across a broad range of samples and
applications.” ™ "For many years, the ultimate goal has been to
achieve electron tomography with atomic resolution, since this
would even further increase the potential for nanomaterials
characterization. Although this is not yet a standard possibility for
all types of samples, significant progress has recently been achieved
using different approaches, which will be further discussed in this
paper. Lately, electron tomography is often combined with an
additional dimension, such as time or temperature of the specimen,
thereby enabling 4D characterization. '™ In this manner, physical
properties such as the thermal stability of nanostructures can be

investigated as well.'®

2.2. Principles of the Technique

When applying conventional electron tomography, a tilt series
of projection images is acquired by tilting the sample in the TEM
over a large tilt angle range, with a tilt increment of typically 1° or
2° (See Scheme 1a,b). Next, this so-called tilt series of projection
images is aligned, using e.g. cross-correlation. Through a
mathematical algorithm, the tilt series is combined into a 3D
reconstruction of the original object (see Scheme 1¢). When using
"direct back-projection",!”! the images of the tilt series are back-
projected along the original acquisition angles. It is hereby assumed
that the projection requirement (see above) is fulfilled.
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Scheme 1. lllustration of a continuous electron tomography
experiment, including the acquisition of a tilt series (a,b) and back-
projection of the images along their original acquisition directions (c).



3D reconstructions obtained by direct back-projection appear
blurred due to an uneven sampling of the spatial frequencies.
Therefore, a weighting filter is applied, resulting in a technique that
is referred to as "weighted back-projection” and which is the most
commonly used reconstruction algorithm. With the increase of
computing power, also iterative reconstruction techniques such as
e.g. the simultaneous iterative reconstruction technique (SIRT) have
become widely used.!"® These algorithms iteratively improve the
quality of the reconstruction by minimizing the difference between
the original projection images and forward projections of the
intermediate reconstructions. Currently, the quality of the
reconstruction is predominantly determined by the number of
projection images. In practice, this number is determined by the
stability of the sample under the electron beam and by geometrical
constraints. It is indeed often impossible to tilt the sample over the
full 360°, due to the limited space for the sample holder in between
the objective pole pieces of the microscope or due to shadowing
effects that occur at higher tilt angles. This leads to a so-called
“missing wedge” of projection images. The lack of projections
results in different artefacts in the 3D reconstruction, among which
an elongation in the direction along the missing wedge is the most
prominent one. To overcome this problem and to minimize missing
wedge artefacts, dedicated experiments are performed, such as e.g.
dual tilt axis tomography, where the missing wedge of information
is reduced to a missing pyramid."” In such experiments, two tilt
series are acquired along two corresponding tilt axes that are
perpendicular to each other. An approach to eliminate the missing
wedge completely is provided by “on-axis tomography”. Hereby, a
needle shaped sample is attached at the end of a dedicated on-axis
tomography holder enabling a 360° tilt in the electron
microscope.”” Such needle-shaped samples can be prepared by
focused ion beam milling, but mostly bulk materials are investigated
in this manner. Nevertheless, in recent studies the technique was
also applied to image nanoparticles in 3D, but sample preparation is
far from straightforward.”"! Despite the possible presence of certain
artefacts, it is still safe to state that electron tomography has evolved
into a standard tool to visualize the morphology of nanostructures on
a routine basis.

2.3. Quantification in 3D

The demand in the field of electron tomography is nowadays
increasingly focused quantitative
properties morphologies or chemical compositions.
Approaches in which the missing wedge is minimized can be
thought of as a crucial step towards quantification in 3D, ?* but
as discussed above these are not always applicable to the 3D
investigation of nanoparticles. An additional problem is that
extracting quantitative data from a 3D reconstruction requires a
segmentation step to determine the correspondence between
different grayscales in the reconstruction and different compositions
in the original structure. Segmentation is generally performed
manually but this approach is very time consuming and more
importantly, it a subjective component.
segmentation based on a threshold at different grey levels might be a
solution to this problem, but (missing wedge) artefacts can hamper
this procedure. It has been found that samples must be tilted over a
range of at least +80° in other to obtain reliable quantitative
measurements.'”® 3! Even if projection images could be acquired
from a full range of angles, several other types of artefacts such as
the effect of a limited sampling and slight misalignments might still

towards measurements  of

such as

includes Automatic

be present and will hamper the segmentation step. A quantitative
interpretation based on the conventional 3D reconstruction
algorithms is therefore quite difficult. It must be noted that none of
the conventional reconstruction algorithms such as weighted back-
projection and SIRT uses additional information on the system that
one wants to reconstruct. By implementing a priori knowledge, the
quality of a reconstruction can be drastically improved and very
often, such additional information on the sample is indeed available
or can be obtained using other (TEM) techniques. One approach to
incorporate a priori knowledge is the so-called "discrete
tomography”, as implemented in the discrete algebraic
reconstruction algorithm (DART). DART is an iterative algorithm
that alternates between steps of the SIRT algorithm from continuous
tomography and certain discretization steps.!** ¥ Both for BF TEM
and HAADF STEM tomography it has been shown that missing
wedge artefacts are significantly reduced.”"* **! Another important
advantage is that segmentation of the 3D dataset is carried out
during the reconstruction in a reliable and objective manner."!
Previous results showed that it is possible to obtain reliable and
quantitative results using the DART algorithm, even for a tilt range
as limited as +60°."**' A different kind of prior knowledge is
exploited when using compressive sensing based reconstruction
algorithms.®®! A specific variant of this approach is referred to as
“Total Variation Minimization” (TVM), where it is assumed that the
object to be reconstructed has a sparse gradient at the nanometer
scale. For nanoscale objects, it is indeed often a good assumption
that boundaries between different compounds are sharp, leading to a
sparse gradient of the object. Similar to DART, TVM has the
advantage that the resulting 3D reconstructions suffer less from the
missing wedge. Clearly both DART and TVM are very promising
algorithms when quantitative measurements in 3D are required. This
is especially the case for experiments in which the missing wedge
cannot be avoided, such as 3D reconstructions of nanoparticles. In a
recent study, a combination of TVM and DART was proposed, in
which the threshold intensities from a TVM reconstruction serve as
the input grey values for a discrete reconstruction.'””! This approach
leads to straightforward segmentation and therefore quantification of
the reconstruction. A comparison between SIRT (Figure 1a), TVM
(Figure 1b) and DART (Figure 1c) reconstructions of Au
nanoparticles is presented in Figure 1. Orthoslices through the TVM
reconstruction (Figure 1e and 1h) reveal that the boundary facets of
the nanoparticles are easier to determine from this reconstruction as
compared to the SIRT reconstruction (Figure 1d and 1g). The
DART reconstruction (Figure 1f and 1i) has the advantage that
segmentation and quantification become much more straightforward
since thresholding is already applied during the algorithm.



Figure 1. Reconstruction of Au nanoparticles with a diameter of
approximately 30 nm. (a,b,c) Isosurface renderings of SIRT, TVM and
DART reconstructions, respectively. From the orthoslices through the
SIRT reconstruction (d,g), it can be seen that an elongation along the
direction of the missing wedge is present. This elongation is less
pronounced when inspecting the slices through the TVM (e,h) or
DART (f,i) reconstructions.

2.4. Electron tomography for nanopatrticles

Electron tomography has become a standard characterization
technique in the study of a broad variety of nanostructures. Given

the aperiodic nature of the nanoparticles, it is of great importance to
investigate their structure and composition in 3D. Very often,
questions that need to be answered are related to particle size
distribution, surface (facets) characterization, particle distribution in
a matrix material or interface investigation in the case of hetero-
nanoparticles that consist of more than one material with different
compositions. In most studies so far, conventional electron
tomography with a resolution in the nanometer range was applied,
but current demands in materials science push the need for atomic
resolution electron tomography as well.

Since its earliest use, the combination of HAADF STEM
imaging and electron tomography has been used in a variety of
studies where a 3D characterization of crystalline structures at the
nanometer scale is feasible. One of the first examples in which the
3D morphology of nanoparticles was studied, was the demonstration
that magnetotactic bacteria contain Fe;O, magnetite nanocrystals
exhibiting six {110} lateral facets.”™ A similar study, but applied on
isolated nanoparticles, was performed for Mn;O, octahedral
nanoparticles® and Pd nanoparticles exhibiting a more complex
morphology.”' In combination with high resolution STEM
projections, the technique was also used to characterize the
morphology of single crystalline Au nanoparticles with a twisted
shape.['*

Besides the study of the morphology of OD nanostructures, their
distribution inside a matrix can also be observed using electron
tomography. A first example is a heterogeneous catalyst where
small PdgRug particles were embedded in a mesoporous silica
support. Using tomographic reconstructions, it was shown that the
particles were truly located inside the hexagonal mesopores.” Other
examples where the presence of nanoparticles inside a mesoporous
material were investigated include the study of Au particles in an
Auw/SBA-15 model catalyst particle®™ or the study of TiO,
nanoparticles in a TiO,/SiO, mesoporous photocatalyst.*!’ The 3D
structure of the porous materials themselves has also been the
subject of several electron tomography studies. [ 14222321

2.5. Electron tomography of nanoparticle assemblies

During recent years, assemblies of nanoparticles in both two and
three dimensions have gained increasing interest due to their
improved properties compared to those of their building blocks.*> *
134,331 By varying the size, the shape of the nanoparticles and their
surface chemistry, assemblies with unique configurations can be
obtained. Due to the complex 3D nature of such assemblies, 2D
imaging is not sufficient and 3D characterization by electron
tomography has become a prerequisite.* *¥ A clear example is
provided in Figure 2, where an assembly of Au nanodumbbells
capped with polystyrene chains is shown. Such assemblies may have
applications in the field of plasmonics and metamaterials, but their
properties can only be understood if the dimensions and mutual
orientations are known in detail. It is clear that only from 3D
HAADF STEM reconstructions (Figure 2b), it is possible to
interpret the complete 3D structure of these complex assemblies.
The reconstruction provides important information, not only about
each of the particles, but also about the mutual orientation of the
nanodumbbells within the assembly.



50 nm

Figure 2. (a) 2D HAADF STEM image of an assembly of Au
nanodumbbells. By applying electron tomography, as shown in (b),
the full 3D structure can be interpreted from the reconstructed image.

Several groups have demonstrated the ability to investigate
nanoparticle assemblies by electron tomography. [3¢ 133341 Iy these
studies, conventional approaches toward acquisition and
reconstruction were used to obtain the data. However, if one wants
to extract quantitative information, optimization of the electron
tomography experiment is required. This is especially the case for
large assemblies that have a thickness >500 nm. For such systems,
the conventional approaches yield different types of artefacts
hampering a quantitative interpretation of the 3D data. The problem
is related to the so-called “cupping artefact”, ** which is related to
the thickness of the assembly and the high atomic number of Au.
This results in an increase of multiple scattering and backscattering.
Consequently, only part of the incoming electron beam is scattered
towards the detector, leading to an underestimation of the intensity.
The cupping artefact clearly affects the reconstruction of the
particles at the inner shells of this assembly. As a consequence, both
qualitative and quantitative interpretation of the results is no longer
straightforward. In particular, quantitative interpretation will be
hampered: when quantifying a 3D reconstruction, a segmentation
step is needed as explained above. Due to the cupping artefact, the
nanoparticles at the inner part of the assembly will have a different
grey level from those at the outside, thereby complicating the
segmentation and therefore the quantification of the results.

In a recent study, an improved route towards the quantitative
structure determination of large (400-500 nm) 3D assemblies of Au
nanoparticles was proposed, which required optimization of both the
acquisition technique and the reconstruction algorithm.*® By
combining incoherent bright field (IBF) STEM with TVM, 3
dimensional data could be obtained without any information loss.
IBF STEM has been successfully used for electron tomography of
thick samples in the past. " Since the IBF STEM signal is
considered to be incoherent, it scales with the atomic number Z of
the elements present in the sample and the thickness of the sample.
In Figure 3, it is shown that the use of IBF STEM indeed enables
one to better detect the particles located at the inner part of an
assembly. However, if a SIRT reconstruction is used, not all
particles could be identified. Only through combination of IBF
STEM with TVM a full characterization and quantification could be
achieved. For example, in this case we were able to determine the
number of particles in each reconstruction. In case a segmentation
(using the same threshold value) is performed for the HAADF
STEM series, reconstructed using SIRT, a total number of 70
segmented particles is found. When segmenting the series acquired
by IBF STEM and reconstructed using TVM the total number of

segmented particles equals 302. It must be pointed out that these 3D
investigations can be combined with theoretical and quantitative
calculations, leading to an improved understanding concenring the
growth of these structures. Such understanding may enable a more
efficient synthesis of 3D assemblies. "

Figure 3. (a,b) Orthoslices through the reconstructed volumes based
on a tilt series acquired by HAADF STEM or IBF STEM combined
with a SIRT reconstruction. A significant improvement is observed for
the result obtained through IBF STEM. Applying TVM during the
reconstruction (c,d) is also beneficial. By combining IBF STEM and
TVM (d) an optimal result is obtained.

2.6. Electron tomography at the atomic scale

Achieving atomic resolution in 3D has been the ultimate dream
in the field of electron tomography for many years. It was shown
recently that electron tomography can be extended to atomic
resolution and that 3D reconstructions at the atomic scale can be
achieved using different approaches.!® ¢ 62 381 3D reconstructions
with atomic resolution can even be obtained from a limited number
of high resolution HAADF STEM images, using advanced statistical
parameter estimation and so-called discrete tomography.[®® °* 3! The
approach is currently based on the assumption that all atom
positions are fixed on a grid and this has been shown to be a good
starting point to obtain unique insights concerning the structure and
the formation of nanoparticles. A different approach was proposed
by Miao et al. where an equally sloped tomography (EST) technique
is applied to create a 3D reconstruction of an Au nanoparticle with a
resolution of 2.4 A.[%¢! Although not all atoms could be located in
this reconstruction, the authors concluded that individual atoms
could be observed in some parts of the nanoparticle. The same
technique has also been combined with a post filtering technique to
create a reconstruction of the atoms around a dislocation in a Pt
nanocrystal.!®! Although these are promising results, the above
mentioned techniques have the disadvantage that either many high
resolution STEM projections are required, leading to increased
damage of the samples, or it is assumed that atoms are positioned on
a regular grid. However, many particle properties are exactly
determined by small deviations from such a perfect grid. To make it
worse, it is challenging to acquire a large number of projection
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images from a single nanoparticle without changing its (surface)
structure.
above,

As an alternative to the approaches mentioned

compressive sensing based electron tomography has been developed.

Compressive sensing (CS) is a technique specialized in finding a
solution that has a sparse representation to a set of linear
equations.®! At the atomic scale, the approach exploits the sparsity
of the object since most of the voxels that need to be reconstructed
correspond to vacuum and only a limited number of voxels are
occupied by atoms. Using this idea in a tomographic reconstruction
algorithm will result in a more reliable atomic scale reconstruction
as compared to reconstructions based on conventional algorithms.
An additional important advantage is that, just a few projection
images are sufficient for a reliable reconstruction. Mathematically,
the sparsity is introduced in the reconstruction process with a
regularization parameter A:

x=argminAx-bf; +

In this equation, the first term represents the correspondence of
the reconstructed object x with the projections b and the second term
ensures the sparsity of the final solution. This approach has been
applied to reconstruct the structure of Au nanorods.'®” Such
reconstructions enable one to investigate the influence of the
synthesis method on the final morphology of Au nanorods. The
result of such a reconstruction is shown in Figure 4a, where atomic
resolution allows us to see that the surface facets of this Au nanorod
are mainly composed of {110} and {100} facets. However, when
inspecting 3D reconstructions of nanorods that were synthesized
using a different surfactant, it was determined that {520} facets
were the most dominant ones (Figure 4b).

Figure 4. Atomic scale reconstruction of Au nanorods.

(a.b)
Orthogonal slices through the atomic scale reconstruction of Au
nanorods prepared using different surfactants. The side facets of
these rods can be clearly recognized. (c) Strain measurement along
the major axis of the nanorod.

During the reconstruction process, no prior knowledge about the
atomic lattice was used. As a result, small deviations of the positions
of the atoms from a perfect lattice can be observed. This means that
surface strain can be measured when applying a 3D extension of the
geometrical phase analysis (GPA) to the 3D reconstruction by
selecting three reflections from its Fourier transform."*! The result is
a 3D strain field of which the &,, component of the Au nanorod from
Figure 4a is shown in Figure 4c. All measured strain fields are
relative to a reference region which is selected in the middle of the
Au nanorod, which is assumed to yield an undistorted lattice. From
these measurements, it is clear that the tip of the nanorod is
(approximately) 3% strained, which is important for a thorough
understanding of the catalytic and optical properties of these
nanorods.

Going further than simply determining the positions of atoms, a
crucial aim is also identifying the atom type of individual atoms in
bimetallic nanoparticles.”” Such particles often provide novel
properties in comparison to their monometallic counterparts. To
understand these properties, a complete 3D characterization is often
required where the exact positioning of the different chemical
elements is crucial, especially at interfaces. This chemical
information can be obtained from HAADF STEM tomography due
to the dependency of the intensity in the projection images to the
atomic number. In principle, identification of the chemical nature of
the atoms becomes possible on the basis of a quantitative
comparison of the intensities of the different voxels in the final 3D
reconstruction. Therefore, a parametric model in which projection
images of the atomic columns are described using Gaussian peaks
has been assumed. The outcome of the statistical parameter
estimation was used as an input for the CS algorithm described
above. A detailed analysis of the position and the atom type in a
core-shell bimetallic nanorod was performed using orthogonal slices
through the 3D reconstruction, as shown in Figure 5. Individual Ag
and Au atoms can be distinguished, even at the metal-metal
interface, by comparing their relative intensities. An intensity profile
was acquired along the direction indicated by the white arrow in
Figure 5b. From this intensity profile, also presented in Figure 5, it
is clear that Au and Ag atoms can indeed be identified from their
intensities using a threshold value. In this manner, each atom in the
cross sections shown in Figures 5b and Sc was assigned to be either
Ag or Au. The result is shown in Figures 5d and Se and leads to
correct indexing of the type of interfacial planes.

[010]

[100]

[001]

Intensity (a.u.)

Figure 5. Atomic resolution tomography of Au@Ag nanorods. (a)
Three orthogonal slices through the reconstruction show the core-
shell structure of the nanorod. The atomic lattice can be resolved in
all three slices. (b,c) Detailed view of slices through the reconstruction
perpendicular and parallel to the major axis of the nanorod. In (c)
artefacts are related to (currently) unavoidable sample drift during
scanning, remaining scanning noise and the acquisition geometry. An
intensity profile was acquired along the direction indicated by the
white rectangle in (b). (d,e) Slices corresponding to b) and c), in which
each Au atom is indicated by a yellow circle. The correct interfacial
planes can be determined on the basis of intensity profiles through
the reconstruction.

3. Outlook

3.1. Use of EDX tomography



Energy dispersive X-ray spectroscopy is an analytical TEM
technique. The specific energies of the generated X-rays during the
interaction between the electrons and the sample are characteristic
for the chemical elements that are present in the specimen and can
be used for a chemical characterization. When combining STEM
with X-ray spectrum analysis, a complete 2D mapping of the
chemical elements in the specimen can be obtained. Since the
number of generated X-rays scales with the thickness of the sample,
such a 2D elemental map can in principle serve as a projection
image for electron tomography. Pioneering work was performed by
Mabus et al. "' However, early attempts to obtain 3D information by
EDX were complicated because of the directionality and
inefficiency of the sample-detector geometry, since the EDX
detector is typically placed under a specific tilt angle of the
specimen. The optimal signal is then collected when the sample is
tilted towards the detector and shadowing may block the signal at
different tilt angles. As a result, EDX tomography results could only
be obtained for specific needle-shaped samples where shadowing
effects during the acquisition are avoided.” Recently, a new
detector geometry has been developed where 4 X-ray detectors are
placed symmetrically around the sample, thereby reducing the
blocking of the generated X-rays.!*! Using this method, Arda et al.
reported 3D EDX tomography for submicron oxide nanoparticles,
but it remains far from straightforward to achieve 3D EDX results
for smaller nanoparticles.™™ EDX tomography would be of
particular interest to study the distribution of atoms in bimetallic
nanoparticles (core-shell or alloys), since it determines their specific
optical response or their catalytic activity.™® An example of such a
reconstruction is shown in Figure 6, where a 2D EDX map (Figure
6a) and a 3D EDX reconstruction (Figure 6b) of an Au@Ag
nanocube is presented. The contrast in the 3D EDX reconstruction,
based on the chemical difference in the core-shell structure, clearly
shows that the core of the particle has an octahedral shape.
Additionally, many chemical transformations in nanoparticles
involve morphological changes in 3D, so standard TEM analysis is
typically to obtain a complete picture of the
transformation and the corresponding mechanism. A characteristic
example would be Galvanic replacement, by which solid metal
nanoparticles become hollow through oxidation of one metal by
another with a larger reduction potential, so that the latter gets
deposited in the form of so-called nanocages.*”? This example
clearly illustrates the potential of 3D EDX mapping, but one needs
to be careful when extracting quantitative information from such
reconstructions. To reach this goal, the different steps of an EDX
tomography experiment need to be optimized.

insufficient

Figure 6. (a) 2D EDX map of a Au@Ag nanocube. Based on a tilt
series of such 2D EDX maps the 3D reconstruction presented in (b)

was obtained. The contrast in the 3D reconstruction is based on
differences in chemical composition and it is clear that the core of the
particle yields an octahedral shape.

3.2. 3D plasmon mapping

Localized surface plasmon resonances (LSPRs) are collective
excitations of the conduction electrons that arise at the surface of
metallic particles when irradiated by a electromagnetic radiation.
The occurrence of such surface plasmons has a large influence on
the optical properties and potential applications of the nanoparticles,
and knowledge on their spatial distribution is therefore crucial to
understand the behaviour of the nanostructures. Although LSPRs
have typically been associated with illumination by light, it has been
shown that electron beams can also be used to excite them. A
modern plasmon mapping technique is based on monochromated
STEM electron energy loss spectroscopy (EELS), where a high
spatial resolution can be combined with a high energy resolution.™!
Although for certain (highly symmetric) nanoparticle morphologies
such 2D mapping provides sufficient information, a full analysis of
more complicated morphologies requires additional detail.
Hohenester and co-workers have recently proven theoretically that
plasmon maps obtained by EELS can be used to create a 3D
reconstruction of the plasmon fields surrounding a metallic
nanoparticle.”  Subsequently, Midgley et al. provided an
experimental example where they present the three-dimensional
imaging of LSPR modes for an Ag nanocube.®” To obtain this
result, they combined monochromated STEM EELS with non-
negative matrix factorization and compressive sensing based
electron tomography. It is expected that more results will follow in
the future resulting in a better understanding of the optical response
of metallic nanoparticles.
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Three-Dimensional Characterization of
Metal Nanoparticles and their
Assemblies by Electron Tomography

In this review, we focus on the 3D
investigations of metal nanoparticles
and their assemblies by electron
tomography. This technique has
become a versatile tool to understand
the connection between the properties
and structure or composition of
nanomaterials. The different steps of an
electron tomography experiment will be
discussed and we will show how
quantitative 3D information can be
obtained even at the atomic scale.
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