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Abstract: Research on nanomaterials and nanostructured materials is burgeoning because their
numerous and versatile applications can contribute to solve societal needs in the domain of medicine,
energy, environment, STICs. Optimizing their properties requires in-depth analysis of their structural,
morphological and chemical features at the nanoscale. In a transmission electron microscope (TEM),
combining tomography capabilities with electron energy loss spectroscopy and high-resolution imaging
in high-angle annular dark-field mode provides access to all these features on the same object. Today
TEM experiments in three dimensions are paramount to solve difficult structural problems associated
with nanoscale matter. This approach allowed a thorough morphological description of silica fibers as
well as a quantitative analysis of the mesoporous network of binary metal oxide prepared by template-
assisted spray-drying and the analysis of the degree of homogeneity of amino functionalized metal-
organic frameworks. Besides, assessing the morphology and internal structure of metal phosphide
nanoparticles was a milestone in understanding phase segregation phenomena at the nanoscale. By
extrapolating to larger classes of materials, from soft matter to hard metals and/or ceramics, this
approach allows probing small volumes and uncovering materials characteristics and properties at two
or three dimensions. Altogether, this feature article aims at providing (nano)materials scientists with a
representative set of examples that illustrates the capabilities of modern TEM and tomography that can

be transposed to their own research.

Keywords: electron microscopy; HR-TEM; STEM-HAADF,; EELS; 3D-TEM; electron tomography;

nanomaterials; nanoparticles.
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1. Introduction

1.1 Complexity of nanomaterials:

Nanosciences, as biology, is one of the key fields that are contributing to a high level of scientific and
technological developments of this 21 century.1 Nanomaterials and related systems are already
strongly impacting the domains of energy (fuel cells, batteries, thermoelectric devices, photovoltaic and
photoelectrochemical cells...) environment (catalysis, photocatalysis, sensors, smart membranes,
functional and protective coatings...), information technologies (micro-optics and photonic devices,
microelectronics, smart display devices...) and health (biomaterials, biosensors and biomicrofluidic
devices, therapeutic carriers for theranostic, cosmetics...).l" % The development of these scientific
domains is intimately associated with the ability and creativity of chemists to rationally design and
synthesize original nanomaterials and/or nanostructured materials. Nanomaterials derived from bottom-
up routes are versatile and offer a wide range of possibilities for tailoring innovative architectures in
terms of chemical and physical properties, and shaping. Moreover, nanoparticles are key nanobuilding
blocks to design nanocomposites that facilitate integration, miniaturisation and multifunctionalisation of
the devices. Today, many nanomaterials synthesized through bottom-up approaches allow the tailoring
of properties from the atomic to the mesoscopic length scales.*’-?!

This feature article aims at providing materials scientists with selected examples of structural and
chemical questions that were solved by using TEM along with analytical and tomographic capabilities.
Because it allows precise analysis of nanoscaled morphological features, transmission electron
microscopy (TEM) was soon recognized as an essential characterization tool in the field of
nanoparticles (NPs) synthesis, and, over the last 30 years, it contributed extensively to the burst of
nanomaterials and nanostructured materials./”26-28129L1%0 Today  nanosciences span a wide range of
compositions,® including  alloys,*>®!  multicationic  oxides,****!  polyanionics  species,
chalcogenides, % borides, phosphides,!*Y) phosphates, fluorides,!*? carbon nanotubes,*® graphene
derivatives*? and organic compounds such as micelles, liposomes, polymers,“! block-copolymer-based

micelles'*® and latexes.*”! Moreover, new or optimal properties are very often due to controlled
3
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morphology (core-shell, nanorattles, nanomatches, dumbbells, octopodes, stars, janus, nanotubes,
zeolites, mesoporous materials...),BH 8 ¥ nano-heterogeneity (composition gradients, defects, anionic
or cationic gaps) or nano-porosity. Such an innovative field of research will mature through the
developments of systematic studies of phase diagrams or composition diagrams at the nanoscale.®® In
all cases, by using the appropriate analysis mode, TEM is the authoritative characterization tool. Indeed,
an extraordinary amount of research based on TEM has appeared in the field of nanomaterials,
indicating the wide interest of chemists, physicists and materials researchers for nanosciences. This vast
research field is illustrated by several key reviews and feature articles.!?>* !

The nanoparticles diversity is depicted in Figure 1 through few selected examples. 2D TEM
micrographs of nanoscaled objects (metals, metal oxides), and nanoporous materials (carbon) are
gathered on the top of the figure. Complex shapes such as gold nanostars (A)®® or metal chalcogenide
octapods (F)"! are better understood with a 3D model. Heterostructures such as core-shell nanoparticles
(B),®  binary nanorods (C),*” ternary nanowires (E)®*? and core-shell nano-pyramids (H)®"
furthermore require to locate the elements inside their structure. Porosity also contributes to the
nanostructure and should be appropriately identified and quantified, such as for mesostructured carbons

(D) and bimetallic oxides (G)."*"!
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Figure 1: (A-E) Examples of 2D TEM micrographs of complex 3D objects. (F-H) TEM micrographs
and 3D reconstructions. (A) Gold nanostars.*® (B) Core-shell Au@Ag nanoparticle.® (C) CdS-Cu,S
binary nanorods.®® (D) Nanoscaled mesoporous carbon.®? (E) Al,0;@ZnO nanowires that encapsulate
a gold nanoparticle.®® (F) CdS-CdSe octapods.®” (G) Needle-shaped pilar from a porous layer of

La,Zr,07.%% (H) Core-shell gold-silver nanopyramid.'®!

This nano-menagerie was constructed via numerous chemical strategies among them:
hydrolytic!M®% and non hydrolytic condensations,®°® polymerization by coordination,’*” " redox
assisted condensation, redox assisted nucleation, galvanic displacement of metals,!">"*! phosphidation of

metal nanoparticles, sulfidation, boridation, exfoliation of lamellar compounds into nano-slabs,™"®
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lego-like nanochemistry...!"""® New approaches developed during the last ten years emphasize the
crucial impact of the heating and the excitation modes (conventional heating, microwave heating,
ultrasounds, magnetic, light stimuli...) and of the reaction media (water, organic solvents, ionic liquids,
molten salts...) on the shape, size and accessible compositions of the synthesized nanoparticles.™ In
terms of morphological control at the mesoscale, templated growth and/or oriented attachment processes
can yield the formation of original architectures such as mesocrystals,?” hierarchically structured
porous materials.'! For these latter, the use of 3D TEM to allow a better understanding of the structure
and construction mechanism is mandatory.®*!
Figure 2 illustrates some nanomaterials and nano-objects developed in our research groups together

with the chemical strategies and processes used to optimize their formation. The chemical and

processing pathways are represented by a cartoon and the resulting nanomaterials by TEM pictures.

MolecularPrecursors
M(OR), R’-M(OR), ‘P’ sources MX,,
(Organo-functional or bridged alkoxides) (Metal Salts)
1 Hydrolytic/Non- « pMultifunctional ' Micelles
I hydrolytic route I ligands |
Coordination
Polymerization —@
Phosphidation
Synthesis in solution Self-assembly
Conditions AT, AP Templated Growth
Sol-Gel Route Solvothermal route Spray drying

A

MnO, M, P

y

Figure 2: Chemical routes to the nano-objects described in this paper.



Page 7 of 44 Nanoscale

First we will introduce the pros and limits of 2D TEM techniques via the structural characterization of
a home-made mesocrystal based on nano-heterostructured manganese dioxides. Then the basic
principles, performances and limits of analytical 3D TEM will be summarized. Through several
examples of functional nanomaterials (aerosol processed spherical mesoporous particles, nanocomposite
mesoporous fibers, functional MOFs, and nanometric metal phosphides studied in our group (Figure 2),
the following parts of this feature article describe the input of transmission electron microscopy-based
methodologies implemented at IPCMS, Strasbourg. We will discuss more specifically analytical
tomography that allows probing the chemical composition of 3D nanostructures with nanometer spatial
resolution.

1.2 Transmission Electron Microscope: nanoscale objects and interfaces

In parallel to traditional morphological analysis, structural characterization of nanomaterials by TEM
was continuously developed, mostly through widely spread techniques like high resolution TEM
(HRTEM) and selected area electron diffraction (SAED). Advanced electron diffraction techniques,
such as precession electron diffraction (PED) are being implemented into state-of-the-art
microscopes,® although their use in nanoparticles characterization is mostly uncovered up to now. In
addition, the analysis can be performed also in the scanning TEM mode (STEM) using a convergent
electron beam that scans the chosen area in a controlled manner. In this case, the transmitted electrons
or the electrons scattered at a chosen angle can be recorded for each position of the probe, resulting in
images similar to scanning electron microscope (SEM) images but with a resolution which can reach the
atomic scale. Note that a significant improvement in the spatial resolution down to the atomic scale was
possible by the development of the spherical aberration correctors on the condenser or objective lenses.

Compositional analysis of nanomaterials is now routinely accessible thanks to energy dispersive X-
ray spectroscopy (EDS). Depending on the spot size and the imaging mode (TEM or STEM), it is now
possible to probe local compositions at the nanometer scale. A significant improvement in the
chemically-resolved spatial resolution or in the chemical sensitivity was ensured by the use of High-

Angle Annular Dark Field developed in the STEM imaging mode (STEM-HAADF) mode that provides
7
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Z-contrast imaging, Electron Energy Loss Spectroscopy (EELS) and related Energy-Filtered TEM
(EFTEM), which emerge in state-of-the-art transmission electron microscopes as techniques for the
assessment of materials chemical composition, electronic and optical properties.

Although this article is dedicated to sophisticated and state-of-the art operating TEM modes for the
characterization of nanomaterials, it is worthy to recall that most of the currently used microscopes in
the field of nanomaterials synthesis consist in traditional tools, which allow simple, versatile and
“routine” analysis. Typically, classical TEM relies on a 100-200 kV device, allowing imaging, HRTEM,
SAED and EDS analysis. These tools provide 2-dimensional (2D) sample projections, which are
certainly sufficient to unravel the morphology and the dimensions of simple objects like nanospheres,
nanorods and nanowires. However, when more complex particles are encountered, 2D analysis shows
its limitations and some sample preparation “tricks” must be employed.

Manganese oxides provide nice examples of tailored 3D architectures. Indeed, “Chimie Douce”
synthesis by precipitation of metal complexes in water below 95 °C yields an impressive collection of
nanostructures.’®*# For instance, by using a seeding approach with initial &-MnO, nanowire seeds, a
a-MnO,/&MnO; nano-heterostructure® (Figure 3) could be designed with a 4-fold symmetry cross-
like morphology according to scanning electron microscopy (SEM). SAED and HRTEM performed on
the “wings” (radial regions) enabled identifying the &MnO, (LMO) layered structure. Structural
considerations indicated that epitaxial growth of &~MnO; on «-MnO; (TMO) would yield a 4-fold
symmetry as observed by SEM. Nevertheless, a-MnO, could not be observed, although it was still
present according to X-ray diffraction. To highlight the presence of a-MnO, in the core and the relative
orientations of the components, thin cross-sections of the nano-crosses were obtained by

ultramicrotomy. The analysis of the HRTEM images by Fourier Transform enabled to identify both o-

MnO, and &-MnO, components and the expected epitaxial relationship.
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Figure 3: Classical electron microscopy analyses of complex 3D nano-crosses obtained by solvent-
mediated seeding. The SEM analysis (top left) provides information on the 3D morphology, the TEM
image in bright field mode (center left) delivers a 2D projection of this morphology, the SAED pattern
(bottom left) taken on the square-marked area enables to identify the crystal structure of the wings and
their structural orientation. The HRTEM analysis of a microtome thin-section (center) followed by
Fourier Transform analysis (right) of the different black square areas enables to characterize the 3D
morphology, in order to identify the different components and their relative orientations in the nano-

object. Adapted from ref.!¥?

Other nano-objects can be obtained by self-assembly of nano-building blocks. This is the case of 3D
#MnO; hollow nano-cones (Figure 4).3#4 For this sample, the SAED mode was an invaluable tool for
identifying the orientation of each facet and the twinning planes defining their relative orientations. Still,
the growth mechanism involving an initial hexagonal seed and the subsequent oriented attachment of

nanorods could only be evidenced by the analysis of particles fragments in microtome thin-sections.
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Figure 4: Classical electron microscopy analyses of a complex 3D nano-cone obtained by self-assembly
in water. TEM (a, b, d) provides 2D projection of the morphology, SAED (c, e, g) enables to identify
structural orientations (f and scheme top right). TEM observations of fragments in microtome thin

sections (i, j) provides information on the building-blocks. Adapted from ref. ¥ and ),

In both examples, TEM, HRTEM and SAED allowed morphological and structural characterization of
3D nano-objects by using classical TEM 2D projections. More precise indications of the nanoparticles
3D features were obtained by the combination of SEM imaging and various TEM observations of slices.
Nevertheless, this combined approach suffers from severe drawbacks. First, the spatial resolution is
worse for SEM than for TEM. Such experiments require expensive high resolution SEM equipped with
a field emission electron beam. Second, using two different SEM and TEM apparatuses significantly

complicates the observation of the same single object with both techniques. Third, the analysis of thin

10
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slices is not always straightforward, since the orientation of the fragments is reminiscent of the random
orientation of the particles versus the blade during cutting. In addition, strains and deformations can
result from microtomy, so that care must be taken when considering slices as direct cross-sections of the
initial nano-objects. The preparation of thin lamellas by using the Focused lon Beam (FIB) technique
suffers also from similar artefacts.'*®®”! An additional demonstration of intrinsic limitations of SEM or
TEM on microtomy slices will be given in section 2 with the example of porous particles. SEM would
give only the outer particle topology, while thin sections obtained by ultramicrotomy could not provide
information about pore connectivity.

All in all, classical TEM is still in its golden age. It enables in many cases impressive understanding
of atomic-scale and nanoscale features, including structure-morphology orientations, interfaces and self-
assembly processes. Diffraction-based techniques will not be further discussed, but they will
undoubtedly remain essential tools for the characterization of crystalline nanomaterials. Therefore,
regular microscopes will certainly stay as invaluable tools in materials synthesis laboratories for most of
the fabricated nano-objects, at least for first-hand studies. However, understanding the currently
increasing complexity of synthesized nano-objects and their properties requires deeper insight into their
3D organizations and local composition at the nanoscale interfaces. The next sections aim at
demonstrating that powerful state-of-the-art transmission electron microscopes are becoming vital
analytical apparatuses to answer such questions, especially because they allow bypassing the

aforementioned limitations of 2D sample projection.

1.3 Solving the third dimension by electron tomography

The over-increasing interest for the development of new tools able to add the third dimension to the
already common 2D methods arise from the fact that the complex nanostructures actually employed for
many applications are three-dimensional objects. The current development of electron tomography goes
along with the technological advances of electron microscopy.”***! It aims at filling the gap between

the synthesis of new materials or structures and the control of their properties at the atomic level. Since
11
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the electron microscopes provide electrons with wavelengths in the picometer range, they are ideally
suited for providing 3D information at the nanoscale. For many years, technological issues prevented
achieving nanometric resolution at two dimensions, although a description of a mathematical
transformation connecting the 3D Cartesian space to its projection onto a cylinder was proposed as early
as 1917 by J. Radon.™ The fast experimental development of tomography occurred only within the

89921 which

recent years, in relation to the development of the computed tomography used in medicine,!
allowed overcoming the obstacle of developing and applying new reconstruction algorithms. Electron
tomography is based on recording series of images of an object, rotated inside the electron microscope,
along the widest possible angular range. The construction of a 3D matrix describing the sample in the
real space is carried out by applying the inverse Radon transform, which is performed by the back
projection of the intensity of each corresponding pixel from the projections into a unique voxel of the
matrix being constructed.”” The main drawback of the electron tomography relates to the angular
limitations within the specimen holders and consequently to the finite number of TEM projections,
which commonly induce artefacts and distortions in the 3D reconstructions. These issues can be
significantly attenuated by applying iterative algorithms. The most popular are the Simultaneous
Iterative Reconstruction Techniques (SIRT) and the Algebraic Reconstruction Technique (ART).P4%)
They are based on a sequential comparison between the original projections and that calculated ones at
each step of the iterative algorithm. Another new and powerful reconstruction technique is the discrete
ART (DART), a method taking advantage of the discrete nature of the reconstructed volumes. It is
based on the direct association between the number of grey levels used for the reconstruction and the
exact number of components known to be present in the sample under study.®® As last step of a

tomographic experiment, volume visualization and quantification provide insights into the morphology,

chemistry and/or phase distribution within the volume.

12
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Figure 5: (Top) Schematic representation of a TEM and list of the main acquisition modes. (Bottom)

Most common acronyms.

Most of the electron microscopy imaging modes can be adapted to the 3D investigation of
nanomaterials, each of them presenting specific advantages and drawbacks (Figure 5). For instance, the
requirement of large magnification implies large amounts of data to be collected and processed, with a
stringent need for huge computational and storage resources. Aside from this practical aspect, the

advantages of tomography experiments are obvious as sub-nanometer resolutions can successfully be

13
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attained, sometimes by using a few amount of the experimental data. For example, very recently
alternative approaches based on compressive sensing (CS) or total variation minimization (TVM) have
been developed.”” The compressive sensing considers that a small number of well-chosen measurements
can suffice to reconstruct signals that are amenable to sparse or compressible representation. The other
crucial goal in electron tomography is to achieve atomic resolution in the reconstructed volumes. Miao
et al. recently developed a new reconstruction technique combining equal-slope tomographic (EST)
reconstruction with 3D Fourier filtering, allowing to reach the atomic precision.®®*! Recent advances in
electron-based instrumentation, in particular the development of new aberration correctors enable
nowadays true atomic-resolution tomography by two methods: i) the recording of series of “confocal
images ™ under STEM mode, well adapted for the analysis of small nano-crystals due to the small depth
of field and ii) the combination of STEM acquisition in with a reconstruction algorithm that accounts for
the discrete nature of the structure, as applied in general to small nanoparticles.**>%! However, from a
general perspective, coupling classical tomographic approach with electron microscopy imaging modes
such as the bright field mode, for example, allows obtaining a larger and better description of nano-
objects of interest at three dimensions, from the point of view of their morphology, their
crystallographic structure, and their chemical composition.

Initially developed for biology, classical bright field electron tomography was successfully adapted to
nanomaterials™®! owing to the strong improvements of electron microscopes in terms of resolution and
the ability to process large data flows. This mode is suitable for the study of soft materials such as
polymers,[™® amorphous or poorly crystallized specimens such as catalyst supports of complex
morphology, containing a nanoscaled active phase (Figure 6).1*%! The main drawback of this mode is
the presence of diffraction contrast, coming from the active phase, resulting in poor resolution and/or in
reconstruction artifacts: such images do not verify the projection requirement for applying the
tomography algorithms. The development of new 2D imaging modes in electron microscopy paved the
way to the development of more efficient 3D analyses in the nanometer range. For the exploration of

nanoscale crystalline materials, the use of the annular dark field (ADF) performed in the scanning mode
14
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(STEM) can remediate the afore-mentioned limitation: the contribution of Bragg diffracted electrons is
minimized at high collection angles (HAADF), which makes the images suitable for tomographic
reconstruction. Besides, the STEM-HAADF incoherent mode is also known as the Z-contrast 3D
imaging mode, since the contrast in the initial images depends mainly on the thickness and local atomic
number.[**® This mode is particularly suited for the analysis of samples that contain lighter and heavier

elements together.

Electron beam

Projections
alignement

Figure 6: Schematic representation of the electron tomography technique. In a first step a series of
projections is acquired while tilting the specimen inside the microscope (top left), in a second step the
object matrix is constructed using a back-projection algorithm (top right). The bottom part illustrates the
benefits of passing from a traditional 2D image to a 3D model, in the case of a porous material. The left
image is one of the recorded projections, the central one is a slice in the real space through the 3D
matrix reconstructed from the projections, while the right shows the 3D image of the object, constructed

from the 3D matrix.

15
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1.4 Providing additional selectivity: 3D chemical analysis by EELS spectroscopy and EFTEM
imaging
If 3D analytical information is needed, it can indirectly be obtained using the STEM-HAADF imaging
mode through the dependence on the atomic number of the tomographic signal. Unfortunately, a large
number of materials are made of elements with close atomic numbers, which makes the STEM-HAADF
tomography inefficient. In these cases, one of the more reliable ways to achieve 3D chemical mapping is
to perform tomography using the energy-filtered TEM (EFTEM) imaging mode.™* %! This technique
combines the ability of the traditional electron tomographic imaging mode to collect 3D information at a
nanoscale spatial resolution and the chemical selectivity of the EFTEM imaging mode. It can potentially
solve both structural and chemical questions at once. From a practical point of view, it combines the tilt-
series approach (reconstruction of a volume from a series of projections) with image acquisition in
energy-filtered imaging mode.™®! By choosing the energy windows on the core losses region of the
ionization edges of the elements of interest, one can record chemically selective 2D images for a given
orientation of the sample (Figure 7). The modus operandi is repeated for each tilt angle, giving
projection series of the spatial distribution of the elements, from which the 3D elemental maps are
deduced. Up to now, this powerful combination did not receive much attention in the field of materials

because the EFTEM mode is rather difficult to operate in the tomographic procedure, 12

16
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Figure 7: lllustration of the three windows method from an EFTEM analysis on a Cu/CugP aggregate.
Top: Typical EELS spectra recorded at Cu Lz = 931 eV ionization edge illustrating the characteristics of
the energy windows used to acquire the energy filtered images. Bottom left: Image of the Cu/CusP
aggregate in the Zero-Loss mode. Bottom center: the three energy filtered images (“pre-edge 17, “pre-
edge 2” and “post-edge”) at the Cu L3 edge registered for the chosen energy positions; Bottom right:

elemental projection of Cu obtained after the background extraction.

Another route for probing the 3D chemical arrangement of different species within specific samples is
to combine the electron tomography with the EDX spectroscopy.**®! In principle, for each tilting angle,
a chemical map is acquired and an EDX spectrum is registered for each position of the beam scanning
the sample and for each angle. This approach allows overcoming difficulties such as: requirement of a
large magnification, large amounts of data needing to be rapidly collected and processed, new processes
needed for combining various bits of information collected on a single sample. Therefore combinations

of various modes can be envisaged when studying complex structures.*4!

17
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Few examples (reported or unreported) give an illustration of the importance of combining chemical and
structural description at the nanoscale. In the following sections, several examples will be discussed:
They specifically address situations that would not have been solved by any other tools or combination
of tools, showing the unique contribution of transmission electron microscopy and tomography for the

design of functional nanomaterials.

2. Mesoporous hollow-shell mixed oxide nanoparticles

2.1 Context

Silica-based mesostructured drug delivery nano-systems have been extensively investigated in the last
ten years for they allow a high flexibility of integration of multiple properties needed for efficient
imaging diagnosis and/or therapeutic treatments.'®! One of the main issues of these materials is the
intrinsic toxicity of the various silica-based cargos which are strongly related to their chemical
composition from one side, and to their degradation mechanisms. This last point has been only partially
addressed in the literature because it is difficult to investigate in vivo. The ideal configuration is to
promote a molecular dissolution of the silica matrix, however the large variety of physico-chemical
environments (pH, temperature, ionic strength, presence of nucleophilic species, protein adsorption,
etc.) strongly affects the dissolution kinetics.**®! A well-controlled dissolution kinetic is mandatory but
difficult to obtain because the vector architecture can be modified by local silica recondensation™"
(that may affect the drug delivery kinetic as well), or may even promote the random nucleation of very
small silica nanoparticles of uncontrolled toxicity in other parts of the body.

In the last five years, our groups conducted an in-depth study in the design of new silica-based
nanocarriers with mesoporous architecture able to carry and release progressively large amount of
drugs. 82 |n these works, we developed several methodologies aiming at promoting a progressive
molecular dissolution of the silica cargo, while avoiding the saturation of the biological medium in
molecular silicic species that would nucleate novel silica particles randomly in the medium. One of the

strategies consisted in doping the silica matrix with a few percent of zirconium (up to 20). Aerosol
18
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processing (or spray-drying)i*?? was chosen to prepare in one step SiO, nanoparticles containing a few
percent of zirconia and presenting a very good dispersion and co-condensation of zirconium within the
silica network. The nanoparticles were spherical, with a mesostructured core and a dense shell. The
seemingly minor modification of the silica inorganic network by zirconium was able to alter very
significantly the dissolution kinetic of this drug cargo, and at the same time to regulate the concentration
of silicic acid of the medium. Experiments in simulated body fluid showed that 3% of Zr was enough
for avoiding silicic acid concentration to reach the threshold for random nucleation of silica particle in
the solution.™®! An additional effect was also obtained: the delivery of drugs was delayed.!**¥ Although
these effects were very desirable, their origins were not clear at that moment. Instead, we expected
zirconium oxide surfaces to catalyze the fast condensation of silicate species directly onto the cargo,
which could in principle promote a progressive rearrangement of the architecture of the cargo (both of
the mesostructured core and the dense shell). A very precise 3D morphological investigation of the
cargo structure after drug release was thus needed to get mechanistic informations.

2.2 Morphology determination

Owing to the nanometric size of the mesoporous structures, electron tomography was suggested as
method for the assessment of pores connectivity, an information that cannot be extracted from nitrogen
volumetry measurements. In addition, the complete exploitation of the electron tomography data can
give reliable quantitative information on the porous structure of an object. Nanoparticles were analyzed
after their exposure to the simulated body fluid. The pores were found to occupy around 20% of the
volume of the drug cargo. The mesopores within the silica core presented a mean size of 5 nm and were
interconnected with an average length of 10 nm and pores junctions density of 2 junctions/1000 nm?.
This porous network was not directly accessible from the exterior due to the presence of a continuous
shell of ca 6 nm thickness at the surface of the particles (Figure 8a and Figure S1). Since in the STEM-
HAADF the contrast scales with Z" (Z: atomic number, n~2), we performed a second tomographic

analysis in this mode (Figure 8e). It showed that the shell around the mesoporous core was rich in
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zirconia. In addition, small regions richer in Zr were identified locally on the inner pores rims within the

silica core (Figure 8f), a clear indication of the Zr diffusion from the surface regions to the core.

2D TEM projection

Figure 8: 3D analysis by electron tomography in the TEM (top) and STEM-HAADF (bottom) modes,
for a mesoporous SiO,-ZrO, oxide NPs used as nano-carriers. A) TEM image at 0° tilt extracted from
the tilt series; B) Typical slice through the reconstructed volume; C) 3D model of the object, with the
porous network in green and the silica-based material in blue. D) Typical orthogonal slices through the
3D model showing that most of the mesopores are not accessible from the outside part of the particle. E)
STEM-HAADF image extracted from the tilt series used to reconstruct the Z-sensitive volume. F)
Typical cross-section through the Z-sensitive volume, showing the distribution of the zirconia-rich area
(slighty brighter, due to the higher atomic number of Zr vs. Si): some of them are in the shell of the

particle while others are in the areas pointed by arrows.
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Altogether, combined electron tomography in TEM and STEM-HAADF modes evidenced the
influence of zirconium on the silica mesoporous structure: a continuous shell was identified around the
particles and the pore connectivity was fully characterized, explaining the delay observed for drug
release as well as the robustness of the cargo regarding dissolution.
This study stands as an example of detailed analysis of a mixed oxide structure that presents porosity
and an non-homogeneous chemical distribution of elements. In the next section, the case of hybrid

organic-inorganic fibers containing metallic nanoparticles is discussed.

3. Mesoporous inorganic and hybrid fibers: intricate morphologies

3.1 Context and motivation

Being able to precisely locate organic functions within organic/inorganic hybrid materials is an
important challenge for many functional material applications. The functional groups (and associated
properties) provided by grafting, coating or direct incorporation, are of main interest for the preparation
of multi-functional materials. Moreover, the specific position of a functional group in the material
microstructure addresses a specific property which strongly depends on its localization: on the surface,
within the porosity, inside the inorganic matrix, etc.

The design of efficient membranes for proton exchange membrane fuel cells (PEMFC) typically rely
on the adequate positioning of conductive groups. In the study described below, determining the
topological distribution of thiols - a precursor for forming proton-conducting sulfonate groups - within
hybrid silica nanofibers was critical, because proton transport and the accessibility of the fibers porosity
strongly depend on it.

Silica mesoporous fibers were prepared from a sol-gel route.?*! Efficient functionalization with thiol
groups was confirmed using FTIR spectroscopy. The S-H stretch absorption was detected at 2550 cm™,
and shifted to 2572 cm™ after washing of excess thiol and remaining surfactants. FTIR experiments
strongly suggested that the thiol groups were mainly located on the surface of the mesopores and not on

the external surface of the fibers, because of the lower vibration frequency observed before the washing
21



Nanoscale Page 22 of 44
step: it was likely due to favourable interaction of mercaptopropyl groups with the surfactants located
inside the mesopores. However, this needed proof.

3.2 Strategy for labeling the mercapto groups

Our strategy to detect these poorly-contrasting mercapto groups was to use metallic gold nanoparticles
as high-contrast trackers: they were expected to graft onto the mercapto groups present on the silica.
Alternatively, the mercapto groups could be used as nucleation points for the in situ growth of gold NPs
from dissolved gold salts. The synthesis of gold@SiO, fibers was investigated following these two
routes: (i) post-synthetic grafting of commercial nanocrystalline gold NPs (diameter of 5 nm) and (ii) in
situ generation from gold salts after the synthesis of the hybrid fibers, by reduction under hydrogen.

The morphology and distribution of Au NPs in the mesoporous silica fibers were directly observed by
TEM in both cases. In route (ii), the mesoporosity was slightly disrupted because of the high content of
Au NPs: the average pore size was 2.3nm and the gold NPs formed randomly and with a high
dispersion within the material. On the contrary, colloidal gold with a diameter (5 nm) larger than the
mesopores (ca 4 nm) was chosen in route (i). The NPs were added in ethanol suspension of the silica
nanofibers in order to target the mercaptopropyl groups of the outer wall-surface of the fibers. In this
latter case, the mesostructure of the gold post-grafted samples remains undamaged and only a weak
amount of gold particles was grafted on the external surface of the fibers. For both routes, electron
tomography was instrumental in determining if the NPs were located on the surface or within the pores
of the silica mesoporous fibers. We discuss below the detailed analysis of a sample prepared according
to route (ii).

3.3 Electron tomography on 3D mesoporous fibers

The slice-by-slice analysis of the reconstructed volume clearly showed the occurrence of Au NPs
within the mesopores that presented a mean diameter of 4.5 nm. A more detailed analysis of the 3D
positions of the resulted particles highlighted a rather homogenous distribution of the thiol groups
(marked by the presence of gold NPs) amongst the different pores of the fiber (Figure 9 and Figure S2).

Unexpectedly, the mesopores seem to present an helicoidal orientation along the longitudinal axis of the
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fiber, as suggested by analysis of the NPs distribution belonging to the same pore (Figure 9, right).
Some small connections between the pores and the outside can be periodically observed, as illustrated in

Figure 9 (center).

Gold Salt

Figure 9: 3D-TEM analysis of the mesoporous silica fiber inside which gold nanoparticles were grown.
Left: Typical 2D TEM projection extracted from the recorded tilt series used to reconstruct the volume;
some ordered and well oriented parts can be observed periodically along the fiber, suggesting a
periodical change in the pores orientation. Center: One representative longitudinal slice and three
transversal slices at the positions 1, 2 and 3, through the reconstructed volume. Their direct analysis
illustrates the positions of the gold particles within the pores and connections of the external pores with
the outside. Right: 3D reconstruction of the whole object with the Au particles in purple and the silica

fiber in gray.

These findings supported that the mercapto-groups were mainly located inside the silica fiber

mesopores. The 3D reconstruction also highlighted an unexpected helicoidal structure of the porosity
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within the fiber. These two features observed on the complex architecture of these mesoporous silica
fibers are typical examples of the contribution of electron tomography to in-depth nanomaterials
analysis.
The two cases discussed so far (silica-zirconia particles and silica fibers) illustrated the power of
electron tomography when it comes to analyzing inorganic, highly contrasting structures (though using
Au NPs as markers actually provided information on the topological distribution of mercapto groups).

The next example will be focused on mapping directly the organic moieties of nanomaterials.

4. Titanium-based MOFs: Solving the amino group distribution within a hybrid network.

4.1 Context and motivation

Metal-organic frameworks (MOFs) are a class of materials composed of organic and inorganic
building blocks.****21 These highly ordered and porous networks are of interest for their applications
in gas storage, catalysis, photo-active materials...*?* **] Some MOFs have the ability to behave as
semiconductors when exposed to light, making them unique platforms for light harvesting and photo-
induced catalysis. A subfield of research has thus emerged with the aim of tuning the optical response of
MOFs by modifying the inorganic unit or the organic linker (length, chemical functionalization).

In this context, the highly porous titanium-based MOF MIL-125 is an interesting candidate. This
material, which contains cyclic octamers of TiO, octahedra, is photochromic, which is related to the
reduction of Ti(IV) to Ti(lll) under UV irradiation (Figure 10a).%*! When synthesized with
1,4-benzenedicarboxylate (bdc) as an aromatic linker, MIL-125 has an optical band gap in the UV
region (ca. 3.6eV/345nm) and is an active photocatalyst for the oxidation of alcohols to
aldehydes.™5%1 Nowadays, amine linkers are becoming particularly popular for porous MOF, because
the polar -NH; groups are expected to enhance CO; capture performances, while allowing selective gas
adsorption and enabling post-synthetic modifications.*®**! The iso-structural MIL-125-NH, was
prepared using a modified bdc-NH, linker (Figure 10b). It was reported to be a photocatalyst with

visible-light-induced activity for CO, reduction®®*) and H, production.**) Moreover, the bdc-NH,
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linker was shown to be responsible of an extra absorption band in the visible region, indicative of the
reduction of the band gap (ca. 2.6 eV/475 nm).24+243

4.2 Design of an amino-functional MOF

In order to take advantage of the crucial role of the -NH; group in the band structure of MIL-125
compounds, MOFs derivatives with mixed bdc/bdc-NH, linkers were synthesized in a one-pot route
from inorganic molecular precursors and the mixture of the two organic linkers (in 90/10, 80/20, 50/50,
33/66 molar ratio). The optical response of MIL-125 can be tailored toward absorption in the visible
region through rational selection of amino substituents of the aromatic bdc linker. The impact of the
electronic modifications induced by the aromatic moieties of bdc in MIL-125-NH, was confirmed by
DFT calculations.™* Moreover, the functionalization of the internal surface of a MOF can reduce its
pore size because the additional functional groups fill up the pores. Therefore, the ratio of bdc-NH,
ligand was optimized to preserve the parent structure, to promote maximum porosity, and to tune the
optical band gap of the MOF.[!

From an experimental point of view, X-Ray diffractograms of MIL-125, mixed bdc/bdc-NH, MIL-
125 and pure MIL-125-NH; are strictly the same. It is thus not possible to know if the mixed bdc/bdc-
NH, MIL-125 sample is a macroscopic mixture of the two phases (i.e., with a segregation of the two
linkers), or if the linkers are randomly dispersed inside the MIL-125 structure. A local characterization
technique with chemical sensitivity and a resolution in the nm range was thus required to map the
nitrogen at the nanoscale.

4.3 Characterization of amino groups dispersed in the MOF

Classical STEM-EDS mapping would have been inefficient here because nitrogen is a light element.
On the contrary, EELS allows the detection of nitrogen at its K-edge (401 eV) inside the MIL-125
structure, which is mainly constituted of superimposed plate-like grains, as observed on the bright-field
micrograph of Figure 10c. An EFTEM study was performed in order to explore the microstructural
features within this specimen and to assess the distribution of the amino ligands, which was compared

with the distribution of titanium species, also mapped in EFTEM using Ti L,3 edge (456 eV). This
25



Nanoscale Page 26 of 44
chemical analysis revealed that both the titanium and the nitrogen uniformly distribute on the MIL-125
structure at the nanoscale (Figure 10d). This information was a key for explaining the system specific

optical behavior.

Titanium
octahedro

porosity

bdc linker

PAVI

Figure 10: A) Structural unit of MIL-125; B) Structure of the bdc-NH linker; C) Classical TEM image
of MIL-125 obtained with mixed organic linkers (bdc/bdc-NH; in a 50/50 ratio); D) Relative chemical

map, with titanium in red and nitrogen in green, obtained from a 2D chemical EFTEM analysis,
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illustrating the relatively good homogeneity of the nitrogen in the material. The resolution of the map is

2 nm.

This example highlighted the capability to probe the local distribution of an organic moiety within an
hybrid functional materials. It was critical to perform such analysis with a resolution down to the
nanoscale in order to prove that there was no segregation within the structure. Moreover, EELS was
mandatory for detecting nitrogen, which is a light element. In the next series of examples, another light
element, phosphorus, will be at the heart of the structural and chemical questions related to the design of

metal phosphide nanoparticles.

5. Metal phosphide nanoparticles: where is the phosphorus?

5.1 Context and motivation

Metal phosphides (MyPy) are covalent materials with applications in various fields such as metallurgy,
semi-conductors for electronics, or optics. Traditional preparation routes employed solid-state high
temperature approaches, which precluded the formation of well-controlled nanocrystals.[**! However,
during the last two decades, solution routes to nanoscaled metal phosphide have been extensively
developed, allowing for the formation of a wide set of metal phosphide nanoparticles (eg. Ni,P, CoP,
InP, PdP,, etc.).'”! This opened an avenue for studying surface-related properties such as catalysis:
hydrogenations of unsaturated bonds and hydrodesulfurization (HDS) have been particularly
developed.**® The presence of phosphorus not only changes the intrinsic properties of the bulk
lattice,™*! such as the band levels, but it also affect the reactivity of their surface: for example,
phosphide surface species were found to limit the sulfur poisoning during HDS,™% while they also
favored semi-hydrogenation of alkynes into alkenes instead of full hydrogenation to alkanes.*!
Phosphorus surface species were also suspected to be responsible for the unexpected selectivity of a
nickel-cobalt catalyst for CO, reduction by H,.**? A correct interpretation of the properties of metal-

phosphorus nanocomposites thus requires to locate the phosphorus species.
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Our group developed a low-temperature stoichiometric route to metal phosphide nanoparticles. It is
based on the reaction of metal(0) nanoparticles (eg. Ni, Pd, In) with a highly reactive, soluble source of
elemental phosphorus: white phosphorus (P.).'>**** This insertion reaction has the advantage of being
stoichiometric in most cases (all the phosphorus from the solution gets inserted into the nanoparticles),
even at fairly low temperatures (r.t. to 200 °C),1**® meaning that restructuring of the nanoparticles upon
the formation of novel crystalline phases can be followed as a function of energy input (here, the
reaction temperature).*® While XRD and other structural methods allow for an easy identification of
the resulting crystalline phase, local composition measurement was critical to understand the synthetic
processes that often proceeded through intermediate amorphous phases.™”

5.2 EELS in 2D: solving some of the structural questions (Pd-P, Cu-P, Au-P)

Such information is exclusively accessible through chemical analysis by TEM. Phosphorus being a
fairly light element, EELS was preferred to EDS for the analysis of Pd-P,**" Cu-P™*! and Au-Pi58]
nanostructures. In this latter case, EDS could not be considered anyway, since the Au and P ionization
edges overlap enough and cannot be properly resolved with standard detectors. In these examples,
phosphorus was only present as phosphide species: EFTEM was able to unravel the chemical structure,
and in particular the localization of phosphorus.

As a representative example, the case of copper phosphide is discussed below. Nanoscaled copper
phosphide can be prepared with two stoichiometries: CusP and CuP,.**® Using preformed copper
nanoparticles reaction with P4, in a molar Cu:P ratio of 3 and 0.5, respectively, we showed that, within
2 h at 250 °C, the insertion of P into the nanoparticles was quantitative, yielding as expected CusP and
CuP, nanoparticles, respectively. However, we also noticed that in milder conditions (100 °C) and after
shorter reaction time (30 min.), the insertion of P was not complete but crystalline CusP could already
be observed by XRD, in addition to the remaining crystalline copper.

2D analyses by EEL spectroscopy have been performed, using the EFTEM imaging mode. The
elements of interest were phosphorus with the L3 =132 eV ionization edge, copper with L3 =931 eV

ionization edge and oxygen with K =532 eV ionization edge. The corresponding EEL spectra are given
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in Figure 11 (left). The 2D chemical maps of the three elements were obtained using the three windows
method in order to have a proper background removal from the total inelastic signal (Figure 11 right). A
better visualization of their relative distribution is obtained on color-coded 2D elemental maps (Figure
11 center) that shows the core-shell structure of the nanoparticles, with a core exclusively made of

copper and a shell constituted by CusP (partially oxidized on the surface due to air exposure).
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Figure 11: Core shell structure of copper phosphide nanoparticles: Left: Typical EELS spectra registered
on the Cu and P ionization edges. Center: 2D relative map of the studied object with phosphorus in red,
copper in green and oxygen in blue. The left inset shows the TEM image of the nanoparticles. The right
inset is a scheme of the particles structure. Right: elemental projections for each element obtained after

background extraction, using the three-window method.

This measurement allowed understanding the mechanism of the reaction: contrary to most other cases
encountered in metal phosphide synthesis, for copper phosphide the crystallization occurred
immediately upon phosphorus insertion. Instead of yielding as usual an amorphous structure, incomplete
P insertion formed a core-shell crystalline structure with the phosphide in the shell.

5.3 Multiple phosphorus species in Ni-P nanoparticles: the need for 3D chemical mapping

As explained above, our synthesis of metal phosphide nanoparticles rely on preformed metal

nanoparticles. In the case of nickel, well-calibrated nanoparticles are most efficiently obtained using a
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phosphorated surface ligand, the tri-n-octylphosphine (TOP).[159] This raises an additional issue for the
chemical characterization of Ni-P species: not only is there phosphorus inside the particles as
phosphide, but remaining phosphines (or their oxide when the sample was exposed to air) are still
around the inorganic core. Nevertheless, the study of magnetic and catalytic properties of these types of
nanoparticles required a similar structural resolution than those of Cu-P nanoparticles. The experimental
observation for Ni-P nanoparticles was the following: insertion of 0.33 equivalents of P into
monodispersed Ni nanoparticles did not yield crystalline NisP nanoparticles. Rather, a nanocomposite of
crystalline Ni,P/Ni was formed, through an amorphous intermediate. In terms of magnetism, we
observed that lowering even more the stoichiometry of phosphorus to a Ni:P ratio of 4 resulted in an
increase of saturation magnetization.*®” For catalysis, the composite structure was found to have
alkynes hydrogenation properties similar to those of Ni nanoparticles at low temperature, and to those of
pure Ni,P nanoparticles at ca 200 °C.'*! Both the magnetic and the catalytic properties demanded an
in-depth analysis of the phosphorus localization in the nanoparticles.

They presented a diameter of ca 25 nm and were mostly spherical. In this case, 2D chemical analyses
may not be sufficient to solve the spatial distribution of chemical species. In this context, the use of the
analytical tomography by EFTEM imaging is appropriate for providing chemical information, in
particular to corroborate the following hypotheses: the absence of the phosphorus in the nickel shell and
its homogenous distribution within the core. Concerning the first one, attesting the phosphorus absence
within the shell by using the EFTEM tomography approach is clearer than when using the 2D chemical
maps, due to a better signal to noise ratio (SNR) in the reconstructed volume associated to the
redundancy of information coming from the use of several adjacent images.*****? Concerning the
phosphorus distribution within the core, it is more pertinent to analyze slices extracted from the 3D
chemical reconstruction than 2D chemical maps in which the thickness effect is present.

5.4 EFTEM tomography for element-sensitive volume reconstruction

The chemical composition of the nanocomposite was solved by EFTEM tomography by considering

the P L,3=132¢eV ionization edge (inset of Figure 12) with the acquisition of the energy filtered
30



Page 31 of 44 Nanoscale
images at low temperature using a cryo-holder to prevent the irradiation damages in the specimen
previously observed in the case of tilt series acquisitions at room temperature. Note that, as the plasmon
region is not far from the P L,3 edge, the three windows method was no longer appropriate for the
extraction of the P chemical signal. Accordingly, we considered another method for the signal extraction
which uses only two filtered images, one before and one after the P ionization edge, as proposed in the
literature for the elemental mapping of the P element.l***%! |n our case, their characteristics (width and
positions) are illustrated in the inset of Figure 12, where an EELS spectrum acquired on an assembly of
six Ni,P/Ni nanoparticles is shown. The corresponding elemental projections recorded at the same angle
are shown in Figure 13 right. More details on the experimental protocol and data treatment procedure

used for the calculation of the P elemental projection tilt series are given in the Supporting Information.

TEM-image  § D v Pre-edge P Post-edge

120 eV 152 eV

Figure 12: Left: Typical image from the "Zero Loss" tilt series acquired in EFTEM on the object chosen
for the tomographic study; the red line indicates the position of the tilt axis. Inset: global EEL spectrum,
illustrating the positions and the widths of the two energy windows used for the acquisition of the two
energy filtered tilt series on the P-L, 3 ionization edge. Right: The two energy filtered images registered

at the same angle before (120 eV) and after (152 eV) the P-L; 3 ionization edge.

Using the Zero Loss and the P chemical projection tilt series as inputs, the reconstruction algorithms
allowed computing two spatially correlated volumes, corresponding to the mean density distribution and
to the P chemical volume. By superposing the two volumes pixel by pixel, we obtain a 3D "relative"

map, which reflects the relative variation of the P signal inside the particle. Figure 13 (right) shows
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longitudinal sections extracted at the same depth from the two reconstructed volumes, mean density and

P chemical maps respectively.

2D Analysis

ZL projection P elemental Projection

3D Analysis

B Vean density

ZL projection

B P chemical map

Figure 13: Outputs of the reconstruction algorithm. Left: Typical projections extracted at two different
angles from the Zero Loss-tilt series and the P elemental map tilt series. Right: Longitudinal sections
extracted at the same depth and orientation through the three reconstructions: the mean density
reconstruction, the P 3D chemical map and the 3D "relative™ map obtained by superposing the two

previous reconstructions (phosphorus in green and mean density in blue).

The combined analyses of the three reconstructions provide reliable information on the nanoparticles
morphology and interface features. We have confirmed that the NPs present a spherical shape with a
chemically and morphologically well-defined shell surrounding the core. Given the difference in the “P
intensity” between the core and the shell, we can now conclude that the P is not present in the shell and
it is homogenously distributed within the core. Note that, once again, though similar information can be
deduced from the classical 2D chemical maps, the analysis of a 3D reconstruction is more relevant
because the thickness effect is not present. These findings are in agreement with the postulated existence
of a 3D core-shell structure with crystalline Ni,P located in the core, as a result of a spontaneous phase

segregation of amorphous Ni3P into crystalline Ni,P (core) and Ni (shell).
32



Page 33 of 44 Nanoscale
From a more general point of view, 3D EFTEM allowed a detailed and reliable analysis on a fairly
beam-sensitive sample, which fueled in-depth discussion on the relative stability of covalent inorganic
compounds at the nanoscale.**® This study underlines the efficiency of low-temperature analytical
tomography for sensitive materials, as an approach that can be implemented on last generation electron
microscopes.

6. Towards the direct observation of materials behavior in their natural and/or functional
environment

In the examples above, samples were analyzed in a static fashion, under ultra-high vacuum, with no
external stimuli applied, such as heat,™®! light,*® chemical reactant through liquid*®’ or gas
phase.?M 8 A sustained trend of the last decade precisely deals with the introduction of such
capabilities in modern TEM. These allow in situ analysis of complex materials in a medium that is
closer to their standard environment in a device or a catalytic reactor. From the point of view of
materials, dynamic behavior can now be monitored at the atomic scale.™™!

The field of environmental TEM in liquid is particularly active, with several technological solutions
been developed worldwide.**"*™® Many energy-related questions such as the improvement of lithium
batteries or the optimization of electrocatalysts will be best addressed by monitoring the behavior of
nanoparticles into liquids. Moreover, in solvothermal synthesis, the very birth of nanoparticles
(nucleation, growth) and their further evolution (ripening, aggregation), occur in a liquid medium. A
recent work by Zhu et al. illustrates the rotation and diffusion of Pd nanoparticles in an aqueous solvent,
with atomic resolution.*”" Growth and shape evolution of FePt nanoparticles in organic solvents was
also investigated: shape evolution was followed in real time, and a critical concentration of oleylamine
surfactant could be determined for the stabilization of nanorods.!*”? Altogether, environmental TEM is
opening a new age for TEM as it gives not only a snapshot, but a dynamic understanding of functional
nanomaterials. Beyond the inputs that can be expected in energy storage and conversion research as
well as in biology or catalysis, one could dream of implementing these new characterization techniques

directly in the production line of nano-materials, as a guide for their design.
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7. Conclusion and outlooks

For the last years, the materials science community oriented its efforts towards the synthesis and
development of new materials with properties defined at the nanoscale. Probing at two or three
dimensions the nanomaterials structural, chemical and morphological features was challenging. The
problem was addressed anew by taking advantage of technological advances in the field of electron
microscopy. The technique’s power relies not only on its imaging capabilities, but also on its ability to
chemically describe complex nanostructures with nanometer spatial resolution. The third spatial
dimension could be added to the existing 2D observations only in the early 2000’s, when the
computational developments allowed the set-up and implementation of iterative procedures for volume
reconstruction. Today, electron tomography stands as the only technique that can decide without a doubt
whether nano-objects lie inside or outside a hollow structure, and that can satisfactorily assess the
morphology and/or faceting of nano-crystalline structures. Moreover, the challenge of quantitative
tomography was tackled by combining it with the various modes available on a modern TEM, providing
even more precise information about morphological, structural and/or chemical characteristics of several
nanocomposites.

Electron microscopy has been successfully adapted to complex systems for assessing their porous
characteristics, chemical homogeneity and/or species distribution at two or three dimensions. Two
relevant examples described above, the mesoporous nanoparticles and fibers, highlight the benefits of
electron tomography for exploring both the porous network topology (size, connectivity, etc.) and the
distribution of foreign chemical species that provide additional functions within a 3D complex system.
When an energy loss spectroscopy expertise is combined to TEM imaging (energy-filtered imaging), the
chemical homogeneity of the hybrid structures can be resolved, as shown for the titanium based metal-
organic frameworks. At the opposite side, the chemical in-homogeneity of complex nanostructures
requires a 3D approach: the analytical tomography. By associating the energy-filtered imaging with the
tomographic approach, the analytical tomography allows to probe the chemical composition of 3D

nanostructures with nanometer spatial resolution. As applied to the case of metal phosphide
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nanoparticles, the 3D relative elemental distribution identified a core-shell morphology dominated by
the presence of crystalline metal phosphides in the core, as result of the phase segregation from an
amorphous intermediate. All these examples prove that the close correspondence between morphology
and chemical composition stands as a powerful tool for the analysis of materials at the forefront in
catalysis, nano-electronics, therapy or imaging. It should therefore strongly impact these fields in a near
future.

The developments of new methodologies pave the way to routine electron tomography experiments
with atomic resolution for the next years. Further improvements are yet still needed, and one first task
will be to reduce the number of projections needed to obtain reliable results, using hardware
implementation of compressive sensing approach, based on the fact that a reduced number of well-
chosen recordings can suffice to reconstruct images or volumes given by sparse objects.””! By
diminishing the total irradiation dose during the acquisition, this approach will allow a considerable
increase of the SNR in the acquired projections as well as the study of more fragile materials. Within the
limitations related to damage of the sample upon electronic irradiation, they will also bring alive the
possibility of combining high-quality 3D structural and chemical determination with measurements
conducted in environmental TEM (eg. under a pressure of gas) or using in situ cells sample holder (eg.

liquid cell)*™!,
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