Universiteit
Antwerpen

This item is the archived peer-reviewed author-version of:

Three-dimensional nanoparticle transformations captured by an electron microscope

Reference:
Albrecht Wiebke, Van Aert Sandra, Bals Sara.- Three-dimensional nanoparticle transformations captured by an electron microscope

Accounts of chemical research - ISSN 0001-4842 - 54:5(2021), p. 1189-1199
Full text (Publisher's DOI): https://doi.org/10.1021/ACS.ACCOUNTS.0C00711
To cite this reference: https://hdl.handle.net/10067/1776440151162165141

uantwerpen.be

- \\-——-;L:E

Institutional repository IRUA



3D Nanoparticle Transformations Captured by an

Electron Microscope

Wiebke Albrecht, Sandra Van Aert*, Sara Bals*

EMAT and NANOIab Center of Excellence, University of Antwerp, B-2020 Antwerp,

Belgium
CONSPECTUS

The three-dimensional (3D) morphology and composition govern the properties of
nanoparticles (NPs). However, due to their high surface-to-volume ratio, the morphology and
composition of nanomaterials are not as static as for their bulk counterparts. One major
influence is the increase in relative contribution of surface diffusion, which underlines rapid
reshaping of NPs in response to changes in their environment. If not accounted for, these effects
might affect the robustness of prospective NPs in practically relevant conditions, such as
elevated temperatures, intense light illumination or changing chemical environments. In situ
techniques are promising tools to study NP transformations under relevant conditions. Among
those tools, in situ transmission electron microscopy (TEM) provides an elegant platform to
directly visualize NP changes down to the atomic scale. By using specialized holders or
microscopes, external stimuli such as heat, or environments such as gas and liquids, can be
controllably introduced inside the TEM. In addition, TEM is also a valuable tool to determine
NP transformations upon ex situ stimuli such as laser excitation. However, standard TEM yields
2D projection images of 3D objects. With the growing complexity of NPs’ shapes and
compositions, the information that is obtained in this manner is often insufficient to understand

intricate diffusion dynamics.



In this Account, we describe recent progress on measuring NP transformations in 3D inside the
electron microscope. First, we discuss existing possibilities to obtain 3D information using
either tomographic methods or the so-called atom counting technique, which utilizes single
projection images. Next, we show how these techniques can be combined with in situ holders
to quantify diffusion processes on a single nanoparticle level. Specifically, we focus on
anisotropic metal NPs at elevated temperatures and varying gas environments. Anisotropic
metal NPs are important for plasmonic applications, because sharp tips and edges result in
strong electromagnetic field enhancements. By electron tomography, surface diffusion as well
as elemental diffusion can be tracked in monometallic and bimetallic NPs, which can then be
directly related to changes in plasmonic properties of these systems. By atom counting, it has
furthermore become possible to monitor the evolution of crystalline facets of metal NPs under
gas and heat treatments, a change that influences catalytic properties. Next to in situ processes,
we also demonstrate the value of electron tomography to assess external laser-induced NP
transformations, making it viable to detect structural changes with atomic resolution.
The application of the proposed methodologies is by far not limited to metal nanoparticles. In
the final section we therefore outline future material research that can benefit from tracking NP

transformations from 3D techniques.
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1. INTRODUCTION



Nanomaterials are of crucial importance in a broad range of applications including
nanomedicine, catalysis, sensing, data storage or plasmonics. It is known that the functional
properties of these materials are determined by their 3D structure and composition.
Furthermore, organic ligands on the surface of the nanocrystals play an important role in the
stabilization and chemical properties of the inorganic nanomaterials.® If one is able to measure
the positions of the atoms, their chemical nature and the bonding between them, it becomes
possible to predict the physicochemical properties of the nanomaterials and one may therefore
guide the development of novel nanostructures. For this purpose, quantitative 3D
characterization techniques that yield information even down to the atomic scale are clearly

indispensable.

Aberration corrected transmission electron microscopes (TEM) allow one to characterize
materials with a spatial resolution of the order of 50 pm.®® Next to structural information,
chemical and electronic knowledge can be obtained as well. However, TEM images are only
two-dimensional (2D) projections of three-dimensional (3D) (nano)-objects. The development
of electron tomography has created a powerful tool to explore the morphology, 3D structure
and composition of a broad range of materials.!!'> Although these experiments are already at
the state-of-the-art, several open questions remain. These questions are often related to the fact
that 3D characterization by TEM is typically performed using the conventional conditions of a
TEM: ultra-high vacuum and room temperature. Since it is known that the morphology and
consequently, the activity of nanomaterials will transform at higher temperatures or pressures,
this poses a fundamental limitation. It is therefore not surprising that a lot of effort has been
devoted to monitor NP transformations upon external stimuli by TEM.'* For irreversible
transformations, NPs can be exposed to such stimuli outside the microscope and investigated
afterwards, allowing even for a direct comparison of the same NP before and after the
stimuli.!>!® This approach is particularly indispensable for measuring NP transformations under

stimuli, which are challenging to introduce inside the TEM, for instance laser excitation.



For reversible processes and to obtain dynamic information, in situ TEM characterization is
valuable. Essentially two different technologies exist to perform these measurements. A so-
called “Environmental TEM” (ETEM) is a dedicated TEM in which a differential pumping
system separates the increased pressure in the sample area from the high vacuum regions
surrounding the sample. Another possibility is the use of in situ holders. Currently, a wide
variety of holders is available, ranging from the application of strain, heat and light to electric
biasing. Furthermore, different environments such as liquids and gasses can now be created in
a TEM using environmental cells. All of these exciting opportunities have transformed the TEM
from a post mortem technique into a true nanolab, enabling the investigation of transformations
of nanomaterials, in situ and at the highest possible resolution. However, understanding the
complex changes for anisotropic nanosystems in 3D rather than in 2D remains very challenging.
In this Account, we discuss recently developed tools that enabled us to investigate
morphological and chemical changes of nanomaterials at high temperature, in a gaseous
environment and upon laser irradiation. In the final section, we will provide an outlook for
insights that can be gained from the described methodologies and describe future challenges in

the field of 3D imaging of dynamic processes and NP transformations.

2. 3D INFORMATION IN THE ELECTRON MICROSCOPE

For a conventional electron tomography experiment, the sample holder is tilted in the TEM
over a large tilt angle range to create a tilt series of projection images. Hereby, the tilt increment
is typically 1° or 2° (Figure 1a,b). After alignment of this tilt series of projection images by e.g.
cross correlation, it is combined into a 3D reconstruction through a mathematical algorithm
(Figure 1c). An optimal reconstruction of the original object is retrieved with a full tilt range
of 180° and fine tilt sampling. Unfortunately, this is not easily achievable in TEMs due to the
limited space in-between the pole pieces of the objective lens. This lack of information due to

the limited angular range is referred to as missing wedge.'>!* Nonetheless, accurate



reconstructions of the 3D object can be obtained with well-designed tomography holders, which

allow for a typical tilt range of £75°, in combination with modern reconstruction algorithms. '’
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Figure 1. lllustration of a conventional electron tomography experiment, including the
acquisition of a tilt series (a,b) and back-projection of the images along their original
acquisition directions to obtain the object’s 3D shape (c). The actual tilt range is limited due
to the confined space in-between the pole pieces of the objective lens and due to shadowing of
holders and TEM support grids. Thin tomography holders allow for a relatively large tilting
range of £75°, whereas bulky in situ holders, such as gas or liquid holders, are generally more

limited in tilt range (around £30°).

Over the years, different electron microscopy techniques such as Bright-Field (BF) TEM, high-
angle annular dark-field scanning TEM (HAADF-STEM), electron holography, energy
dispersive X-ray spectroscopy (EDX) and energy filtered TEM (EFTEM) have all been

extended to 3D, providing a variety of novel insight on structure-function relationships for a



broad range of samples.'>!*1820 Atomic resolution electron tomography has been the ultimate
dream for many years. Although it is not yet possible to perform such experiments on all types
of samples, significant progress has been achieved over the last decade.?! " In this manner, 3D
strain measurements became possible and also disordered structures could be
unraveled.?’?%23° However, all of these experiments resulted in static 3D snapshots of the
nanostructures under investigation. Consequently, these results carry little information
concerning the behavior of the nanomaterials during applications. Being able to visualize 3D
transformations of the nanomaterials would therefore be an ideal tool to optimize the
functionalities of nanostructures for a broad range of applications, such as catalysis, sensing

and plasmonics.

Although recently developed in situ holders allow to apply a large variety of external stimuli,
performing 3D characterization using these holders is very challenging. There are technical
limitations, such as the narrow tilt range of some holders, but also more fundamental aspects
such as the time required to collect the tilt series of images. Indeed, even a trained user needs
at least 1 hour to acquire a high quality HAADF-STEM tilt series for conventional electron
tomography. First attempts to accelerate the acquisition process of an electron tomography tilt
series were already made a few years ago.>! Experiments at high temperature have also been
performed using a dedicated ETEM and BF-TEM tomography.’> Unfortunately, several
artefacts may arise, e.g. related to the relatively small tilt range over which the images were

acquired.



Figure 2. Comparison of the reconstructions based on atomic resolution tomography and those
obtained by atom counting with energy minimization for a Pt nanoparticle. (a) High-resolution
HAADF-STEM image which was used for conventional high-resolution electron tomography
and for atom counting. (b,c) Three-dimensional visualization of the reconstructed nanoparticle
obtained by conventional high-resolution tomography along different viewing directions. (d)
Atom counts. (ef) Three-dimensional models obtained using atom counting with energy
minimization. Adapted with permission from ref. 1. Copyright 2019 American Chemical

Society.

Moreover, when investigating highly scattering nano-objects, which is often the case for
inorganic nanomaterials, diffraction contrast present in BF-TEM violates the projection
requirement for tomography leading to artefacts in the reconstruction.'> We therefore recently
developed fast HAADF-STEM tomography,*® which allowed us to decrease the acquisition
time of a HAADF-STEM tomography series to a few minutes. The technique and its

comparison to other fast electron tomography procedures is discussed in more detail



elsewhere.’* By combining the approach with a Micro-Electro-Mechanical Systems (MEMS)
heating holder able to tilt over a range of £80°, the technique has been proven to be of great
interest to measure transformations of morphology and composition as a function of

temperature. Examples of these investigations will be presented in Section 3.

Unfortunately, fast tomography is not always applicable, e.g. the tilt range of most gas cell
holders does not allow one to obtain high quality 3D visualisations using conventional
reconstruction algorithms. Alternatively, it is possible to estimate 3D models from single 2D
HAADF-STEM projection images with the help of atom counting.?>**> By making use of an
empirical model-based approach, so-called scattering cross sections are obtained at the atomic
level.’®  Then, the distribution of the scattering cross-sections of all atomic columns is
decomposed into overlapping normal distributions, which allows counting the number of atoms
in a particular atomic column with single-atom sensitivity.>> This approach was already used to
investigate the dynamical behavior of ultra-small Ge clusters.>’ To extend the 2D images into
3D for these small clusters, ab initio calculations were performed, using different starting
configurations, in agreement with the experimental 2D HAADF-STEM images. Also for larger
nanoparticles, counting results can be applied to build a 3D model when combined with
molecular dynamics (MD) simulations. This is illustrated for a Pt nanoparticle in Figure 2.!
The high-resolution image shown in Figure 2a was part of a tomography series and could also
be employed for atom counting. The 3D visualizations of the resulting reconstructions using
the conventional simultaneous iterative reconstruction technique (SIRT) are shown in Figures
2b,c. The atom counting results, corresponding to Figure 2a, are shown in Figure 2d and were
used to create a 3D starting configuration by positioning the atoms in each atomic column
symmetrically around a central plane. Next, by using MD simulations employing the embedded
atom method potential, a relaxed 3D structural model was obtained (Figures 2e,f). The
comparison between the 3D reconstructions based on atomic resolution tomography and those

obtained by atom counting with energy minimization shows very good agreement. Therefore,



we recently expanded this methodology to estimate transformations of the 3D structure of
nanomaterials when exposed to high temperatures or a gaseous environment. In this manner,
we obtained unique insights in the structure-property connection under realistic conditions,

which will be discussed in Section 4.

3. TRANSFORMATIONS CAPTURED BY ELECTRON TOMOGRAPHY

As outlined in Section 2, it has recently become possible to monitor heat-induced
transformations in 3D by using heating tomography holders. In this manner, we were able to
not only quantify surface diffusion processes but also elemental diffusion inside single
nanoparticles, which will be discussed in the first part of this section. These experiments were
carried out in a stop-and-go manner, where heating cycles were interrupted to acquire

tomography tilt series and were focussed on anisotropic metal NPs.

Anisotropic NPs, such as Au nanostars (NSs), are promising for a range of applications,
including surface-enhanced Raman scattering, biomedical applications, or for generating hot
electrons. These applications depend on the anisotropic shape of the NPs and their sharp tips.
However, anisotropic metal NPs are known to reshape at temperatures hundreds of degrees
below their bulk melting temperature.®® In a first application of our recently developed fast
HAADF-STEM tomography, we studied the transformation of highly anisotropic Au NSs at
200°C, 300°C and 400°C in situ using a DENSsolutions heating tomography holder (Figure

3a).’?
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Figure 3. Surface diffusion of metal nanoparticles captured by electron tomography. a) 3D
visualizations of a Au NS before and after heating at 200°C, 300°C and 400°C. b) 3D
visualization of the same AuPd octopod before heating (25°C) and after heating for 5 min at
intermediate temperatures between 200°C and 900°C. c) Histograms illustrating the measured
curvature of the Au NS after different durations of heating at 300°C. In the inset, a magnified
2D view of the histograms is shown highlighting the loss of high curvature as a function of
temperature (black arrow). On the right, the curvature of the Au NS is visualized before heating,
after 30 s and 1200 s of heating at 300°C, where red and blue represent high positive and high
negative curvatures, respectively. d) Quantified redistributed volume for the same AuPd
octopod from b) in vacuum (black, corresponding to the visualizations shown in a)), in air (red)
and a pure Au octopod in vacuum (blue). a), c) Adapted with permission from ref. 33. Copyright
2018 Royal Society of Chemistry. b), d) Adapted with permission from ref. 2. Copyright 2019

American Chemical Society.

The reshaping behavior is obvious for the Au NSs (Figure 3a) and we also observed a
morphology transformation for AuPd octopods in 3D (Figure 3b). Although the exact
reshaping mechanism has not been fully unravelled yet,***! previous work identified curvature
of the NP as an important parameter.*’ By having the complete 3D information at every

reshaping step, we could unambiguously demonstrate for the NSs and octopods that indeed



volume got redistributed from areas of higher curvature (tips/branches) to areas of lower
curvature (sides) resulting in an overall decrease of the NPs’ curvature (Figure 3c¢). By tracking
the redistributed volume quantitatively, we could compare the degree of reshaping under
different stimuli. We hereby observed that the AuPd octopods underwent a different
transformation in air (Figure 3d, red curve) than in vacuum (Figure 3d, black curve). The
lower stability in air can likely be attributed to burning of the surface ligands and different
stability of surface facets in air and vacuum. More important than the surrounding environment
was the presence of Pd in the octopods, responsible for a tremendous increase in stability
compared to Au-only octopods (Figure 3d, blue curve). These observations show that the initial
morphology is not the only factor in the reshaping behavior and that for industrial applications

additional factors need to be taken into account.

Reshaping of NPs has an immediate effect on their optical properties. For the Au NSs we
showed that the loss in sharp tips resulted in a significant decrease in the 3D average
electromagnetic field enhancement in the visible and near-infrared range, which is a major
concern for plasmonic applications. This was possible by using the measured 3D morphology
of the NSs at different time intervals as an input for electromagnetic simulations.*? Alternative
to simulating the optical properties, those can also be directly measured inside the TEM by
electron energy loss spectroscopy (EELS). For the AuPd octopods, we performed in situ EELS
measurements to monitor the plasmonic changes as a function of temperature. We measured
that the distal plasmon mode of the octopods barely lost intensity for temperatures up to 600°C,
as expected for the rather minor morphological changes (Figure 3d).2 Moreover, as the octopod
branches stayed sharp, the field enhancement was localized at the tips even at 600°C. Although
the addition of Pd led to a broadening of the plasmon resonance compared to pure Au octopods,
AuPd octopods are nonetheless promising NPs for plasmonic applications that require high

temperatures.



Next to monitoring surface diffusion, in situ electron tomography is also suited to quantify
internal NPs’ elemental diffusion of e.g. alloying materials. We can hereby use the so-called Z
contrast in HAADF-STEM imaging as elements with different atomic numbers scatter electrons
to different angles resulting in different intensities. For core-shell geometries of materials with
different Z contrast, each voxel intensity in the 3D reconstruction can consequently be attributed
to an element (Figure 4a, first column). Moreover, when the imaging conditions are not
changed, the evolving voxel intensities can be used to quantify elemental diffusion inside the
NPs as shown for three different NPs in Figure 4a.’ In this specific work, we heated the initial
core-shell NPs at 450°C to induce alloying. The NPs were protected by a mesoporous silica
shell to prevent NP reshaping. We quantified the progress of alloying by evaluating the spread
in the 3D voxel histograms (Figure 4b, blue points). Furthermore, by fitting the experimental
results to the outcome of diffusion simulations based on a discretization of Fick’s law over the
experimental voxel grid, we could calculate diffusion constants on a single NP level (Figure
4b, yellow solid curves). Diffusion constants of 1 - 3 x 107! m%/s were in good agreement with
tabulated bulk values.® For smaller NP sizes, diffusion is expected to be sped up due to the size
confinement.*’ In a follow-up work, we currently investigate the dependence of the diffusion
speed on the size, shape and local composition of a large variety of core-shell geometries. Such
a single NP study becomes possible due to a significant improvement in signal-to-noise ratio
compared to alternative TEM techniques such as EDX tomography, but is limited to elements

with sufficiently high Z contrast differences.
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Figure 4. Internal elemental diffusion in SiO2@Ag@Au NPs of varying shapes measured by
electron tomography (SiO: is not shown here). a) Slices through the 3D reconstructions of
elemental distributions inside a nanorod, a symmetric, and an asymmetric nanotriangle,
respectively, at different stages of alloying at 450°C. Pure green and red indicate Ag and Au,
respectively. b) Quantified alloying progress based on the experimental data (blue points) and
simulation results (solid lines). Diffusion coefficients of 1 x 10~"° m*/s (nanorod), 1.5 x 10~"°
m?/s (symmetric triangle), and 3 x 107"’ m*/s (asymmetric triangle) produced the best match
with the experimental data (yellow curves). Purple and orange curves correspond to a diffusion

coefficient of 1.0 x 1078 m?/s and 1.0 x 107" m*/s, respectively. Adapted with permission from

ref. 3. Copyright 2019 American Chemical Society.
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Figure 5. Laser-induced NP transformations captured by electron tomography. a) 3D

visualizations of a Au NP with a cavity in the inside, introduced by nanosecond laser pulse
excitation. The cavity migrated towards the closest surface during in situ heating inside the
electron microscope at the indicated temperature for 5 min. b) Reconstructions with atomic
resolution of gold nanorods welded together by femtosecond laser pulses. The left and right
panel show welded nanorods with a grain boundary and dislocations at the interface,
respectively. Adapted with permission from ref. 4 and 53. Copyright 2020 American Chemical

Society.

Next to directly heating nanoparticles, intriguing transformations have been observed upon
laser excitation of nanomaterials, not achievable by simply heating the material. Due to the
ultrafast time scales of pulsed laser excitation, these transformations cannot be easily monitored
in situ, but electron tomography is nonetheless indispensable to evaluate the laser-induced
changes of NPs. It is worth mentioning that a few groups have built dedicated setups to excite

the sample by ultrafast laser pulses inside the TEM.***® Here, we will focus on studies in which



the laser excitation has been performed outside the TEM. Among the variety of fascinating NP
transformations that have been reported under pulsed laser excitation are reshaping,
fragmentation, assembling, welding and even compositional changes.!>!#-52 Recently, we
observed that nanosecond pulsed irradiation under controlled conditions can introduce cavities
inside Au NPs, which we confirmed by electron tomography (Figure 5a).>* This phenomenon
occurred for a specific interplay of excitation fluence and surfactant concentration. The
nanocavity was stabilized by organic matter inside as directly proven by EELS measurements.
Interestingly, the cavities migrated to the surface of the NP (Figure 5a) upon heating. MD
simulations revealed that the presence of liquid material inside the cavity is responsible for such
behavior, suggesting that the organic matter inside the cavity was a combination of solvent
molecules and surfactants. Our results demonstrated that controlled nanosecond laser excitation
can be used to trap matter from the surrounding medium, which can be subsequently released
by heat or laser irradiation, indicating that these systems could potentially be used as drug

delivery systems.

Femtosecond laser excitation can be employed to controllably weld assembled Au NRs together
at the tips and hence creating novel structures, which could not be easily achieved by bottom-
up synthesis.** Atomic resolution electron tomography gave detailed insight into the welding
process (Figure 5b).* The nanostructures exhibited a large range of welding angles and
depending on the crystallographic orientation of the NRs, we observed defined defects at the
interface between two welded NRs. Dislocations occurred for NRs with similar crystallographic
orientations (Figure Sb, right panel) and grain boundaries otherwise (Figure 5b, left panel).
The rest of the nanostructure remained defect-free. The welded NRs are also an excellent model
system to measure the influence of a single defect on the plasmonic properties. Using single-
particle low-loss EELS experiments on welded and single-crystalline Au NRs of similar
plasmon resonance energies, we observed that a single crystal defect can cause a significant

plasmon broadening (around 1.3 - 1.4 times at resonance energies around 1.2 - 1.3 eV). The



reduction of plasmonic strength due to a single crystal defect needs to be taken into account for

plasmonic applications and for best performances single-crystalline NPs should be employed.
4. TRANSFORMATIONS CAPTURED BY ATOM COUNTING

One of the main challenges for electron tomography are experiments, where holders simply do
not yield sufficient tilt ranges. This is the case for most in situ holders such as relatively bulky
gas or liquid holders. For these cases, the method of atom counting combined with energy
minimization, introduced in Section 2, creates new possibilities for the 3D characterization of
materials. An example of the in situ approach based on atom counting is illustrated for imaging
the transformation of a Au nanodumbbell into a nanorod when increasing the temperature to
330°C using an in situ heating holder.> The right tip of the nanodumbbell and nanorod before
and after heating is shown in Figures 6a,d. These images were used for the atom
counting/energy-minimization approach discussed in Section 2. The obtained 3D atomic
models of the nanodumbbell and nanorod are shown along different directions in Figures 6b,e
and Figures 6c¢,f, respectively. Orange and yellow arrows indicate the widths and heights of the
surface facets, respectively. This extra information parallel to the incoming beam could only be
obtained from the 3D atomic models and is hidden in the projection images. From Figures 6b,e,
additional surface roughness is observed along the direction of the electron beam, resulting
from the limited precision of the atom-counts, introduced by noise in the projection images.
Nevertheless, surface facets could be clearly observed for the entire tip of the nanodumbbell

and nanorod (Figures 6c¢,f). The results show that the nanoparticle was mainly composed of



{111}, {110}, and {100} facets, before as well as after heating. However, more low index facets

were observed after heating.
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Figure 6. Atomic resolution ADF-STEM images and corresponding three-dimensional atomic
models of a nanodumbbell/nanorod along different viewing directions (a,b,c) Au dumbbell
before heating, (d,e,f) Au rod after heating to 330°C. The coloring of the Au atoms determines
the nearest-neighbor coordination. Adapted with permission from ref. 55. Copyright 2017

Royal Society of Chemistry.

These results indicate the great potential of the technique for those studies where tilting of the
holder to large angles is impossible. This is e.g. the case for the DENSsolutions Climate gas
flow holder enabling pressures up to 1 bar and temperatures up to 1000°C. This holder clearly
transforms the TEM into a true nanoreactor, but unfortunately the system cannot be used for
conventional tilt tomography experiments. By applying atom counting combined with energy
minimization, measuring variations of the 3D atomic structure of Pt nanoparticles under the
flow of a selected gas became therefore possible. These particles are known to be a model
catalyst for numerous gas phase reactions, which often occur in H, and O». Upon the adsorption

of H, and O molecules, surface energies are known to vary, which may lead to the



(de)stabilization of certain surface facets, consequently affecting the catalytic properties of the
NPs.>%37 Morphological transformations of such particles during oxidation - reduction cycles
have been previously investigated by in situ TEM, but these experiments only provided 2D
projections of 3D objects.>’

Atom counting for HAADF-STEM images acquired in the gas environment is unfortunately far
from straightforward. A key concern is the background related to the gas and the two SiN
windows of the gas cell, lowering the quality of the HAADF-STEM images. Moreover, particle
rotation while scanning causes image distortions, hampering a reliable quantification. To
overcome these limitations, we acquired multiple consecutive images at high speed. However,
as a consequence of the high acquisition speed, distortions are very strong. Therefore, we used
deep convolutional neural networks (CNNs) to correct for these distortions.! Next, each series
of individually corrected HAADF-STEM images was averaged after applying rigid and non-
rigid alignment procedures. The resulting corrected and averaged images were of high enough
quality to reliably count the number of atoms in each atomic column. Again, 3D starting
configuration based on the counting results was generated by positioning the atoms in each
atomic column symmetrically around a central plane. Finally, the 3D model was relaxed using
MD simulations that employed the embedded atom method potential. Figure 7 shows a Pt
nanoparticle, in vacuum at 300°C (Figure 7a), in 1 bar of 5% H; in Ar flow (Figure 7b), and
in a 1 bar Oz environment (Figure 7c¢). To investigate the transformation during cycling, the
switch from H»> to O was repeated several times using the same particle. The results for the
second cycle are presented in Figure 7d (in a H> flow) and Figure 7e (in a O> flow). By
determining the different types of facets within an error below 1.7%, we clearly identified
morphology changes during that process. The amount of {110} facets was approximately 7%
and did not change much with changing environment. Under H> flow, the presence of {100}
and {111} facets increased, resulting in the more faceted appearance of the particle. In O», the

more rounded morphology can be attributed to a decrease of the percentage of these facets and



a significant increase of higher order facets. Although the morphological changes were
generally reversible upon repetitive cycling of H> and O, a small hysteresis effect was observed
for the final change to O (Figure 7e). Since the surface structure will influence the properties
of the NPs, this quantitative methodology to measure 3D transformations of NPs in a relevant

environment is highly relevant toward understanding e.g. catalytic activity, stability and

selectivity.

Figure 7. 3D structure of a Pt NP in vacuum (a) and in repeating different gaseous
environments at 300°C, (b,d) in 5% H in Ar; (c,e) in Oz. The atoms are colored, according to
the type of facet: blue={100}, pink={110}, purple={111}, grey=higher index. Reprinted with

permission from ref. 1. Copyright 2019 American Chemical Society.

5. CONCLUSIONS AND OUTLOOK

In this Account, we highlighted our recent progress on the observation of chemical and physical
transformations of NPs in 3D inside the electron microscope. Developing robust methodologies
for in situ studies is an important step towards routinely using them for more complex NPs. So
far, we have fine-tuned methodologies on stable systems such as metal NPs. The next challenge
will be to apply these methodologies to classes of materials for which degradation is very
important, especially under the electron beam. Although specifically dominant for liquid cell
TEM studies, we want to stress that the effect of the electron beam needs to be taken into
account for all in situ studies.’® For example, in situ heating experiments might be altered due
to the transformation of surface ligands into an amorphous carbon layer and need to be

compared to ex situ results.>> In fact, our 3D in situ methodologies can be beneficial to



understand electron beam damage and other degradation effects. Specifically, we believe that
further 3D insight into the atomic restructuring of (in)organic metal halide perovskites under
external stimuli will help to pinpoint the degradation mechanisms,’’ hence improving the
stability of such systems. Moreover, investigations of organic material, such as the organic
ligands at the surface of NPs, under external stimuli become feasible as well. These will give
insight into the role of the chemical nature of the interface on the transformations of the

inorganic nanocrystals.

Another important goal will be to make electron tomography suitable for observing dynamic
processes in a more continuous manner than the current stop-and-go approach. To achieve this
goal, NP transformations occurring during the acquisition time of a single tilt series can be
incorporated in more advanced reconstruction algorithms, if they can be predicted to some
extent. For very fast processes, e.g. pulsed laser excitation where the time resolution is too
limited, tomography can be combined with MD simulation techniques to gain additional insight.
For example, by acquiring a tilt series with atomic resolution before and after laser excitation
on the same NP, structural changes can be visualized. When using the measured initial atomic

distribution as an input for MD simulations, the missing dynamics can be retrieved.

The ultimate challenge for the field will be to track the movement of single atoms in 3D of
application-relevant material systems under realistic conditions. On the one hand, the
interaction of NPs with possible supports, as often used in catalysis, needs to be taken into
account. On the other hand, the actual performance of the NP needs to be evaluated e.g. by
measuring which species are formed during an in situ catalytic reaction when combined with a
mass spectrometer. For these challenges, the 3D modelling based on 2D images will be crucial
and needs to be evaluated for more anisotropic and supported NPs. Moreover, machine learning
using a hidden Markov model will enable us to model structural changes over time and to fully

exploit the temporal information available in the observations.®® This unique approach will



result in a precise characterization of complex NPs in response to environmental stimuli. This
is a prerequisite to understand the unique link between a material’s structure and its properties,

which is important for the design of a broad range of nanomaterials.
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