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ABSTRACT: Electron tomography (ET) has become a well-
established technique to visualize nanomaterials in three
dimensions. A vast richness in information can be gained by ET,
but the conventional acquisition of a tomography series is an
inherently slow process on the order of 1 h. The slow acquisition
limits the applicability of ET for monitoring dynamic processes or
visualizing nanoparticles, which are sensitive to the electron beam.
In this Perspective, we summarize recent work on the development
of emerging experimental and computational schemes to enhance
the data acquisition process. We particularly focus on the
application of these fast ET techniques for beam-sensitive materials
and highlight insight into dynamic transformations of nanoparticles
under external stimuli, which could be gained by fast in situ ET.

Moreover, we discuss challenges and possible solutions for simultaneously increasing the speed and quality of fast ET.

Bl INTRODUCTION

The rapid development in the synthesis of new nanomaterials
leading to complex nanoparticle (NP) morphologies' > and
possibly consisting of several elements”” has driven the
development of novel characterization techniques at a high
spatial resolution. Although transmission electron microscopy
(TEM) is a powerful tool for determining the structural
properties of NPs, it only provides two-dimensional (2D)
projection images of the analyzed objects.” Hence, electron
tomography (ET) has become a standard technique to assess the
three-dimensional (3D) morphology and interior structure of
NPs.”~” Currently, it has provided valuable insight for material
science, such as elucidating the origin of chirality in NPs,>'°
determining the influence of planar defects and seed location on
the growth of NPs,'"'* and even unravelling the atomic
structure of nanomaterials."*~'> When combined with spectro-
scopic techniques such as energy-dispersive X-ray spectroscopy
(EDXS) or electron energy loss spectroscopy (EELS), addi-
tional information about the 3D elemental composition,'®"”
oxidation state,"®'? or photonic local density of state can be
gained.”” Moreover, ET can be combined with holographic
techniques to retrieve phase information and quantify electric
and magnetic fields in 3D.”"**

In electron tomography, 3D information is obtained by
acquiring a series of several 2D projection images at different tilt
angles. These projection images are then aligned and serve as an
input for a reconstruction algorithm to retrieve the 3D
morphology and interior structure of the object. To be suitable
for reconstruction, the projection images need to fulfill the so-
called “projection requirement”. This requirement states that
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the recorded intensities need to represent a sum or integral of a
monotonic function of a property, for example, thickness, of the
structure.” For an optimal reconstruction, the ideal tilt range
should be +90° with a small tilt increment. In contrast to X-ray
tomography, where generally a full tilt range of 360° can be
achieved, transmission electron microscopes have a restricted
physical space between the pole pieces of the objective lens,
which limits the tilt range. By using dedicated tomography
holders, a typical tilt range of +75°—80° can be achieved, and
the typical tilt increment lies between 1 and 3°. The missing
information, which cannot be sampled due to the restriction in
tilt range, is typically referred to as the “missing wedge”.
Despite the incredible wealth of information that can be
gained from ET, the method has one major disadvantage: it is
inherently slow. Whether a tilt series is acquired manually or
software-automated, several subsequent steps per tilt angle are
necessary. Indeed, after tilting the sample to a specific angle, the
object of interest needs to be tracked and brought back into the
field of view and should be refocused. During conventional ET,
these steps need to be repeated ~50—150 times, where the exact
number depends on the chosen tilt range and tilt increment.
Hence, acquiring a tomography series typically takes several tens
of minutes up to more than 1 h. When combined with
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spectroscopic techniques, additional data need to be taken at
every tilt angle, which increases the acquisition time to several
hours. Consequently, conventional electron tomography is not
suitable to obtain a lot of statistics, image beam-sensitive
materials, or capture time-resolved processes. Although the
ultrafast laser-induced motion of a carbon nanotube has been
captured in 3D by using laser-triggered electron pulses,” this
technique requires repeated acquisition of several tilt series at
different time delays and is therefore only suited for reversible
processes. The quest for fast ET, which can capture irreversible
NP transformations in 3D, is thus a logical next challenge in the
field of ET. In this Perspective, we will highlight the recent initial
developments in fast ET, with a focus on its necessity for
material science, as well as discuss possible strategies to further
increase the acquisition speed.

Bl RESULTS AND DISCUSSION

Approaches to Fast Electron Tomography. In principle,
the acquisition of a tomography series can be performed either
in bright-field TEM (BF-TEM) or scanning TEM (STEM)
mode. For the former, a parallel beam is used for illumination,
and elastically scattered electrons contribute to the image
formation. The resulting image can be visualized by a variety of
modern cameras such as charge-coupled devices (CCD) or
direct electron detectors. For STEM the electron beam is
focused into a small probe, and the signal is detected as the
amount of electrons scattered to a detector. As the name
suggests, the illuminating electron beam in the STEM mode is
scanned across the sample, and the signal is built up pixel by
pixel. The detection of scattered electrons, which interacted with
the sample, is most often performed by using annular detectors.
Note that fast ET in diffraction mode has also been achieved.”*

Concerning (fast) electron tomography, two main differences
between TEM and STEM need to be taken into account. First,
because of the scanning nature of STEM, it is inherently slower
than TEM, where the whole illuminated area is read out at once.
Hence, with modern TEM detectors such as sensitive direct
electron detectors, good signal-to-noise ratio (SNR) BF-TEM
images can be acquired with even more than 1000 frames per
second.”® On the contrary, the acquisition of a single high-
quality STEM image generally takes a few seconds, but frame
times of 1 s have been shown to result in sufficient SNRs for
tomographic reconstructions of inorganic crystals with high
scattering.”® Second, TEM images of crystalline materials
contain a significant contribution of so-called diffraction
contrast, due to Bragg scattering. Bragg scattered electrons are
scattered to small angles, which are collected in BF-TEM. Such
diffraction contrast does not fulfill the projection requirement
for electron tomography and significantly influences the
reliability of reconstructions.” Thus, BF-TEM tomography
possesses serious limitations for the 3D characterization of
crystalline materials. By increasing the amount of electrons that
underwent Rutherford scattering, for example, by only collecting
electrons that are scattered to high angles (~2—3 times the
probe convergence angle''), diffraction contrast becomes
negligible. In STEM mode, this is typically done by the use of
a high-angle annular dark-field (HAADF) detector.

In the next sections, we will discuss different strategies to
accelerate the acquisition of a tomography tilt series.

Undersampling. Initial approaches to speed up the
acquisition of a tomography series evolved around under-
sampling of input data. This can be done either by reducing the
amount of projection images (tilt undersampling) or by

acquiring faster images with a low signal-to-noise ratio. In
STEM, the latter can be achieved either by scanning fewer pixels
per projection image or by scanning them fast (intensity
undersampling).”” Both approaches, tilt and intensity under-
sampling, are also beneficial with respect to beam damage. It has
recently been shown that, for the same applied electron dose,
intensity undersampling, by using a lower beam current or
scanning faster, yields better reconstruction results than tilt
undersampling or scanning fewer pixels per image.”” It resulted
in a shape error of only 1%, even for low-dose cases.

Tilt undersampling is a straightforward approach to reduce
the acquisition time of a tomography series. However, the
reduction of projection images severely lowers the quality of the
reconstruction and might even completely hamper interpreta-
tion of the data.” Bladt et al. showed that, by training a neural
network on a large variety of NPs and making use of an efficient
reconstruction algorithm, the number of projection images
could be reduced by a factor of 15 without lowering the quality
of the reconstruction.”® This approach enabled high-throughput
tomography and statistical 3D analysis.

While undersampling approaches are promising in lowering
beam damage and allowing for high-throughput 3D statistics on
similar NPs, they have disadvantages when it comes to fast ET.
Although making use of neural networks can significantly
increase the acquisition time, as fewer projection images are
needed, training a neural network requires time. In the case of
the work of Bladt et al. full conventional tilt series of NPs from
the studied sample were required for training the neural
network. Moreover, the training phase needs to be repeated for
different sample types. Hence, this approach is very valuable for
high-throughput measurements on the same NP sample but is
less suited for studying many different sample types or a
transforming NP upon external stimuli. In the case of intensity
undersampling, the acquisition of each single frame (in STEM)
can be increased, but this approach does not accelerate the more
time-consuming steps of tilting, tracking, and refocusing at each
tilt angle. Consequently, although both undersampling
approaches offer solutions for specific problems like beam
damage and high throughput, they are not universal solutions.
Hence, the entire process of the tomography acquisition needs
to be sped up. Emerging simultaneous effort from life sciences
and material sciences to lower the acquisition time of a
tomography series, especially over the last two to three years,
shows the importance of such a fast acquisition for both
ﬁelds.24_26,29_33

Fast Acquisition. Currently, two main approaches have been
pursued for fast tomography, in TEM as well as STEM mode:
continuous fast ET (CFET) and incremental fast ET (IFET). In
CFET, the holder is tilted uninterruptedly from the starting to
the finish tilt angle, while simultaneously acquiring a fast image
sequence. The possible tilting speed is in principle only limited
by the rotation speed of the microscope stage goniometer, and
the acquisition of a BF-TEM CFET series with a tilt range of
100° has been demonstrated in less than 4 s when using a direct
electron detector.” In IFET, the sample is rapidly tilted between
consecutive tilting angles, allowing for a predefined relaxation
time per angle, while continuously acquiring projection images.
The acquisition time depends on the chosen parameters such as
relaxation time and tilt increment, and it has been shown to be of
the order of a few minutes for TEM and STEM imaging.”**°~>*
An overview of the achieved acquisition times for various
experiments reported in the literature is summarized in Table 1.
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Table 1. Achieved Acquisition Times and Tilt Ranges for Fast
Electron Tomography in Different Modes

acquisition

reference mode tilt range (deg) time (s)
Gemmi et al.>*  TEM (diffraction) 67-92 240-330
CFET
Migunov et al.”>  BE-TEM 100 35
CFET
Vanggmpay et HAADEF-STEM 148 ~360
al.
CFET
Roiban etal”  BE-TEM 116 226
CFET
Chreifi et al>  BF-TEM 102 (CFET) 12-126
(CFET)
CFET/IFET 102—120 89—190
(IFET) (IFET)
Koneti et al.>’  BE-TEM 136—143 6—240 (CFET)
(CFET)
CFET/IFET 100—140 140—200
(IFET) (IFET)
Eisex;lzstein et BF-TEM 120 91-18S5
al.”
IFET
Hata et al.>* BF-TEM 80 114
CFET
Skorikov et al.>* HAADE-STEM 150 ~360
CFET
Epicier et al*>  BF-TEM 144 162
CFET
Albrecht et al.>*  HAADF-STEM 150 ~360
CFET
Park et al.*® BF-TEM 23-31

NP rotation in liquid

Both acquisition schemes have advantages and limitations. In
both cases, lateral and vertical movement of the stage while
tilting requires repositioning the object of interest in the field of
view (x,y) and refocusing (z). Whereas specimen movements
parallel to the tilt axis were found to be negligible, shifts
perpendicular to the tilt axis are on the order of several hundreds
of nanometers over a full tilt range.’>** Changes in z height and
hence defocus are on the order of microns.>” In both cases, for
lateral and vertical shifts, the movements worsen for higher tilt
angles. Although these shifts can be partially compensated for by
estimating the movement through precalibration of the stage at
the specific stage position,”*° they severely limit the possible
image magnification and/or tilt range, which increases the
missing wedge artifact.”*' Hence, for best image quality, it is
necessary to manually correct for stage movements while
acquiring the fast tomography series. This generally increases
the acquisition time in TEM and STEM mode for both
acquisition schemes to above 1 min as seen in Table I.
Moreover, additional overhead due to the preparation of the tilt
series and possible software dead time after saving the acquired
image series also need to be taken into account and can be on the
order of minutes.””**

For CFET, an additional problem occurs. Because of the
continuous mechanical movement of the goniometer, blurring
artifacts in TEM mode and scanning distortions seen as
streaking artifacts in STEM mode occur.””*! Moreover, as the
specimen is tilted while an image is acquired in the STEM mode,
a careful ratio between frame time and tilting speed needs to be
found to avoid that the tilt angle changes significantly in one

frame.”® These effects lower the quality of the reconstruction.
For TEM acquisition it has been shown that a tilt of less than 2°
per frame reduces blurring artifacts sufficiently.”’ For STEM,
recent results indicate that the deteriorating effect of streaking
artifacts in STEM becomes significant, when the size of the
studied features is comparable to the amplitude of the
distortions, which is true for NPs with small details such as
nanostars with sharp tips. These artifacts can be circumvented
by using the IFET approach, which results in a better
reconstruction quality but makes it harder to track the object
of interest.>” To summarize, IFET is the optimal choice for
obtaining a high-quality tilt series at intermediate acquisition
times. CFET is currently more suitable for BE-TEM, and in this
manner tomography acquisition times on the order of seconds
can be achieved. We believe that future research can significantly
improve the compatibility of CFET with HAADF-STEM as laid
out in the Outlook section.

Note that, for experiments in liquid environments, fast
tomographic acquisition can be achieved by making use of the
rotation of NPs in liquid without having to tilt the holder. In this
manner, near-atomic resolution in 3D has recently been
achieved by acquiring a movie of a single rotating Pt NP in
liquid in ~30 s.* In a follow-up work, the authors developed an
elaborate reconstruction method by tracking individual particles
over time and correcting for particle motion and background.*
This methodology enabled the authors to obtain the 3D atomic
positions of several Pt NPs and to determine structural
differences between them such as internal defects and lattice
strain. Although the technique is limited to liquid environments,
it is an innovative approach, which is fast and can fully
circumvent missing wedge artifacts.

Application to Material Science. Although several
technical obstacles still need to be overcome, pioneering work
has demonstrated that fast ET is already capable of delivering
valuable insight in material science. Specifically, the 3D
characterization of beam-sensitive materials and dynamic
processes becomes feasible, as we will exemplify below.

Beam-Sensitive Materials. Imaging materials, which change
upon illumination with the electron beam, is already challenging
in 2D, yet alone in 3D.** Organic matter is almost always highly
beam-sensitive, but inorganic crystals such as perovskites or
zeolites are known to easily degrade under the electron beam as
well.*"** Different damage mechanisms are relevant for different
materials and have been reviewed elsewhere.”” One way of
reducing beam-induced damage is cooling the specimen below
100 K, as it slows down atomic diffusion and consequently
chemical reactions.”” Although cryo-ET has been successfully
used to predominantly visualize organic biological matter in
3D, it is less used for inorganic materials and NPs, as it is a
difficult technique and limited in resolution. Fast ET is a
promising tool to reduce the interaction time between the
specimen and the electron beam and hence lower the dose below
the damage threshold.

Koneti and co-workers succeeded in imaging magnetotactic
bacteria in 3D in noncryo conditions by making use of BE-IFET
with an acquisition time of 140 s and a tilt range of 100°.”" This
acquisition was possible because, by accelerating the acquisition
speed of the tomography series, the electron dose could be kept
below the damage threshold. In the same publication, the
authors furthermore demonstrate a successful BE-IFET experi-
ment on a polymer nanocomposite. The corresponding results
are shown in Figure la—e. The investigated polymer complex
was made of a soft latex reinforced with Mg;AICO; layered
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Figure 1. Examples of beam-sensitive materials that could only be studied by fast ET and would be destroyed by conventional ET. The left example
depicts fast BF-TEM results on a polymer nanocomposite. (a) BF-TEM image of the composite, (b) reconstructed Mg;AlICO; nanoplatelets
embedded in the polymer matrix, (c) slice through the reconstruction and its enlargement, (d, e) intensity profile across the marked platelet indicating
a resolution of 0.8 nm. Reprinted with permission from ref 31. Copyright 2019 Elsevier. The right example shows the results of CFET experiments in
BF-TEM mode on a (LaCeS),,CrS, nanotube performed in 3.5 s. (f) Examples of projection images at different tilt angles (left) and sampling in
Fourier space (right). (g) 3D visualization of the reconstructed nanotube using the DART algorithm. Reprinted with permission from ref 25.

Copyright 2015 Springer Nature.

double hydroxide nanoplatelets. After defining a critical dose by
preliminary irradiation tests, the authors acquired a BF-IFET
series over a tilt range of 140° in 200 s. Figure la shows the
projection image at 0° tilt, where the gray lines are the platelets
and black dots are Au NPs used for alignment of the series. The
segmented reconstruction of the nanoplatelets and cross-section
through the volume are shown in Figure 1b,c, respectively.
Figure 1d,e demonstrates the expected spacing of 0.8 nm for
these platelets. Since the authors could measure that spacing
from the reconstruction, it shows that they had a resolution
better than 1 nm®. Migunov et al. performed a CFET experiment
in BF-TEM in only 3.5 s for a tilt range of 100° on an inorganic
nanotube (Figure 1fg).”> Although the tilt range was limited,
because for higher tilt angles the nanotube went out of the field
of view, the authors demonstrate that the use of the discrete
algebraic reconstruction technique (DART) could reduce the
missing wedge artifacts compared to a more conventional
simultaneous iterative reconstruction technique (SIRT) algo-
rithm.

Dynamic Processes. In situ studies in the electron micro-
scope have become a powerful tool to understand nanoscale and
atomic processes upon external stimuli such as heat, gas or liquid
environment, magnetic fields, or mechanical stress.”® These
studies have either been performed with dedicated microscopes,
such as an environmental transmission electron microscope
(ETEM),***” or dedicated holders making use of microelectro-
mechanical systems (MEMS) devices."* > Despite the
technical advances in ETEMs and MEMS devices, in situ
studies have only recently been performed in 3D, coupled to the
development of fast tomography. The reason is that dynamic
processes, which can be observed in situ inside the electron
microscope, are simply too fast to be captured by conventional

ET. In principle, an ET analysis could be performed post
mortem, meaning that the ET acquisition is performed after
different stages of an ex situ experiment. However, this approach
prohibits the direct visualization of ongoing transformations
and, when using conventional ET, limits the amount of data that
can be taken due to the long acquisition times. Thus, the natural
way forward is to combine in situ and operando studies with fast
ET. It should be mentioned that (fast) ET has been employed
for studying material transformations upon exerting mechanical
stress, which has recently been reviewed elsewhere.’’ Here, we
focus on the dynamic processes of nanoparticles.

One of the first fast operando ET experiments of nano-
catalysts has been performed by Roiban and co-workers.”” The
authors studied the evolution of Ag NPs in hollow silicalite-1
zeolites under oxygen environment at different temperatures
(Figure 2a—c). For that, they used an ETEM microscope with a
Gatan heating holder. CFET data sets were acquired within ~2
min each at 20 °C in high vacuum (Figure 2a) and at 280 and
450 °C at 1.8 mbar of O, (Figure 2b,c). In these experiments, the
tilt range was limited to 67°. Despite the consequent large
missing wedge, the authors could perform a statistical analysis of
the Ag NPs. They found that the total Ag volume remained
constant but that the particle size increased from 6.7 nm at 20 °C
to 7.6 nm at 280 °C with a decrease in particle number from 56
to 41, which the authors addressed to Ostwald ripening. At 450
°C, the numbers of NPs dropped to 15, and most of them moved
outside the silica cages. The authors concluded that silver gets
oxidized once the zeolite pores are free of organic material, and
the resulting silver oxide decomposes and vaporizes leaving the
zeolite pores, and metallic NPs are subsequently reformed on
the support grid. These findings have direct relevance for the
preparation protocol of Ag-loaded hollow zeolites.

https://dx.doi.org/10.1021/acs.jpcc.0c08939
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Figure 2. In situ heating of Ag NPs in hollow silicalite-1 zeolites in an O, environment and Pd@SiO, aggregates in a H, atmosphere. 3D visualizations
of the tomographic reconstructions of Ag NPs (red) in hollow silicalite-1 zeolites are shown (a) in high vacuum at 20 °C, (b) at 280 °C, and (c) at 450
°C under 1.8 mbar of O,. Adapted with permission from ref 29. Copyright 2017 John Wiley and Sons. 3D visualizations of the tomographic
reconstructions of the Pd@SiO, aggregates are shown (d) in high vacuum at 20 °C, (e) at 400 °C, and (f) at 500 °C under 4 mbar of H,, where the Pd
NPs are depicted in red and the SiO, shell is in gray. The corresponding CFET BF-TEM series were each acquired in 6—9 s. (d—f) Histograms of the
size distributions of the Pd NPs extracted from the reconstructions. Adapted with permission from ref 31. Copyright 2019 Elsevier.

In a follow-up study, the same group imaged the 3D evolution
of Pd/alumina agglomerates upon calcination in 2.6 mbar of
oxygen at 350 °C in 162 s. After calcination, the density of Pd
NPs in the alumina increased without a significant decrease in
distance between neighboring particles.”> The same group also
visualized sintering of silica-coated Pd NPs upon heating under
H, atmosphere in the ETEM.’' By using a dedicated
DENSsolutions heating ET holder, they could lower the
acquisition time of the BF-CFET series to 6—9 s with a tilt
range of 143°. The results at 20 °C in high vacuum and at 400
and 500 °C in 4 mbar of H, are shown in Figure 2. Because of the
H, environment, the SNR of the projection images was low, and
the authors used a homemade reconstruction algorithm to
compensate for it.”” As can be seen in Figure 2d—f, upon heating
in H,, Pd NPs merged together. Statistical analysis (Figure 2g—
i) revealed that the average NP size increased and the number of
NPs decreased from 20 to 16, evidencing coalescence. Both
initial work on sintering of Ag and Pd NPs in matrices shows the
importance of combining fast ET and in situ processes. First, the
beam-sensitive silicates would have been destroyed by conven-
tional ET. Second, the volume, density, and location analysis of
the metal NPs would not have been possible when performed in
2D or ex situ.

While the speed achieved in the work related to Figure 2 is
remarkable, it needs to be kept in mind that BFE-TEM ET suffers
from diffraction contrast and is not readily applicable to all

crystalline samples. As a consequence, the Electron Microscopy
for Materials Science group at the University of Antwerp
committed to increasing the speed of HAADF-STEM ET,
allowing for detailed in situ visualizations of crystalline NPs with
high resolution.””**** In a first study, the group determined the
heat-induced morphological transformation of hlghly aniso-
tropic Au nanostars (NSs) as shown in Figure 3.”° For that,
CFET in HAADF-STEM mode was performed by continuously
rotating a MEMS-based heating tomography holder from
DENSsolutions while manually refocusing and repositioning.
In that manner, an ET series could be acquired over a tilt range
of 148° in 6 min, which is approximately an order of magnitude
faster than the acquisition of a conventional HAADF-STEM ET
series. Moreover, a relatively high magnification (pixel size of
386 pm) could be used resulting in high-quality reconstructions
with a negligible difference to a conventional series. Nine 3D
data sets were acquired at three different temperatures to
monitor the heat-induced changes of single NSs over a course of
1200 s of heating. During the acquisition of a CFET series, the
specimen was quenched to 25 °C to avoid changes of the NPs
during the acquisition. However, in this manner, it is also
possible to sample any time step of the transformation. The
morphological changes were then analyzed by comparing the
different reconstructions to each other (Figure 3a—i). With this
methodology, it could directly be visualized that volume
redistributed from areas of high curvature (tips) to areas of
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Figure 3. In situ heating of Au nanostars (NS) making use of HAADF-STEM CFET. (a—i) Visualizations of the morphological changes during two
successive heating steps, where volume increments and volume reductions are depicted in green and red, respectively. The order of subtraction is
indicated in each panel, together with the temperature of heating. (j) Total amount of redistributed volume normalized to the volume of the branches
in the initial NS, as a function of time for 200 °C (black dots), 300 °C (blue dots), and 400 °C (magenta dots). (k) Detailed view of the volume
redistribution occurring during the first 2 min. Reprinted with permission from ref 26. Copyright 2018 Royal Society of Chemistry.
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Figure 4. 3D visualization of the same Au/Pd octopod before (25 °C) heating and after heating for 5 min at intermediate temperatures between 200
and 900 °C. Each tomographic tilt series was acquired in HAADF-STEM mode over a tilt range of 150° in ~360 s. Reprinted with permission from ref

54. Copyright 2019 American Chemical Society.

low curvature (side). Furthermore, by quantifying the
redistributed volume, it could be measured that most
deformation happened in the first minute of heating with
stronger deformations at higher temperatures (Figure 3jk).
Moreover, the evolution of curvature of the NSs could be
quantified as a function of heating time and temperature, which
is directly relevant for their usage in plasmonic applications.

In a follow-up work, the HAADF-STEM CFET methodology
was used to understand the heat-induced reshaping of AuPd
octopods.”* Sixteen CFET HAADF-STEM series of the same
AuPd octopod were acquired between 25 and 900 °C (Figure
4), each with a tilt range of 150° and acquisition time of ~6 min.
It was observed that, due to just a low amount of Pd, the thermal
stability of octopods could be drastically increased. By
quantifying the morphological changes, it became obvious that
no reshaping occurred up to 450 °C and that, up to 750 °C, only
4% of the volume redistributed. On the contrary, pure Au
octopods already reshaped at 200 °C. Similar to the Au NSs, the

octopods deformed by volume redistribution from the tips to the
sides of the particle. Because of the remarkable stability of the
AuPd octopods, the particles maintained their plasmonic
properties up to 600 °C, which was determined by EELS. The
observations reveal that AuPd octopods are good candidates for
high-temperature plasmonic applications.

One major advantage of STEM over TEM lies in the so-called
Z contrast, which can give information about the chemical
composition of the material as different elements scatter
electrons to different angles. In combination with CFET,
Skorikov et al. made use of the Z contrast to study alloying in
single Au@Ag@SlO2 NPs of varying shapes as presented in
Figure Sa.’* Hereby, the mesoporous silica shell prevented
morphological changes of the bimetallic NPs. The NPs were
heated to 450 °C inducing alloying. The reaction was quenched
at several time steps, and the CFET series were acquired with ~6
min of acquisition time each. Slices through the reconstructions
are shown in Figure Sb—d. The composition in the
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Figure S. In situ heating experiment of Au@Ag@SiO, NPs of varying shape, which were measured by HAADF-STEM CFET. (a) Visualizations of 3D
reconstructions for the varying NP shapes. (b—d) Slices through the 3D reconstructions of elemental distributions inside the nanorod, the symmetric,
and the asymmetric nanotriangles, respectively, at different stages of alloying at 450 °C. By making use of the Z contrast in HAADF-STEM, the
elemental distributions can be visualized. Here, red and green depict Au and Ag, respectively. (e) Evolution of the histogram of voxel intensities in the
reconstruction of the symmetric nanotriangle during alloying. (f) Progress of alloying for the symmetric nanotriangle during heating at 450 °C,
estimated from the spread of histograms of voxel intensities in the reconstruction. (g) Comparison of the alloying dynamics for the nanorod, the
symmetric, and the asymmetric nanotriangles. Adapted with permission from ref 34. Copyright 2019 American Chemical Society.

reconstructions was quantified based on the changing voxel
intensity histograms in the particles upon alloying (Figure Se).
This quantification allowed to determine the degree of alloying
as a function of time (Figure 5f,g) for the different particles. By
fitting the experimental results to diffusion simulations, diffusion
coeflicients could then be extracted on a single NP level. This
approach can be used for a variety of bicomponent systems and
opens the pathway to study elemental redistribution dynamics
for a single NP level as a function of composition, morphology,
and size.

The last three examples demonstrate that, although fast
STEM ET is still slower than fast BE-TEM ET, it allows to study
in situ processes on (single-)crystalline NPs and makes it
possible to track elemental changes due to Z contrast.
Ultimately, the method chosen for a specific experiment is
dictated by the material. For noncrystalline materials, BE-TEM
already offers fast ET acquisition on the order of seconds. To
avoid diffraction contrast, HAADF-STEM tomography is
needed for crystalline samples.

Bl CONCLUSIONS AND OUTLOOK

The initial examples presented in this Perspective demonstrate
the value of fast tomography for the material science community.
Although still at its beginning, fast tomography data sets have
already been acquired at very fast speeds on the order of seconds
(BF-TEM) and allowed for chemical contrast while excluding
diffraction contrast (HAADF-STEM). Yet, ideally both worlds
should be combined in one approach. One path is to eliminate
diffraction contrast in BF-TEM. Although experimental
approaches exist to remove unwanted diffraction contrast in
BE-TEM,>>~*® most of them are rather complicated and time-
consuming, as they, for example, require additional data such as
several images at different defocus values per angle.”” A relatively
straightforward approach without an increase in additional
acquisition time is to make use of carefully designed apertures to
exclude those electrons that are responsible for diffraction

contrast in BE-TEM.>® This technique, commonly referred to as
annular dark-field TEM, has the additional advantage that lower
exposure times than for HAADF-STEM are needed for good
image quality.”” An alternative path is to further enhance the
acquisition speed of HAADF-STEM tomography. For that
several obstacles need to be overcome.

To make fast ET in HAADF-STEM mode faster, several
possibilities exist, as it can be combined with the original
undersampling ideas. Currently, the results for fast HAADF-
STEM ET were obtained with a 1 s frame time. However, the
results of the above-discussed undersampling study suggest that
much faster scanning times are possible by intensity under-
sampling, which then allows for a faster tilting speed.”” For the
IFET approach, tilt undersampling can be compensated by
advanced analysis as already achieved by training neural
networks.”® Although this approach is especially useful for a
high-throughput 3D analysis of the same NP type, novel neural
network techniques might be able to extend that to changing
NPs in in situ studies. For that, the ET community can take
advantage of effort in other tomography domains. Specifically,
for magnetic resonance imaging and X-ray tomography, several
deep neural networks have been designed to reliably reconstruct
tomograms from limited data.°*~® For sure, neural networks
can also be utilized for improving the image quality of noisy and
possibly distorted projection images, which are unavoidable in
fast acquisition schemes.”*®> Such image restorations have
already led to a breakthrough in atomic resolution tomoégraphy
and are expected to have a similar impact for fast ET.'>*°

Deep learning approaches will also be valuable to accelerate
the acquisition of spectroscopic tomography. Combining fast
HAADEF-STEM tomography with EDXS or EELS will already
increase the acquisition speed, compared to a conventional
acquisition. In addition, by making use of neural networks to
denoise the spectroscopic data, the acquisition time of each
EDXS or EELS map can be significantly lowered. In parallel, the
SNR ratio can be enhanced by advanced low-background
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substrates such as graphene. Although an acquisition of only a
few seconds will most likely not be achievable, in this manner
current acquisition times of several hours can still be decreased
to possibly below 1 h.

The work on fast ET so far shows that a faster acquisition with
noisier images and a larger missing wedge goes along with the
development of advanced reconstruction algorithms.”>%” Next
to improving the quality of the reconstruction, dynamic
processes could be implemented in the reconstruction process
itself**~7° In that way, a tilt series of a changing object could be
reliably reconstructed, and the acquisition does not need to
happen in a stop-and-go fashion. This is not an easy task and
might simply not work for complex irreversible processes.
However, for movements or reversible processes that can be
estimated to some extent, such as NPs moving in liquid, such
reconstruction algorithms will boost the performance of in situ
3D analysis.

When the sample is tilted faster than an image can be
acquired, rotation blurring occurs in BE-TEM, and in HAADEF-
STEM the tilting angle might change per scanned line. In BE-
TEM that can be overcome by fast direct electron detectors,
which acquire images faster than the holder can be tilted in
current goniometers.””" In STEM mode this problem can be
overcome, when the tilt increment per acquired frame is known,
by reconstructing the tomogram line-by-line rather than frame-
by-frame. With the considerations so far, there is in principle no
reason why STEM cannot reach similar time scales as those of
TEM tomography, albeit at the cost of more advanced data
processing.

The ultimate current limitation to achieve a fast ET
acquisition with very fast speed, high tilt range, and resolution
at the same time are the mechanical instabilities of the
microscope goniometers, which lead to lateral and vertical
movements while tilting. Future improvements in microscope
development on the manufacturer side and advanced on-the-fly
or precalibrated drift and defocus correction will be necessary.
Mechanical-free rotation of the specimen might be an
interesting alternative, which is already possible in liquid
environments as discussed above.

An exciting endeavor is to combine fast tomography with
automated parallel reconstruction and analysis to perform live in
situ and operando tomography. Such on-the-fly reconstruction
has just been realized allowing for real-time 3D feedback and on-
the-fly quantification, paving the path for high-throughput and
routine NP 3D characterization.”' The combined effort in fast
tomography acquisition and advanced reconstruction algo-
rithms will most definitely lead to new scientific breakthroughs
in material science. The main areas that benefit from that
development will be beam-sensitive materials, such as perov-
skites and zeolites, as well as in situ and operando microscopy.
Here, fast ET will improve understanding of catalytic and
assembly processes as well as NP and phase transformations
upon stimuli and growth of NPs in solution.
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