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The nanoscale characterization of thermally activated solid reactions plays a pivotal role in products man-
ufactured by nanotechnology. Recently, in situ observation in transmission electron microscopy com-
bined with electron tomography, namely four-dimensional observation for heat treatment of nano-
materials, has attracted great interest. However, because most nanomaterials are highly reactive, i.e., oxi-
dation during transfer and electron beam irradiation would likely cause fatal artefacts; it is challenging to
perform the artifact-free four-dimensional observation. Herein, we demonstrate our development of a
novel in situ three-dimensional electron microscopy technique for thermally activated solid-state reaction
processes in nanoparticles (NPs). The sintering behaviour of Cu NPs was successfully visualized and ana-
lyzed in four-dimensional space—time. An advanced image processing protocol and a newly designed
state-of-the-art MEMS-based heating holder enable the implementation of considerably low electron
dose imaging and prevent air exposure, which is of central importance in this type of observation. The
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total amount of electron dose for a single set of tilt-series images was reduced to 250 e nm™<, which is
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the lowest level for inorganic materials electron tomography experiments. This study evaluated the sinter-
ing behaviour of Cu NPs in terms of variations in neck growth and particle distance. A negative correlation
between the two parameters is shown, except for the particle pair bound by neighbouring NPs. The
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Introduction

It is well known that thermally activated solid-state reaction of
materials, especially sintering, is an important process rele-
vant to various industrial products, e.g., catalysts, magnets,
and electronic devices." Metal nanoparticles (NPs), such as Ag
and Cu, have attracted great attention in printed electronics® >
because they can be sintered at relatively low temperatures

“Institute for Materials Chemistry and Engineering, Kyushu University, Fukuoka 816-
8580, Japan. E-mail: saito. hikaru.961@m.kyushu-u.ac.jp

bInterdisciplinary Graduate School of Engineering Sciences, Kyushu University,
Fukuoka 816-8580, Japan

“Mel-Build Corporation, Nishi-ku, Fukuoka 819-0052, Japan

UThe Ultramicroscopy Research Center, Kyushu University, Fukuoka 819-0395, Japan
°Pan-Omics Data-Driven Research Innovation Center, Kyushu University, Fukuoka
816-8580, Japan

IDepartment of Materials Science and Engineering, Virginia Tech, Blacksburg,

VA 24061, USA

$Reactor Materials and Mechanical Design Group, Energy and Environmental
Directorate, Pacific Northwest National Laboratory, WA 99352, USA

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3nr00992k

This journal is © The Royal Society of Chemistry 2023

nanoscale characteristic sintering behavior of neck growth was also captured in this study.

compared to the bulk state, meaning the NPs are environmen-
tally friendly and enable low-cost manufacturing processes.®
The electrical conductivity of sintered NPs is affected by the
degree of neck growth between adjacent particles. Therefore,
clarifying the dominant factor of neck growth is of vital impor-
tance for designing NPs and their processing protocols.
Several widely used sintering models proposed by Kuczynski,”
Kingery® and Coble® provide reasonable predictions for the
sintering behaviour of particles with a diameter equal to or
greater than a micro-meter, where the effects of surface pro-
perties are smaller than those in nanoscale dimensions. In the
micro-meter scale, the sintering behaviour of particles can be
expressed by a single diffusion mechanism, such as surface
diffusion and volume diffusion.’® In NPs, surface effects
become notable owing to their high surface-to-volume ratio,
which enhances multiple diffusion mechanisms.'*™® This
nanoscale effect makes it difficult to determine the important
factor in describing nanoscale sintering. Thus far, predicting
the sintering behaviour of NPs is a challenging issue.

To clarify the sintering behaviour of NPs, tremendous
efforts have been made in both experimental and compu-
tational approaches. For experimental approaches, in situ
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observation using transmission electron microscopy (TEM)
has attracted great interest."*'® TEM observation with simul-
taneous heating directly reveals morphological changes in the
nanoscale; therefore, in situ observation is performed to clarify
the sintering behaviour mostly in two-dimensional (2D) cases.
However, three-dimensional (3D) plus time, namely 4D,
imaging technique would be informative as has been reported
by applying the X-ray tomography technique.'*' The spatial
resolution of X-ray tomography is up to several tens of nano-
metres®® to date. Thus, TEM observation is necessary to quan-
titatively —investigate the sintering behaviour of NPs.
Additionally, because the NPs are not always in regular/
uniform shape®*** and easy to aggregate, more than two NPs
are likely overlapped along the electron beam projection-direc-
tion, making conventional 2D-based observation sometimes
inadequate for analysing the sintering. Therefore, implement-
ing a 4D analysis by integrating the in situ observation and
electron tomography (ET)***> would deepen our experimental-
based understanding of nanoscale sintering behaviour.

There have also been numerous attempts using compu-
tational science.*® Because atomistic scale simulation can
provide intuitive insights, nanoscale sintering mechanisms
have been studied in great detail. Molecular dynamics (MD)
simulation is a powerful tool for visualizing an atomic flow
during sintering and has revealed nanoscale characteristic
behaviour.'"*”?® Although the time duration of MD simu-
lation is basically femto second scale, a larger temporal scale
simulation is required to predict the sintering behaviour of NP
ensemble systems for industrial application. For this purpose,
the continuous model, such as phase-field simulation,**° is
one of the most ideal methods. However, some parameters,
and sometimes also incorporating models, are empirically
determined by a researcher’s intuition to fit reference experi-
ments. This subjective part has no guarantees of the predictive
accuracy of the sintering behaviour beyond the time scale or
temperature range set in the reference experiments. The over-
fitting may be resolved using recently emerged numerical
approaches, ie., integrating with experimental data, called
data assimilation.' The data science combined technique can
determine the parameters without prior knowledge and hence
may give the models robustness. Because of the advent of the
data science approach in materials science, the acquisition of
4D experimental data is an important step toward precise mod-
elling for NP sintering.

In this study, we demonstrate the protocol of in situ heating
as well as its time-resolved 3D observation methods for the sin-
tering of NPs using scanning TEM (STEM). The targeted
material is Cu NPs, whose sintering behaviour is highly sensi-
tive to contamination. The contamination comes from not
only oxidation but also the adsorption of hydrocarbon mole-
cules induced by electron beam irradiation. Hence, an experi-
mental framework that can handle such NPs needs to be
designed and developed first. Thus, this study provides an
overview of (1) a newly developed in situ heating holder that
can instantaneously raise/lower the temperature and transfer
NP samples to TEM without exposing the atmosphere and (2)
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an ultra-low electron dose observation performed to prevent
electron beam-induced artefacts. The developed low-dose
image processing successfully visualizes the sintering behavior
of Cu NPs in 4D, in addition to discussing the sintering behav-
ior of Cu NPs in the nanoscale.

Materials and methods
Sample preparation

Generally speaking, NPs are highly reactive compared to bulk
states because of their high surface to volume ratio.>* To avoid
contamination from the atmosphere, we utilized a glove box
and a heating TEM holder, equipping an atmospheric iso-
lation function. Fig. 1 shows the equipment used in the
sampling process. In the glove box filled with Ar gas, Cu NPs
(Mitsui Mining & Smelting Co., Ltd) with an average diameter
of 150 nm were first dispersed in ethanol and then dropped
onto the Siz;N,-supported MEMS heating chip (NORCADA),
which can raise and lower the temperature with a response
time of less than 100 ms. Because the neck growth rate had
been discussed in several minutes order in the conventional
theories,®° the response time is regarded as instantaneous in
this study.

The chip was mounted on Double Tilt 4 Electrodes Transfer
Holder (Mel Build). This holder can store samples inside its
axis while maintaining its airtightness due to a rubber ring,
enabling the transfer of samples to TEM without exposing
them to the atmosphere.

To clarify the structure of the Cu NPs, we performed an
atomic resolution observation for that sample. Fig. 2(a) shows
a bright field (BF)-TEM image of the Cu NPs obtained using
Titan Cubed G2 (FEI) operated at an acceleration voltage of
300 kV. By focusing on the surface of NPs, we obtained a high
resolution (HR) TEM image, as depicted in Fig. 2(b). The NPs
had a core-shell structure, where NPs with an average diameter
of 150 nm were covered by crystalline NPs with an average dia-
meter of less than or equal to 10 nm. The fast Fourier trans-
form (FFT) pattern from the surrounding NPs showed spots
corresponding to Cu lattice plane distances, meaning that the
shell was also a Cu polycrystal. Hereinafter, the core and shell
NPs are called NP-150 and NP-10, respectively. Note that the
NPs observed here were not used in the 4D observation.

In situ ET observation

In general, the high electron dose likely induces heating of
samples that triggers undesirable coalescence of NPs.>* Other
problems, such as beam-induced damage and contamination,
can also prevent the observation of sintering behaviour.
Therefore, in this study, the extremely low electron dose con-
dition is set to establish an artifact-less experiment.

Tilt-series of high-angle annular dark field (HAADF)-STEM
images were acquired using the same equipment as in the pre-
vious section. A convergence semi-angle was set to 1.2 mrad.
The image size was 1024 x 1024 pixels (1.04 nm per pixel), and
the dwell time was 500 ns per pixel. The tilt angle was changed

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Photographs of the sample preparation/transfer/heating system employed in this study. All the sample preparation was performed in an Ar
gas-filled glove box (left). The newly designed MEMS-based in situ heating holder carries a sample while maintaining air tightness (middle). Copper

NPs were dispersed on the micro heater (right).

(@)

Fig. 2 TEM images of Cu NPs used in this study. (a) A BF-TEM image
showing entire shape of NPs. (b) A HRTEM image focusing on the shell
of NPs. FFT patterns from the shell are also shown.

in the range of —40°-40° with an increment of 2°. Therefore,
41 images were obtained in one tilt-series. The probe current
was set to 2.0 pA. The elementary charge is defined as 1e™ =
1.6 x 107"° C. With these parameters, the total number of inci-
dent electrons used for one tilt-series can be calculated as
follows: (Probe current in a unit of e”) x (Exposure time per
frame) x (The number of images per tilt-series), where the elec-
trons passing through only the Si;N, support film were also
included. From the above equation, the total number of inci-
dent electrons and the electron dose were calculated to be 2.7
x 10% e~ and 250 e~ nm™>, respectively. This total number of

This journal is © The Royal Society of Chemistry 2023

incident electrons is almost half of the generally recognized
ultra-low dose TEM tomography imaging with a direct electron
detection camera.** Notably, the HAADF-STEM signal is weaker
than that of BF-TEM. Because the HAADF-STEM signal is basi-
cally free from diffraction, i.e., the signal intensity purely reflects
the projection of targets, this study employed it. Notably, the tol-
erable electron doses for biological samples ever reported are,
for example, 5000-10000 e~ nm™> (frozen bacterium)*®> and
1000 e~ nm™? (uranyl acetate-stained catalase).>®

Fig. 3 shows a summary of the heating conditions. The
sample was heated at 200 °C for 1 h to prevent beam-induced
contamination before the observation. Without the process,
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Tilt-series image acquisition
Time
Tilt- Total Tilt- Total
; i Temperature ; ’ Temperature
series time on ©C) series time on C)

No. PT (s) No. PT (s)
T1 0 372 T10 46 372
T2 5 370 ™ 51 370
T3 12 370 T12 61 364
T4 17 370 T13 71 364
T5 22 370 T14 81 364
T6 27 372 T15 100 354
T7 31 372 T16 120 353
T8 36 370 T17 150 351
T9 41 370 T18 209 350

Fig. 3 Schematic diagram illustrating the heating process. Because the
heating TEM holder can instantaneously increase or decrease the
sample temperature, images can be acquired at a standby temperature
(ST) immediately after each heating step.

Nanoscale, 2023, 15, 10133-10140 | 10135
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the Cu NPs did not show sintering probably owing to the con-
tamination, as shown in Fig. S1. During the acquisition of all
the tilt-series images, the Cu NPs were also maintained at
200 °C to successfully perform the experiment. Notably, the
sintering progress was not recognized at 200 °C, while the
obvious progress was observed after the temperature was set to
350 °C, as shown in a subsequent section. Hereinafter, the
setting temperatures of 200 °C and 350 °C are called “standby
temperature (ST)” and “processing temperature (PT)”, respect-
ively. Overshooting from the setting temperature was recog-
nized, and the median temperature is shown in Fig. 3. The PT
was initially maintained at around 5 s, and later, the time was
extended until the sintering proceeded. After sintering was
observed, the temperature was lowered to the ST, and one tilt-
series was acquired. We repeated this procedure until the total
PT time reached 209 s. The details of the heating log are
shown in Fig. S2.1 In this study, a total of 18 time series were
obtained. Although the response time of the MEMS chip was
less than 100 ms, the sampling interval of the used software
was 1 s. This study regarded the time on PT as the interval
between 0.5 s before the time when the PT was recorded and
0.5 s after the time that started to decrease from the PT.
Therefore, the PT time obtained in each PT step contained an
error of +1 s.

Image processing

Fig. 4(a) shows the flow chart of the image processing pro-
cedure. The obtained tilt-series images were first denoised
using BM3D (block matching 3D)*’ whose parameters had
been optimized, so the peak-signal-to-noise-ratio between a

BMB3D processed 50-frame averaged

(b) Rawimage

i oo
Denoising
Alignment

. N ()

Tilt axis determination

3D reconstruction

g 20 |
Extraction &
Extension

Assumed tilt axis

Superposing
all tilted images

tilt axis

Wrong axis position

5

X,

Tilting

.
Corres| ing

tilt angle

98

Fig. 4 Flow chart of image processing procedure with some specific
details. After each tilt-series image acquisition, the images were pro-
cessed by following the procedure shown in (a). (b) The parameters of
BM3D filter were optimized using additionally acquired raw image and
its 50-frame averaged image. (c) The tilt axis for each tilt-series was
determined by creating ray images and optimizing the axis position,
which effectively reduced artefact.
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raw image and its 50-frame-averaged one (reference image)
became maximum, as shown in Fig. 4(b). The parameters,
noise type and variance were chosen as “g4” and 137, respect-
ively. This denoising technique successfully recovered the
signal intensity of the low-electron dose images, as shown in
Fig. S3.1 To align the images so that they have a common tilt
axis, MATLAB implemented an image registration tool, in
which the optimizer and the metrics were set to (1 + 1) evol-
utionary strategy’® and Mattes mutual information,*® respect-
ively. The image deviation in each tilt-series was corrected so
that the NP positions accurately overlap between image pairs
with adjacent tilt angle values. After the image registration, we
determined the position of the tilt axis using the simple back
projection images, as shown in Fig. 4(c). The axis position was
chosen so that the artefact of the particles in the stacked back
projection images became small. For the 3D reconstruction,
because the tilt angle range was limited to +40° in this study,
the artefact that comes from the limited tilt angle, called
missing wedge,>® was expected. Therefore, the compressed
sensing implemented algorithm, ISER (iterative series
reduction),*®*" was employed to decrease the missing wedge,
as illustrated in Fig. S4.7 The ISER utilizes a fast convergence
algorithm and reconstructs an object from the measured pro-
jection data by minimizing the total variation norm while
maintaining data fidelity. The reconstruction is iteratively per-
formed; in each step, the reconstruction error is first reduced,
and then the total variation norm is reduced. This procedure
continues for given iteration times. Minimizing the total vari-
ation norm leads to less gradation in the reconstructed
images, meaning that the uncertainty in the edge of an object
resulting from the missing wedge can be reduced. The para-
meters were set as follows: iteration is 300, application times
are 1 x 1, and sensitivity is 1. The reconstructed tomograms
were binarized by applying Otsu’s method after 3D reconstruc-
tion. Finally, the tomograms were processed by eroding and
dilating for the restoration of image texture ununiformity,
which was caused by the 3D reconstruction process.

Results and discussion
In situ observation in 2D

Before showing the 3D sintering behaviour, herein, we demon-
strate 2D in situ observation results focusing on neck for-
mation between the NPs. Fig. 5 shows the BF-TEM images of
NPs heated at the temperature and time, which are indicated
on the upper left of each image. The gap between the NP-150
cores was filled with the NP-10 shell as the heating continued.
Finally, the neck was clearly formed. The sintering mechanism
at the initial stage of the Cu NPs used in this study was mainly
dominated by the diffusion of the NP-10 shell around the
NP-150 cores. The crystal orientation of NP-10 is probably
random. Therefore, even if there is crystal orientation depen-
dence in the sintering mechanism, its effect is negligibly
small, especially at the initial stage; the presence of NP-10 may
further reduce or conceal such dependence. It is noteworthy

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 2D in situ observation of Cu NPs. The sintering was proceeded
predominantly by the diffusion of NP-10.

that neither particle rotation nor chemical reaction with the
SizN, support was recognized in this BF-TEM observation.
Thus, the 4D observation performed in this study under extre-
mely reduced electron dose conditions was also free from such
artefacts.

3D morphology of sintering NP system with a bimodal size
distribution

Fig. 6 demonstrates the 3D sintering behaviour of NPs at repre-
sentative times. The figure clearly shows the neck formation
and growth with the proceeding of the sintering time.
Although this study repeatedly continued temperature shifts
between ST and PT, no significant differences in sintering pro-
gress were recognized from the case of continuous heating, as
shown in Fig. S5.1 In addition, the 3D reconstruction artefacts,
e.g., streaks along with the tilt direction, were not identified.
Therefore, the alignment of the NP position described in the
“image processing” was successfully performed, meaning that
the morphological change due to the electron beam irradiation
is negligibly small. Little neck growth was observed after the
PT time of 60 s in this study. The 3D morphologies at other
sintering times are shown in Fig. S6.F

Neck growth evaluation

One of the benefits of 3D reconstruction is enabling the
precise measurement of particle position and shape, even if
the NPs aggregate and are difficult to distinguish from each
NP in a 2D view. Generally speaking, during sintering, the
neck grows, and the distance between two adjacent NPs
decreases (densification). The neck width and distance are
important factors in quantifying the sintering state. In this
study, the sintering behaviour was evaluated by measuring
these parameters, including those describing particle shape
from the seven NP pairs shown in Fig. 7. Briefly, the descrip-
tors we used were the neck width, the distance measured from
the three directions, particle radius, and aspect ratio of the
NPs. The details of the measurement process are described in
the next paragraph.

This journal is © The Royal Society of Chemistry 2023

Fig. 6 Changes in 3D morphology of NPs during the sintering (heating)
process. The neck growth and densification were clearly observed
during the sintering time. In this study, there were no significant
changes above 60 s. Note that the obtained data were averaged in the
range of 3 x 3 x 3 pixels (30.4 nm3) for visibility.

First, a rectangular section containing a great circle of two
neighbouring NPs was extracted, centring on the section where
the longest neck width appeared (surrounded by the yellow
solid line depicted in Fig. 7 lower left). Then, the extracted
tomograms were projected along the z-axis. The created image
includes the maximum width, height and neck width of the
targeted NPs. Thus, it can be utilized to measure the neck
radius r,, which is half of the neck width W, the distance
between the centre of mass (COM) for each NP in the x—y plane
(dyy), the representative particle radius 7, and the representative
NP’s aspect ratio H/W, after trimming the other NPs and binari-
zation, as shown in Fig. 7 lower right. Note that this study
assumed that the density was constant throughout the NPs;
therefore, the COM was calculated using binarized images. In
the trimming process, the NPs that did not form the necks with
the targeted NP pair were eliminated as they were, and those
that formed the neck were divided at the necks and removed
from the extraction box, as shown in Fig. S5.1 Furthermore, d, is
defined as the distance of the COM in the z-direction and uti-
lized with d,, to calculate the distance between the NP pair (d)
as the equation displayed in Fig. 7 lower left. Note that the COM
in the z-direction was measured by averaging the minimum and

Nanoscale, 2023,15, 10133-10140 | 10137
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Fig. 7 Schematic drawing illustrates the measurement process of d, r,,
rn, and H/W in targeted NPs. A section of targeted NPs was first
extracted. Then, NPs around the targeted NPs in the extracted section
were trimmed by applying the method shown in Fig. S5.1 The trimmed
image was binarized to obtain the parameters. Here, d,, and d, are the
distance between the centre of mass (COM) of targeted NPs in x-y
plane and z-direction, respectively. The radius of each particle (r, and r»)
was calculated by approximating the targeted NPs to circles of equal
area.

maximum z-coordinates in each NP. r;, is defined as the average
radius, where each radius is obtained from a circle whose area is
equal to the extracted tomograms. H/W is calculated by aver-
aging each aspect ratio.

We measured the geometrical parameters up to 60 s of the
PT time, where significant neck growth was confirmed to
cease. Fig. 8(a) and (b) demonstrate the variation in neck
radius and distance between NPs, which are normalized by the
particle radius and diameter, respectively. In some NP pairs,
the measurement was interrupted because the other adjacent
NPs moved to the pair and coalesced with them, making it
difficult to distinguish the original pair. As depicted in
Fig. 8(a) and (b), most NP pairs increased the neck width with
proceeding PT time, whereas the particle distance decreased.
However, P2, which has the largest distance among the seven,
demonstrated the fluctuation in the distance variation, as
shown in Fig. 8(b). The variation was because the NPs showed
sintering with the other adjacent NPs, as illustrated by blue
arrows in Fig. 8(b), inhibiting the densification between the
targeted pair. Such many-body-effect yielded abnormal vari-
ation among the seven. The difficulty in theoretically predict-
ing the sintering behaviour of an NP pair in an NP-many-body
system arises from sintering with other NPs, meaning it is
difficult to predict; for example, neck growth from a two-
sphere model is commonly used in classical models.®®
Notably, the neck growth was faster and occurred at a relatively
lower temperature compared to the case of micron-sized Cu
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Fig. 8 Morphological changes in NPs as a function of the PT. (a) The
variation in the neck width and (b) changes in the COM of the targeted
NP pairs, with the PT time.

particles,® where 100 pm particles took more than 10 minutes
to reach about r,/r, = 0.3 when 1050 °C, while the NPs reached
a larger neck width in several tens of seconds with 350 °C, as
shown in Fig. 8(a). The rapid neck growth at low temperatures
is an NP-specific phenomenon, likely originating from the
high surface-to-volume ratio; significantly high surface tension
mainly drives the sintering.®

Fig. 9(a) shows the plots of the neck radius and the dis-
tance, where the measured H/W are also indicated. In the figure,
the dashed line represents a model case that is derived by
assuming that contact spheres form a cylindrical neck while pre-
serving total volume, as illustrated in Fig. 9(b). The analytical
expression is demonstrated in Fig. S6.f As expected, the neck
radius and the distance clearly show a negative correlation in all
the NP pairs except P2. The relationship is almost monotonous
and corresponds to densification; it is commonly observed in
the sintering process, as also illustrated in the dashed line in
Fig. 9(a). The NP pairs with smaller H/W shows smaller distance,
whereas those with larger H/W shows larger distance. This order
in the figure is intuitively understandable because the distance
likely depends on the particle shape, i.e., the flattened NP pair
has a smaller distance, whereas the vertically elongated NP pair
has a larger one, as schematically demonstrated in Fig. 9(c).

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 A summary of the targeted NP's morphology variation. (a) The relationship between the neck width and the COM distance while considering
the aspect ratio of each of targeted NP pairs. Note that because of the arbitrariness of the initial position of NPs, the results at r,, = 0, i.e., prior to
neck formation, were not included. (b) Simplified sintering model employed to calculate the dashed line in (a). (c) Schematic illustrating the relation-
ship between the aspect ratio and the COM distance. (d) Representative 2D projection images utilized for the neck growth and the distance

measurement.

It is noteworthy that the sintering proceeded even if d/2r,
was more than or equal to 1 when H/W = 1, ie., the sintering
occurred in NP pairs that were not apparently in touch at the
beginning. The apparent nanoscale gap is due to the presence
of an NP-10 shell. Because the NP-10 shell was not dense, the
signal intensity from the shell was much lower than that from
the NP-150 cores, resulting in the invisibility of the NP-10 shell
after binarization. Fig. 9(d) demonstrates the representative sin-
tering behaviour in this study. The separated NP on the lower
side of P1 moved toward the neighbouring NP, resulting in the
formation of the neck in only 5 s. In P5, however, the NP pair
initially formed a thin neck with only small changes in the dis-
tance. The neck grew in several tens of seconds, followed by
bridge formation. Notably, the neck formed at the initial stage
was not visible in the tomograms because of the low signal
intensity of the NP-10 shell. The neck likely appeared when it
grew and had sufficient thickness. In P1, the invisible neck may
have already formed at the initial stage. Densification occurred
while growing the neck, resulting in apparent particle motion.

The developed procedure in this study visualizes the nano-
scale variation even if the NPs are in the many-body-system.
Most of the interfaces of the NPs are difficult to observe in 2D
because particles tend to physically overlap each other along the
projection direction, and the need for 3D observation increases
in practical cases, such as the analysis of industrial products.

Conclusions

The ultra-low electron dose observation and the novel MEMS-
based in situ heating holder made it possible to observe the
nanoscale sintering behaviour. The BM3D-based noise filter-
ing approach and the compressed sensing-aided-3D recon-
struction algorithm compensated for the low signal-to-noise
ratio due to the ultra-low electron dose and the 3D reconstruc-
tion artefact due to the limited tilt angle range, respectively.

This journal is © The Royal Society of Chemistry 2023

These image processing techniques help to visualize the nano-
scale sintering behaviour clearly in 4D space-time while redu-
cing artefacts to an uninfluential level. The neck width and the
distance between the Cu NP pairs of interest were evaluated to
determine the sintering behavior. These two factors always
showed a monotonous negative correlation depending on their
aspect ratio if there were few bindings with other NPs. The
apparently separated NPs also showed sintering because the
shells of NPs, which were invisible in the reconstructed tomo-
grams due to their sparse distribution, formed the nanoscale
bridging at the initial stage of sintering. Such sintering
initiation highly contributed to NP sintering.

To precisely predict nanoscale dynamics, 4D datasets could
also be utilized as experimental inputs for computational mod-
eling or data science approaches, such as data assimilation.
Furthermore, 4D electron microscopy is an essential funda-
mental insight for such a sophisticated computational science,
leading to a de-facto standard for revealing unexplored physics
in nanoscale.”
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