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Over the last several decades, colloidal nanoparticles have evolved into a prominent class
of building blocks for materials design. Important advances include the synthesis of uniform
nanoparticles with tailored compositions and properties, and the precision construction of
intricate, higher-level structures from nanoparticles via self-assembly. Grasping the modern
complexity of nanoparticles and their superstructures requires fundamental understandings
of the processes of nanoparticle growth and self-assembly. In situ liquid phase transmission
electron microscopy (TEM) has significantly advanced our understanding of these dynamic
processes by allowing direct observation of how individual atoms and nanoparticles interact
in real time, in their native phases. In this article, we highlight diverse nucleation and growth
pathways of nanoparticles in solution that could be elucidated by the in situ liquid phase TEM.
Furthermore, we showcase in situ liquid phase TEM studies of nanoparticle self-assembly
pathways, highlighting the complex interplay among nanopatrticles, ligands, and solvents.
The mechanistic insights gained from in situ liquid phase TEM investigation could inform the
design and synthesis of novel nanomaterials for various applications such as catalysis, energy
conversion, and optoelectronic devices.
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Introduction
Colloidal nanoparticles and superstructures of nanoparticles
have been increasingly used in diverse applications such as

catalysis, " optoelectronics,>* and biomedical applications,>

owing to their unique physical and chemical properties. These
applications are enabled by significant advances in (1) the syn-
thesis of colloidal nanoparticles with tailored size, shape, and
compositions; ' and (2) the construction of superstructures
from individual nanoparticles via self-assembly.'>"'* On the
other hand, the synthesis of novel nanoparticles with near-
atomic precision, chemical compositions, and improved uni-
formity necessitates mechanistic understanding of the nanoparti-
cle growth process. Furthermore, the design and construction of

self-assembled nanoparticle superstructures require understand-
ing of the complex interactions among nanoparticles, surface
ligands, solvent, and the substrate.'® Therefore, mechanistic
insights of the kinetic pathways of nanoparticle formation and
assembly are crucial for the design and predictive synthesis of
novel nanomaterials.

In situ transmission electron microscopy (TEM) has provided
important clues to the structural dynamics of nanoparticles, includ-
ing growth, self-assembly, diffusion, dissolution, and shape trans-
formations under vacuum, liquid, and gas environments, 462!
by allowing for the observation of temporal series dynamics of
individual nanoparticles in real space and real time. In particular,
liquid phase (LP) TEM enables the direct, real-time observations
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RECENT ADVANCES IN LIQUID PHASE TRANSMISSION ELECTRON MICROSCOPY OF NANOPARTICLE GROWTH AND SELF-ASSEMBLY

of nanoparticles in solutions by encapsulating the samples in a
thin liquid layer within a liquid cell. A key component of the lig-
uid cells is a pair of thin electron-transparent windows, typically
made of amorphous silicon nitride (SiN, ) or graphene. They have
high electron transparency and mechanical strength enabling elec-
trons to pass through and generate high-resolution images while
preventing the sample solution from evaporating. Dry-state TEM
after quenching the nanoparticle solution under reactions can alter
the structure and properties of intermediate species.”>* It is also
difficult to investigate the structure of individual nanoparticles
using spectroscopy or diffractometry, which provide structural
information averaged over nanoparticle ensemble.>*27 Recent
advances in in situ LPTEM have enabled deeper understanding
on the formation and self-assembly processes of nanoparticles in
liquid, revealing nonclassical growth pathways of nanoparticles,®
which were not predicted by classical nucleation theory (CNT).
Complex self-assembly processes of nanoparticles in liquid gov-
erned by long-range, nonadditive interactions®>*° have also been
investigated extensively by in sifu LPTEM.3!3

In this article, we discuss experimental findings of growth
and self-assembly of nanoparticles by in situ LPTEM, and
explain the results in terms of nonclassical nucleation and
growth pathways. First, we summarize experimental evidence
of nonclassical pathways in nanoparticle growth and describe
diverse growth pathways of nanoparticles revealed by in situ
LPTEM observations. Second, we highlight some important
observations of nanoparticle self-assembly processes and
explain the underlying interactions between nanoparticles
during crystallization. Finally, we discuss future challenges
and opportunities in understanding nanoparticle growth and
self-assembly via in situ LPTEM. Although we focus on recent
in situ LPTEM observations of nucleation, growth, and self-
assembly of nanoparticles in solutions, we also highlight sev-
eral in situ high-resolution TEM studies conducted under a
high vacuum. The high vacuum condition minimizes electron
scattering from the samples and enables atomic-scale TEM
observations of nanoparticles, providing valuable insights into
the nanoparticle nucleation and growth.

In situ TEM investigation of nanoparticle growth
The process of nanoparticle formation can be divided into a
nucleation stage, where monomers (single ions or their com-
plexes) condense to form nuclei, and a growth stage, where
the nuclei grow into larger crystals (Figure 1a).>’>° CNT
explains an important mechanistic pathway observed in the
growth of colloidal nanoparticles,***? by assuming spherical
nuclei and equilibrium conditions. CNT suggests that the over-
all growth rate is regulated by size-dependent surface energy
after overcoming the critical free energy barrier through nucle-
ation (Figure 1b, green curve). A narrow size distribution is
typically achieved at high monomer concentrations during
growth because the growth rate is inversely proportional to
the nanoparticle sizes, whereas “Ostwald ripening” becomes
dominant as monomers deplete.*> Although CNT has shown
good qualitative agreement with experimental results,*** it
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has limitations when the surface structure and morphology of
nanoparticles becomes important because CNT based on the
Gibbs—Thomson model does not take into account structural
attributes at the single-particle level. Nanoparticles often have
nonspherical shapes, and the system deviates from equilib-
rium conditions especially during the early stages of nuclea-
tion. Relatively stable nanoclusters or prenucleation clusters
identified during the synthesis of various nanoparticles cannot
be explained by CNT, which describes only one energy bar-
rier.?>4-4 Rather, those observations suggest the presence of
anonclassical nucleation pathway with multiple local minima
in the energy landscape (Figure 1b, blue curve).*”* By under-
standing the nanoparticle formation mechanism, researchers
have demonstrated that the synthesis of nanoparticles with
desired structures is possible with high uniformity.’*>' How-
ever, the identification and characterization of those intermedi-
ates are difficult unless they are particularly stable, allowing
them to be isolated during the synthesis. Thus, it is necessary
to directly observe the nucleation and growth stages of nano-
particle formation in situ.

Nucleation stage

A relatively common structural feature observed by in situ
LPTEM is the intermediates of lower-symmetry or amor-
phous structures that crystallize into the larger nanoparticles
with a bulk crystal structure.’>> In a study using LPTEM,
Loh et al. observed a multistep nonclassical nucleation and
growth pathway for Au nanoparticles.’” First, a dense liquid
phase containing more Au precursors forms from the homo-
geneous liquid phase, and then amorphous Au nanoparticles
are formed from the dense liquid phase. These amorphous Au
intermediates then coalesce to form crystalline Au nanoparti-
cles. High-resolution TEM unambiguously identified the dense
liquid phase, amorphous solid, and crystalline solid, provid-
ing important insights into the multistep nucleation pathways.
Similarly, Yang et al. also observed amorphous-phase-medi-
ated crystallization of Ni nanoparticles.’” The authors used
graphene liquid cells (GLCs), which enable LPTEM imaging
at higher resolution by encapsulating a nanoparticle solution
between two graphene sheets.’® During the crystallization
of Ni nanoparticles on graphene, amorphous Ni nanoparti-
cles initially form from a homogeneous precursor solution
and subsequently, crystalline domains nucleate from the Ni
nanoparticle surface and propagate to the entire nanoparticle
(Figure Ic). Theoretical calculations showed that relatively
low surface energy of amorphous Ni and its interaction with
graphene stabilize the amorphous state of Ni. Also, multiple
nucleation of the crystalline domains within a single Ni nano-
particle results in the formation of polycrystalline nanoparti-
cle (Figure 1d), implying the possible role of the nonclassical
nucleation in the formation of polycrystalline nanoparticles.
The nucleation behavior of metallic nanoparticles can be influ-
enced by the elements consisting the nanoparticle and chemi-
cal environment such as the presence and type of ligands and
reducing agents. Sun et al. observed the growth mechanism
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Figure 1. In situ liquid phase transmission electron microscopy (TEM) studies of investigating nonclassical nucleation. (a) The schemat-
ics of the mechanism of particle nucleation in the classical nucleation versus nonclassical nucleation, amorphous to crystalline. (b) Energy
landscapes for classical nucleation theory and nonclassical nucleation theory. (c, d) A time series of TEM images shows the growth of the
crystalline area from the amorphous intermediate of Ni nanoparticle. (e) Time series images of ZIF-8 nanocube nucleation and crystal-
lization processes. (f) Sequential images of the gold nanoparticle nucleation process observed under a high vacuum condition with FFT
images and corresponding atomic model. Blue circles indicate a disordered (amorphous) state, and red colors indicate the crystalline
areas of the gold nanoparticle. Scale bar = 1 nm. (g) The proportion of time during which crystallinity is observed in the 2D projection of

a Au nanoparticle’s nucleation process and particles synthesized ex situ (illustrated by gray circles) is measured. The dashed lines on

the graph are logistic models fitting the data. (h) Characteristics of nanoclusters varying with size throughout the nucleation phase. (Left)
lllustrative energy diagrams present the transition of nucleation behavior across nanocrystals ranging from small (i) to large (iii). (Right)
Distribution charts of the crystalline state occurrences over time for three distinct cluster sizes and under varying imaging scenarios, as
referenced in (h). (c-h) Reprinted with permission from Reference 57. © 2019 American Chemical Society. Reprinted with permission
from Reference 63. © 2021 National Academy of Sciences. Reprinted with permission from Reference 87. © 2021 AAAS.
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of high-entropy alloy nanoparticles in the presence of sodium
borohydride and thiol ligands in solution.>® They suggested
that the aggregation of subnanometer clusters is a dominant
mechanism in the growth of high-entropy alloy nanoparticles
with a strong reducing agent.

Nonclassical nucleation pathways in nonmetallic nano-
particles have also been demonstrated.**%"% Yang et al.
reported the multistep formation mechanism of 2D transi-
tion-metal oxide nanosheets in the presence of oleylamine
ligands.®* The transition-metal oxide 2D nanosheets emerge
via two steps: first, molecular precursors dissolved in the
solution undergo nucleation and growth to form 3D nano-
particles; then, closely spaced 3D nanoparticles undergo the
3D-to-2D transformation, followed by the aggregation into
a larger transition-metal oxide nanosheet. The 3D-to-2D
transformation occurs due to the size-dependent competi-
tion between negative (100) surface energy and positive
(110) surface energy when these surfaces are passivated
with ligands. This work confirms the importance of surface
energy modulation by passivating ligands and demonstrates
the role of thermodynamics in nanoparticle growth through
free energy minimization. Nielsen et al. pioneered the use
of in situ LPTEM and observed the multiple growth path-
ways of CaCOj;, which are relevant in biomineralization.®
In their work, they showed the CaCO; formation by both
the direct and indirect pathways mediated by amorphous
and crystalline intermediates, involving the formation of
an amorphous precursor followed by a consequent crystal-
lization process.

In LPTEM, the electron beam induces radiolysis of liquid,
changing the solvent chemistry,®>~%7 which can significantly
affect the chemical bonds with high ionic properties. It is thus
essential to use a low electron dose to study the nucleation
of nanoparticles of ionic compounds. Liu et al. reported a
three-step nucleation mechanism for metal-organic frame-
works (MOFs), mediated by dense liquid phase and amor-
phous clusters (Figure 1¢).°> Due to the electron-beam sensi-
tivity of MOF,%%® the authors used a low electron dose rate
of 0.05 ¢~ A2 57! and kept the cumulative dose to be lower
than 5 = A~ Furthermore, the continuous injection of the
fresh solution using a syringe pump likely reduced the con-
centration of radiolytic products. The crystallization of MOF
nanoparticles starts from the phase separation of dense liquid
phase containing precursors from the homogeneous precursor
solution, after which the dense liquid phases condense into
amorphous clusters. Finally, the amorphous cluster crystallizes
into 100-nm-sized MOF nanoparticles. The authors could not
perform detailed structural characterization of the intermedi-
ate states due to the beam sensitivity. Instead, they aimed to
support the presence of the dense liquid phase and amorphous
clusters, and the absence of crystallinity using cryo-TEM and
electron diffraction.

The nucleation of nanoparticles in liquid occurs by the
reduction of metal ions, or the binding of ionic monomers.
However, these processes are strongly influenced by the
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chemistry of the liquid where the electron beam is irradiated
and radiolytic products are formed.”>”’* For example, gold
nanoparticles can form or dissolve in liquid depending on the
dose rate and the pH of the initial solvent.”> Numerical simula-
tion models based on chemical equilibrium and reaction kinet-
ics have been used to estimate the radiolysis products and their
concentrations,’®’® but chemical equilibrium in liquid cells
under the high-energy radiation may differ significantly from
ambient conditions.”’ The type of liquid cell also impacts the
chemistry within. At the surface of SiN, membranes, there
are silanol (SiOH) and silylamine (Si,NH and SINH,) func-
tional groups that are protonated and deprotonated at different
pH levels and electron dose rates,”® ™ critically influencing
the nanoparticle movement on the SiN, membranes through
electrostatic interactions.”®3!#> Research suggested that in
GLCs, the graphene surface is functionalized differently from
the SiN, surface under electron-beam irradiation, reducing
the electrostatic interaction with the liquid cell substrate and
nanoparticles.®® In addition to those efforts, further research
would be needed to understand the actual chemistry during
LPTEM imaging. From the experimental perspective, the use
of ultralow dose rate conditions is advantageous by minimiz-
ing the unwanted electron-beam effects. Employing spatial
filters®>%® or advanced image processing algorithms®***> can
be beneficial for reducing the noise of in situ TEM data taken
under such low dose rate conditions.

The diffusion coefficient is one of the key parameters in
crystallization theories. Studies calculating the diffusion coef-
ficients of nanoparticles, including those in SiN, liquid cells
and GLCs, showed that the diffusion process in a liquid cell
differs from that in bulk solution, and is influenced by the
electron-beam dose rate.”®®!"* These differences in diffusion
rate are expected to affect the local supersaturation ratio of
precursors, the concentration of radical species, and the inter-
action between nanoparticles, thus influencing the nucleation
and growth processes of the nanoparticles. Introducing a flow
within a liquid cell by injecting solution can facilitate the dif-
fusion within the liquid cell and may quench unwanted radio-
lytic products. On the other hand, the relatively slow flow rate
and the presence of dead volume where the flow is not reached
within the liquid cell suggest that the design of the current
liquid cells needs to be further advanced.

During nucleation, individual atoms are added to the as-
formed nuclei continuously. Achieving atomic resolution in
LPTEM is challenging due to the liquid’s thickness and that of
the cell windows unless they are sufficiently thin.®® Recently,
a detailed mechanistic understanding of nonclassical nuclea-
tion pathway has been demonstrated by Jeon et al. at temporal
resolution down to 1.6 ms while retaining atomic resolution.®’”
They prepared AuCN nanoribbons that decompose into Au
monomers (possibly single ions or atoms) when irradiated by
an electron beam on graphene in a high vacuum condition.
The monomers form Au nanoparticles spontaneously, and the
aberration-corrected TEM images captured at high frame rates
exhibit the reversible transformation of small Au nanoparticles
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(around 1 nm) between crystalline and disordered states dur-
ing the growth of the Au nanoparticles (Figure 1f). Because
a slight rotation of crystalline Au nanoparticle can make the
crystal planes of gold nanoparticles deviate from the view-
ing direction, atomic modeling and TEM simulation were
performed to show that the nanoparticles have a disordered
structure when they do not show even slight lattice patterns in
the projected TEM images. The temporal fraction of the disor-
dered states decreases as the nanoparticles grow by the addi-
tion of atoms, and Au nanoparticles larger than 2 nm mostly
remain in a crystalline state (Figure 1g). This result shows
that disordered nanoparticles are metastable, and the energy
difference between the crystalline states and metastable dis-
ordered states becomes larger with an increasing nanoparticle
size (Figure 1h).

Growth pathways of nanoparticles

After the formation of nuclei, the nuclei grow into nanoparti-
cles through both the classical, monomeric attachment path-
way as well as nonclassical pathways. To fully understand the
nanoparticle growth pathway with in situ LPTEM, tracking
single particles is essential. Additionally, trajectory analysis
of a statistical number of nanoparticles is required.28-36:70-88-90

Woehl et al. quantitatively analyzed the growth of 300-500
silver nanoparticles in liquid and explained the growth mech-
anism using the Lifshitz—Slyozov—Wagner (LSW) model,’!
which describes a classical Ostwald ripening process. How-
ever, the LSW model did not fit well with the shape of the
experimental particle size distribution (PSD) due to the
coalescence between nanoparticles, a nonclassical growth
pathway that has been observed by in situ LPTEM. Instead,
the authors adopted Smoluchowski aggregation kinetics,
which describes the successive, diffusion-limited aggrega-
tion reactions of particles, and successfully and quantita-
tively explained PSD. More recently, Khelfa et al. quantita-
tively analyzed the growth mechanism of gold nanoparticles
using liquid phase scanning TEM (STEM) with heating
equipment to investigate thermal effects on the nanoparticle
growth.”” The gold nanoparticles were synthesized at dif-
ferent temperatures (25°C, 50°C, and 85°C) in liquid cells
using the electron beam and exhibited size variations corre-
sponding to these temperatures (Figure 2a—b). In this case,
gold nanoparticles were adhered to the SiN, membranes and
did not show coalescence between them. Thus, the authors
explained nanoparticle growth trajectories with the LSW
model (Figure 2c—d). At 50°C and 85°C when the nanopar-
ticles are motionless, the nanoparticle growth is governed by
diffusion-limited growth, and the activation energy for nano-
particle growth is successfully predicted. Also, they observed
Ostwald ripening and revealed that thermo-activated Ostwald
ripening process does not solely depend on size effect.

At a single-particle scale, crystalline nanoparticles are
often faceted by exposing crystal surfaces with low surface
energies, unlike the assumptions of CNT. Thus, the growth
of nanoparticles is expected to occur to reduce the overall

surface energy by first removing high-surface-energy sur-
faces. The growth anisotropy of nanoparticles was first
demonstrated by Liao et al. who observed Pt nanoparticle
growth in liquid at lattice-resolving resolution using SiN,
liquid cells.”® The authors confirmed that the growth rate
of each facet can be predicted from surface energy minimi-
zation theories. Due to the interaction between ethylamine
ligands and surfaces, {011}, {110}, and {111} facets of Pt
nanoparticles exhibit similar surface energy when they are
smaller than 5 nm, showing spherical growth (Figure 2e—f).
However, when the size exceeds a critical threshold, ethyl-
amine ligands block the {100} facets, hindering growth in
that direction. This results in the formation of cubic nanopar-
ticles. Gao et al. observed similar dynamics in the nucleation
and growth of Pt over Pd nanocubes terminated with {100}
facets using LPTEM.?* The Pd {100} facets are covered by
Br™ ions, and the growth predominantly occurred at the cor-
ners of the Pd nanocubes. When the Pt reaches a threshold
thickness (1.6 nm), surface diffusion of Pt at the corners hap-
pens to cover {100} surfaces.

Single-particle visualization by in situ LPTEM has also
revealed coalescence-mediated growth of nanoparticles and
the structural changes in the nanoparticles involved in the coa-
lescence. Zheng et al. first visualized the coalescence-mediated
growth of Pt nanoparticles in SiN, liquid cells, highlighting
the important role of coalescence in nanoparticle growth.®
They demonstrated that monomeric growth and coalescence
mediated growth concurrently occur in liquid media. After
the coalescence process, the growth rate of the nanoparticle
becomes slower, and both pathways lead to a nearly monodis-
perse distribution in terms of size. Yuk et al. using LPTEM with
GLCs, observed the coalescence events between nanoparticles,
which results in the formation of nanoscale twin boundaries in
single Pt nanoparticles.”® Although GLCs are an efficient tool
to investigate the nonclassical growth pathways of nanopar-
ticles in liquids with higher resolution, it is often challenging
to observe multiple nanoparticles using GLCs for statistical
analysis of growth trajectories due to the random formation
of liquid pockets. Lim et al. developed multichambered GLCs
based on a large-scale array of ordered chambers using anodic
aluminum oxide (AAO). This design provides physical sepa-
ration between each chamber, allowing for multiple efficient
experiments within a single liquid cell to quantitatively analyze
coalescence between nanoparticles (Figure 3a).”> Using this
multichamber liquid cell, Bae et al. investigated the coales-
cence behaviors of gold nanoparticles passivated with different
ligands (CTAB and CTAB/octylamine) in liquid.’® Analysis
of each nanoparticle-ligand system reveals differences in coa-
lescence dynamics between the two ligand systems. When the
two nanoparticles coalesce, they form a dumbbell-like shape
by creating a neck at the interface, and the dumbbell-shaped
nanoparticles undergo relaxation to be a spherical shape. The
authors revealed that the nanoparticles passivated only with
CTAB undergo faster relaxation due to the difference in ligand
mobility in each ligand system (Figure 3b).
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Figure 2. In situ liquid phase transmission electron microscopy (TEM) studies of nanoparticle growth pathways. (a, b) Time series high-
angle annular dark-field scanning transmission electron microscopy images showing the nucleation and growth of gold nanoparticles

in water at (a) 50°C and (b) 85°C. Scale bars = 1 pm. (c) The number of nanoparticles as a function of time within the field of view at the
different temperatures. (d) The logarithm of the average radius of nanoparticles as a function of time. The line indicates a linear fit to

the experimental data, and the fitted slope is indicated as “a.” (e) The measured distance from the crystal center to each facet within a

nanoparticle as a function of time in the Pt nanoparticle growth trajectory. (f) Time series TEM images of a single Pt nanoparticle growth
trajectory (upper panels) and corresponding images simulated using atomic models (lower panels). (a—f) Reprinted with permission from

Reference 92. © 2021 Wiley. Reprinted with permission from Reference 93. © 2014 AAAS.

For crystalline nanoparticles, the crystal planes of the nano-
particles can affect the coalescence behavior.””*® Coalescence
by oriented attachment (OA), in which the alignment of crystal
planes of two nanoparticles occurs prior to the attachment, is
also a main topic in nonclassical nanoparticle growth observed
in LPTEM,**% as proposed by Penn and Banfield.'’ Li et al.
observed multiple coalescence events of ferrihydrite nano-
particles.’® They demonstrated that the coalescence happens
after the rotation of the nanoparticles in liquid until the lattice
planes match to each other. When the lattice planes of two fer-
rihydrite nanoparticles are misaligned, the energy barrier will
be high, preventing the attachment of the two particles, while
the alignment of crystal planes of two nanoparticles makes the
energy barrier low. The OA process leads to the formation of
single-crystalline nanoparticles, but it is possible for nanopar-
ticles with a low twin-boundary energy to coalesce at imper-
fect lattice alignment, leaving twin boundaries after the coa-
lescence. Song et al. investigated a twinning mechanism from
OA of Au nanoparticles embedded in a mobile solid matrix
with in situ high-resolution TEM in a high vacuum condition,
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explaining the origin of fivefold twins.'’! They proposed two
fivefold twinning mechanisms: decomposition of high-energy
grain boundaries and slipping of partial dislocations. In both
cases, nanoparticles form a twin boundary after the OA pro-
cess, and further OA of the twinned nanoparticle can result
in a fivefold twin (Figure 3c—e). Jin et al. introduced a novel
mechanism of coalescence in the presence of an Au precursor
in liquid.'® In a comparison of the “jump-to-contact” mecha-
nism in the OA process, they demonstrated that between two
adjacent nanoparticles, the edge-to-edge distance between
them remains unchanged, but a nanobridge forms spontane-
ously between the nanoparticles and accelerates fusion of the
nanoparticles (Figure 3f).

The grain boundaries in nanoparticles are likely to form
by the coalescence of two nanoparticles with imperfect lat-
tice alignment. Park et al. using “Brownian one-particle
reconstruction” method, visualized twist grain boundaries
between {110} and {100} planes in three dimensions.'*®
Kim et al. advanced the same methodology to atomic resolu-
tion, enabling investigation of atomic structures of distorted
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Figure 3. In situ studies of coalescence-mediated growth. (a) A multichambered array in a liquid cell used for time series observation
of coalescence between Au nanoparticles. (b) Different coalescence mechanisms are observed depending on ligand composition.

(c—e) Pt nanoparticle crystal structures after oriented attachment (OA), observed under a high vacuum condition: (c) Formation of a
single crystal after OA, (d) formation of a twin structure after OA, (e) formation of parallel twin interfaces after OA. (f) The formation of an
accumulation bridge during the maintenance of an edge-to-edge distance between two nanoparticles. (g) High-resolution 3D Coulom-
bic density maps of Pt nanoparticles in liquid media. (h) Corresponding 3D atomic maps of the Pt nanoparticles. (a—h) Reprinted with
permission from Reference 95. © 2020 American Chemical Society. Reprinted with permission from Reference 101. © 2020

AAAS. Reprinted with permission from Reference 102. © 2018 American Chemical Society. Reprinted with permission from
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lattices and grain boundaries in single Pt nanoparticles (Fig-
ure 3g-h).! These results suggest that nanoparticle forma-
tion involves various 2D defects and lattice disorder, in addi-
tion to relatively stable twin boundaries. Thus, we believe
that further research on the nanoparticle growth process,
which results in grain boundaries and lattice disorders will
be necessary in the future.

LPTEM studies have expanded our knowledge of nano-
particle nucleation and growth and provided deep insights
into nanoparticle synthesis by directly observing phe-
nomena that were previously unrecognized. For example,
LPTEM has unambiguously shown the presence of multi-
step, nonclassical growth pathways in nanoparticle synthe-
sis. Recent bulk nanoparticle synthesis studies have dem-
onstrated that the structure of the resulting nanoparticles
can be precisely controlled by controlling the structure of
intermediates in the multistep nanoparticle growth.’*>! On
the other hand, further application of the LPTEM to bulk
nanoparticle synthesis, through the development of a quan-
titative nanoparticle growth theory, requires the statistical
observations of the nanoparticle growth trajectories possi-
bly aided by machine learning-based image analysis.*>!%
This will have an increasing impact on bulk wet chemistry

studies of nanoparticle synthesis. Furthermore, statistical
LPTEM observations of nanoparticles, combined with the
development of a quantitative nanoparticle growth theory,
will allow us to compare the differences between LPTEM
environments and bulk nanoparticle synthesis environments,
further accounting for possible differences between the lig-
uid cell and bulk conditions in wet synthesis.

In situ TEM investigation of nanoparticle
self-assembly

Bottom-up assembly of nanoscale objects such as nanocrys-
tals, macromolecules, and proteins into macroscopic structures
is a central theme in chemistry, materials science, and biology.
Self-assembly can produce sophisticated nano- and mesostruc-
tures with a precision that rivals existing lithographic methods.
Studies of kinetic pathways and mechanisms of self-assembly
have largely relied on the electron microscopy analysis of the
final static structures or indirect monitoring using scattering
techniques such as small-angle x-ray scattering.'°*!°” While
real-time video microscopy has been a common method in
studying the assembly of micron-sized colloids,'®® analogous
tools for probing the self-assembly dynamics of colloidal nano-
particles have been lacking until the recent invention of the
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LPTEM technique. In the past decade, several research groups
have utilized LPTEM to study self-assembly of nanoparticles
that were either premade or formed in situ.'% '8 In 2012,
Alivisatos and co-workers reported in situ LPTEM imaging
of 2D nanoparticle superlattice formation (Figure 4a).'"
The nanoparticles were slowly diffusing and their assembly
was driven mainly by capillary forces and solvent fluctua-
tions, which was consistent with lattice-gas simulation results.
Later, the same group observed ionic-strength-tuned, tip-to-
tip assembly of charge-stabilized gold nanorods mediated by
long-range electrostatic repulsion (Figure 4b).*? By tracking
and analyzing the trajectories of many individual nanorods,
they were able to extract the mathematical form of the inter-
action potential between nanorods (Figure 4c). In 2017, Chen
and co-workers applied low-dose-rate LPTEM to image the
assembly process of gold triangular nanoprisms.'?° Through
quantitative analyses of superstructure size distributions, they
found that the self-assembly kinetics followed the growth laws
of reaction-limited step-growth polymerization (Figure 4d).
Later, the same group demonstrated in situ LPTEM observa-
tion of large-scale superlattice formation from charged gold
nanoprisms (Figure 4¢).>* The assembly process was triggered
by electron-beam irradiation, which increased the local ionic
strength due to radiolysis and more effectively screened the
electrostatic repulsions among nanoprisms. By combining

particle tracking analyses with computer simulations, they
uncovered that the translational ordering of the superlattices
emerged from orientational randomness among the nano-
prisms of individual columns. Furthermore, they found that
the assembly proceeded through a nonclassical crystallization
pathway involving an amorphous, dense intermediate phase.
As another example, Li and co-workers studied the self-assem-
bly dynamics of silver nanoparticles in aqueous solutions (Fig-
ure 4f).** By combining liquid cell TEM imaging with AFM-
based force measurements and theoretical calculations, they
showed that the superlattice formation was governed by the
interplay between the short-ranged steric hindrance and hydra-
tion forces and long-ranged electric double-layer repulsive and
van der Waals forces.

Besides self-assembly in the aqueous phase, in situ LPTEM
has also been utilized to study nanoparticle assembly in
nonaqueous solutions. For example, Zheng and co-workers
captured the assembly process of FePt nanoparticles into
a low-density, 2D hexagonal lattice (Figure 5a).!'> From
particle tracking and diffusion analyses, they were able to
quantify the magnitude of forces between the particles and
showed that long-range anisotropic forces likely drive the
formation of nanoparticle chains. More recently, Ye and co-
workers reported polymer-grafted nanoparticles suspended
in various organic solvents as model systems for studying
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Figure 4. In situ liquid phase transmission electron microscopy (TEM) studies of nanoparticle interactions and self-assembly. (a) In situ
TEM snapshots of 2D superlattice formation from Pt nanoparticles. (b) Time-lapse TEM images showing tip-to-tip attachment of gold
nanorods. Scale bars = 100 nm. (c) Pair distribution function g(r) versus r plot (left) and pairwise interaction energy u(r) versus r plot with
its exponential fitting (right). Scale bars = 50 nm. (d) Time-lapse TEM images showing chain growth of gold triangular nanoprisms. Scale
bars = 50 nm. (e) Schematic illustration of self-assembling nanoprisms into a hexagonal lattice consisting of stacked nanoprisms columns
(left), in situ TEM image showing the highly ordered hexagonal lattice (middle), and computer simulations of the hexagonal lattice forma-
tion (right). Scale bar = 100 nm. (f) Time-lapse TEM images of self-assembling Ag nanoparticles (left) and calculated interparticle forces
as a function of particle separation h (right). Scale bars = 10 nm. (a—f) Reprinted with permission from Reference 119. © 2012 American
Chemical Society. Reprinted with permission from Reference 32. © 2015 American Chemical Society. Reprinted with permission from
Reference 120. © 2017 Springer Nature. Reprinted with permission from Reference 34. © 2020 Springer Nature. Reprinted with permis-
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nanoparticle self-assembly into highly ordered superlattices
with LPTEM."?! They demonstrated that electron-beam irra-
diation activates nanoparticle motion and controls nanoparti-
cle diffusivity, while the nature of the solvent largely dictates
nanoparticle interactions and their self-assembly pathways
(Figure 5b). Multiorder-parameter analysis revealed a mul-
tistep crystallization pathway consisting of four distinct
stages, namely, gas state, cluster state, polycrystalline, and
single-crystalline solid states. They further analyzed the for-
mation, migration, and annihilation of distinct types of struc-
tural defects in 2D nanoparticle superlattices (Figure 5c).
They elucidated that long-range interactions, including van
der Waals attraction and electrostatic repulsion dictate the

observed assembly behavior whereas interactions between
polymer brushes were insignificant. These findings pave the
way toward independent control of LPTEM imaging condi-
tions and nanoparticle self-assembly conditions.

Despite considerable progress, several challenges in LPTEM
study of nanoparticle self-assembly remain to be addressed. First,
the ever-present electron-beam—sample interactions should be
carefully accounted for to ensure accurate interpretation of results
and minimize potential artifacts.''® Although direct probing of
molecular-level radiation chemistry specifics during LTEPM
is not always feasible, well-designed systematic studies (e.g.,
dependence on electron dose rate or solution pH) can often be
conducted to shed light on the mechanism and robustness of any

intriguing phenomena observed under a

Total particle
energy/ksT

-5 -10 -15 -20

Butanol

—252s

particular LPTEM condition. Second, the
interaction between nanoparticles and the
liquid cell window surface should be pre-
cisely controlled (e.g., via electron dose
rate or solution conditions) to prevent
nanoparticles from strongly adhering to
the window thus reducing their mobility,
and at the same time, to prevent nanopar-
ticles being expelled from the imaging
area due to electrostatic repulsion. Third,
to leverage the benefits of changing the
chemical environment within the liquid
flow cell, the hydrodynamic proper-
ties of the LPTEM flow system should
be thoroughly characterized through
experiments and numerical modeling.'%
Fourth, it remains extremely difficult to
replicate conventional drying-mediated
(or evaporation-driven) self-assembly
of nanoparticles with LPTEM. How-
ever, the insights gained from LPTEM
experiments on the “nanoparticle inter-
action potential-self-assembly kinetic
pathway—final superstructure” relation-

254s 25.6 s—

ships are relevant and can often be trans-
latable to self-assembly studies outside
TEM. We believe that LPTEM holds
the potential to further revolutionize our
understanding of novel nanoscale self-
assembly dynamics. Examples include
directed self-assembly (e.g., light-driven,
electric field-driven, etc.), nonequilib-
rium active soft matter, and more.

Figure 5. In situ liquid phase transmission electron microscopy (TEM) studies of nanoparticle
assembly in nonaqueous solutions. (a) Self-assembly of Fe;Pt nanoparticles, which were on
average 3-4 nm in diameter. The color corresponds to the calculated total energy of individual
nanoparticles. (b) /n situ TEM movie frames showing distinct self-assembly behaviors of gold
nanoparticles in different solvents. Scale bars = 500 nm (c) Time-lapse TEM images showing
vacancy generation and diffusion in a hexagonal superlattice (left), and generation and annihi-
lation of a dislocation pair in 2D nanoparticle superlattices (right). Scale bars = 100 nm. (a, b)
Reprinted with permission from Reference 113. © 2017 American Chemical Society.

(c) Reprinted with permission from Reference 121. © 2022 American Chemical Society.

Conclusion and outlook

In summary, we provide a critical
review of the fascinating and rapidly
evolving fields of nanoparticle growth
and self-assembly studied by LPTEM.
Compared to top-down lithography
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approaches, colloidal synthesis and self-assembly promises
scalability and precise control of building blocks down to the
atomic and single-particle levels. As a real-space and real-
time imaging technique with high spatiotemporal resolution,
LPTEM is uniquely positioned to elucidate the kinetic path-
ways of nanoparticle nucleation, growth and superstructure
formation via self-assembly, which can offer critical insights
to the realization of materials-by-design. Propelled by the
rapid advances in electron detectors, machine learning, espe-
cially deep learning techniques,®*!?! as well as design and
fabrication of new liquid cell architectures, we anticipate
transformative changes in the field of LPTEM in the com-
ing decade.
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