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Abstract

Liquid-phase transmission electron microscopy (LPTEM) is a powerful in
situ visualization technique for directly characterizing nanomaterials in the
liquid state. Despite its successful application in many fields, several chal-
lenges remain in achieving more accurate and reliable observations. We
present LPTEM in chemical and biological applications, including stud-
ies for the morphological transformation and dynamics of nanoparticles,
battery systems, catalysis, biomolecules, and organic systems. We describe
the possible interactions and effects of the electron beam on specimens
during observation and present sample-specific approaches to mitigate and
control these electron-beam effects. We provide recent advances in achiev-
ing atomic-level resolution for liquid-phase investigation of structures and
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dynamics. Moreover, we discuss the development of liquid cell platforms and the introduction of
machine-learning data processing for quantitative and objective LPTEM analysis.

1. INTRODUCTION

The liquid phase serves as a native environment for many material and chemical reactions. In lig-
uids, solvent molecules dynamically interact with suspended materials, evolving unique structural
characteristics that are closely related to their function (1, 2). Furthermore, many fundamental
reactions, including syntheses, phase transformations, and surface reactions, occur in liquids. Pre-
cisely controlling these reactions can substantially improve the fields of catalysis, sensing, coating,
and energy applications. Therefore, an analytical method that enables in situ investigation of ma-
terial structures and dynamics in liquid can provide both fundamental and practical insights for
chemistry, physics, and biology.

Liquid-phase transmission electron microscopy (LPTEM) is a promising tool that provides
sufficient temporal and spatial resolution to investigate liquid-phase chemical events in situ
(3-5). In LPTEM, liquid specimens are hermetically sealed in a nano-sized cell and safely
introduced into transmission electron microscopy (TEM). The overall thickness of the lig-
uid cell is typically less than a few hundred nanometers, enabling LPTEM to maintain the
high resolution of conventional TEM. Combined with state-of-the-art TEM detectors (6, 7),
LPTEM can capture liquid-phase chemical events at less than subnanometer and millisecond
resolutions.

Since its first demonstration in 2003 (8), LPTEM has uncovered the underlying mechanisms
of various liquid-phase chemical phenomena. For example, morphological changes in inorganic
nanomaterials such as growth, etching, and assembly have been studied intensively via LPTEM
(9). With the development of microelectromechanical systems, external stimuli including liquid
flow, electrical bias, and heating have been successfully implemented to study electrochemical and
catalytic systems via LPTEM. The intrinsic structures and dynamics of soft materials, such as syn-
thetic polymers, metal-organic frameworks (MOFs), and biomolecules, have also been observed
directly via LPTEM (10).

LPTEM has helped resolve fundamental questions of chemistry and biology, and further ad-
vances in LPTEM technology to provide more precise and reliable examinations are underway.
The high-energy electron beam of TEM can potentially alter a liquid from its intact state. There-
fore, minimizing the electron-beam effect or exploiting it to induce the chemical reaction of
interest is of utmost importance in the current LPTEM field. Moreover, LPTEM must pro-
vide subnanometer- or atomic-level information on material structure and dynamics for efforts
to engineer material structures at the atomic level. Finally, development of methods that en-
sure reproducible imaging conditions and unprejudiced data interpretation can further improve
LPTEM.

Herein, we elucidate LPTEM’s contribution to the fields of chemical and biological engineer-
ing and highlight recent advances in LPTEM that address the aforementioned challenges. After
introducing the LPTEM technique and its applications, we present efforts to manipulate the elec-
tron beam during LPTEM investigation to either suppress unwanted reactions or stimulate de-
sired reactions. We also discuss LPTEM studies to resolve material structure and dynamics at the
near-atomic scale. Finally, we introduce advanced LPTEM designs and automated data analysis
for quantitative and objective LPTEM.
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2. LIQUID-PHASE TRANSMISSION ELECTRON MICROSCOPY:
METHODS AND APPLICATIONS

TEM is a high-resolution microscopic method using an electron beam. In TEM, the electron
beam is generally accelerated with a voltage of 60-300 kV, shortening its wavelength to a few
picometers. Consequently, the maximum achievable resolution of the microscope also reduces to
a sub-angstrom level (11). The accelerated electron beam is focused on the specimen and scattered
by the individual atoms during transmission. The scattering results in a phase shift of the electron
beam, which contains information about the local charge density of the specimen.

"To minimize electron-beam scattering other than that of the specimen, ultrahigh-vacuum con-
ditions (<10~* Pa) must be maintained in TEM. However, liquid evaporation could easily break
the ultrahigh-vacuum conditions. Along with the evaporated molecules, the liquid specimen itself
and the liquid-encapsulating materials can all cause multiple scattering and deteriorate the image
resolution (4, 12, 13). Therefore, sample loading methods that can completely enclose a liquid
sample with minimal thickness are required to realize LPTEM.

With the development of microfabrication and thin-film technologies, modern LPTEM uses
a closed-cell approach to safely seal liquid specimens while achieving minimal resolution loss. A
liquid specimen is sandwiched between two windows with an overall thickness typically below a
few hundred nanometers. Mechanically strong, electron beam-transparent materials such as SiN,,
graphene are used as windows (8, 14). Because the window is composed of light elements with
thicknesses typically less than 50 nm, the unwanted electron-beam scattering by the window is
minimized.

Commercial LPTEM platforms are based on Si-chips with tens-of-nanometers-thick SiN,
windows (8) (Figure 14). In general, the liquid specimen is enclosed by two Si/SiN,. chips, with
SiN, windows vertically aligned to provide a path for the electron beam. In addition, a metal
spacer or an O-ring is installed to ensure complete sealing and to control liquid thickness. A
spatial resolution of nanometer scale is easily achievable in this platform, owing to the reduced
thickness of windows and the encapsulated liquid. The Si/SiN, platform can micropattern sophis-
ticated architectures, including fluid channels, electrodes, and heating elements in the liquid cell,
enabling operando LPTEM studies. A closed liquid cell using two sheets of graphene (graphene
liquid cell, or GLC) provides notably high spatial resolution compared to the Si/SiN, platform
owing to its few-atom-thick window (14, 15) (Figure 1b). Given its high mechanical strength,
high impermeability, and strong interlayer interaction, graphene can perfectly encapsulate liquid
specimens without need of spacer material (16, 17). Although GLC lacks commercial availability,
its fabrication could be performed easily in the laboratory and imaged with a conventional TEM
holder (18). Furthermore, installation of an external stimuli such as liquid flow in GLC has been
demonstrated recently (19). We also note that a low—vapor pressure liquid (e.g., ionic liquid) can
withstand the vacuum conditions of TEM, thus allowing observation without any encapsulation
methods (20) (Figure 1¢). Although this open cell approach has limited liquid choices, it provides
spatial resolution similar to that of dry-state TEM.

LPTEM continuously records the dynamic processes of nanomaterials in their native con-
ditions, whereas other TEM-based methods, such as dry-state TEM and cryogenic TEM
(cryo-TEM), can capture only snapshots of nanomaterials in a dried or vitrified state. Moreover,
conventional TEM-based analyses, specifically electron diffraction, high-resolution imaging,
energy dispersive X-ray spectroscopy (EDS), and electron energy loss spectroscopy (EELS), are
readily compatible during LPTEM imaging. In the following sections, we briefly summarize the
contributions of LPTEM in various fields of chemical and biological engineering.
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2.1. Nanoparticle Growth

Understanding nanomaterial growth is essential for controlling property-related structural char-
acteristics, such as size, morphology, and atomic arrangements of nanomaterials. LPTEM has
been used consistently to observe nanoparticle growth mechanisms (8, 9, 21). The electron beam
was used to create a liquid environment that contained highly reductive species (Section 3.1),
which induced nanoparticle growth from the precursor solution (22). Consequently, the growth
dynamics of various metal nanoparticles were visualized successfully via LPTEM (23-27). The re-
sults demonstrated that nonclassical growth processes coexisted with the classical growth process
of monomer attachment (28). For example, direct observation of Pt nanoparticle growth revealed
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Figure 1

(a—c) Schematic illustration of a (#) Si/SiN,; platform, () graphene liquid cell, and (c) open cell platform for LPTEM. (d) Nonclassical
growth pathway of Au nanoparticles including spinodal decomposition, nucleation, and crystallization. (¢) Nonclassical growth pathway
of a Pt nanoparticle via coalescence. (f) Formation of high-index surfaces during kinetically driven etching of a Au nanorod. (g) Local-
site-specific etching trajectory of a Pt icosahedron and nanocube. (b)) Brownian motion of nanoparticles observed in LPTEM. (7) Three-
dimensional self-assembly of Au nanoprisms in LPTEM (¢0p) and disorder-to-order transition during self-assembly (borom). (j) Electric
field distribution in the electrochemical LPTEM and Li plating/stripping dynamics during the first and second cycles. (k) Solution-
phase growth trajectory of toroidal Li; O; in Li-O; battery. (J) Structural degradation including aggregation of Pt-Ni alloy catalysts
during electrochemical potential cycling. (#2) Structural evolution of Cu; O nanocubes in CO; reduction reaction—relevant condition.
(n) Individual rotavirus double-layered particles diffusing in liquids. (o) Formation process of block copolymer vesicles via amphiphilic
self-assembly. Abbreviations: CE, counter electrode; IL, ionic liquid; LPTEM, liquid-phase transmission electron microscopy; PC,
propylene carbonate; RE, reference electrode; WE, working electrode. Figures reproduced or adapted from the following with
permission: (b,e) Reference 14, copyright 2012 American Association for the Advancement of Science (AAAS); () Reference 20,
copyright 2010 AAAS; (d) Reference 27, copyright 2017 Springer Nature; (f) Reference 46, copyright 2016 AAAS; (g) Reference 49,
copyright 2017 American Chemical Society (ACS); (h) Reference 62, copyright 2020 ACS; (i) Reference 70, copyright 2020 Springer
Nature; (5) Reference 75, copyright 2015 ACS; (k) Reference 80, copyright 2019 ACS; (/) Reference 87, copyright 2019 Royal Society
of Chemistry; (7) Reference 90, copyright 2020 Springer Nature; () Reference 92, copyright 2015 Royal Society of Chemistry;

(0) Reference 102, copyright 2019 Springer Nature.
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that the coalescence of presynthesized nanoparticles occurred concurrently with monomeric
attachment (23). Au and Ag nanoparticle formation was achieved via a multistep process involving
spinodal decomposition, formation of intermediate amorphous particles, and final crystallization
(27) (Figure 1d). Studies to mechanistically understand coalescence have also been conducted via
LPTEM (29-31). During coalescence, lattice alignment and structural reconstruction, known as
the oriented attachment process, were observed for various nanoparticles (14) (Figure 1e). The
coalescence behaviors dependent on the orientation between the nanoparticles and the surface
ligands were also investigated (32-35).

Nanoparticle growth has been studied via LPTEM for more than a decade, and observations
on the growth of oxides, alloys, core-shell nanoparticles, and multiply twinned nanoparticles as
well as growth by galvanic replacement have been reported (29, 30, 36-38). Moreover, complex
systems including heterogeneous core-shell growth and temperature-dependent growth behavior
have been investigated directly in flow-type or temperature-controlled LPTEM (39, 40).

2.2. Nanoparticle Etching

Etching is an effective top-down approach for synthesizing nanomaterials with desired morpholo-
gies (41). Furthermore, wet chemical etching is an important step in semiconductor fabrication.
LPTEM can investigate the overall and local site etching kinetics of nanomaterials in nanoscale
(42). Both oxidative and reductive etching conditions for nanomaterials have been achieved in lig-
uid cells. When the electron beam was irradiated onto a metal nanoparticle suspended in a metal
halide solution of FeCl;, an oxidant from a reaction between Fe(IIT) and electron beam—generated
Cl,-~ radical etched the nanoparticle (43). Conversely, for aqueous solutions containing reducible
oxides, the surface reduction of metal oxides by the electron beam resulted in reductive etching
(44, 45).

Tracking the single-nanoparticle etching dynamics in LPTEM revealed the evolution of the
kinetically driven morphology. Observations of Au nanorods and nanocube etchings in concen-
trated FeCl; solution confirmed the generation of nonequilibrium structures during etching that
were intermediate nanocrystals composed of high-index surfaces (46) (Figure 1f). A similar study
showed that Au nanocubes were transformed into different {hk0}-faceted nanocrystals when the
etchant concentration was controlled (47). These findings provided a fundamental background
for the synthesis of complicated nanostructures via kinetically driven etching pathways.

It was also determined via LPTEM that the etching was highly sensitive to the local structure
of the nanoparticles. The etching kinetics dependent on the position of the surface atoms were
observed during Pd and Pt nanoparticle etching (48,49) (Figure 1g). Analysis of CeO, nanocrystal
etching revealed that etching depended significantly on surface structure (45). Other factors that
caused the anisotropic etching of nanomaterials, such as surface ligands, diffusion rate, and atomic
compositions, were also confirmed via LPTEM (42, 50, 51).

2.3. Nanoparticle Diffusion and Self-Assembly

Investigating nanoparticle motions in a nano-confined medium provides fundamental insights
into nanoparticle applications in nano- and microfluidics (52). Particle motion in bulk medium
is generally interpreted as Brownian motion. However, the nanoparticle motion analyzed in a
confined system of LPTEM significantly deviated from Brownian motion, indicating the effect of
the interaction between the nanoparticles and surroundings (53-56). Furthermore, in LPTEM,
the measured diffusion coefficients of nanoparticles were typically in the range of 0.1 to 10 nm?*/s,
at least six orders of magnitude smaller than that estimated in bulk medium using the Stokes—
Einstein equation (12, 54, 57-59). LPTEM showed that nanoparticle diffusion dynamics depended
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on liquid thickness, surrounding materials, and electron-beam irradiation (60, 61). Anomalous
surface diffusion of nanoparticles in the Si/SiN, platform was directly understood as a result of
the electron beam-mediated electrostatic interaction between the nanoparticles and the window
(53-59). In less-confined liquid cells, nanoparticles located several micrometers away from the
SiN, window exhibited Brownian motion with a diffusion coefficient similar to that estimated by
the Stokes—Einstein equation (62) (Figure 15).

When diffusing nanoparticles come into proximity with each other, attractive interparticle
interactions induce nanoparticle self-assembly. The mechanism and the governing interaction
of the self-assembly process were identified via LPTEM. LPTEM studies confirmed that the
self-assembly of isotropically shaped nanoparticles can be driven by external convection (63) or
nanoparticle-nanoparticle interactions (e.g., van der Waals, electrostatic, or magnetic dipole in-
teractions) (64-66). Interestingly, characteristics of nonclassical crystallization, such as the co-
alescence of assembled nanoparticles and formation of disordered aggregates prior to periodic
self-assembly, were observed during the self-assembly process (63, 66, 67). In addition, directional
self-assembly behaviors were observed during the self-assembly of anisotropic nanoparticles, gov-
erned by their morphological anisotropy and surface ligand distribution (68, 69). Recently, ob-
servations of self-assembly dynamics at the 3D level have also been reported (70, 71). Ou et al.
(70) observed the 3D assembly of Au nanoprisms in a thick liquid cell, elucidating the formation
of an amorphous intermediate and the subsequent disorder-to-order transition that resulted in a
micron-sized superstructure (Figure 13).

2.4. Battery Systems

Understanding the structural changes during electrochemical reactions in battery systems is
essential to improve battery performance. Huang et al. (20) proposed in situ electrochemical
LPTEM with an open cell system composed of an ionic liquid electrolyte and directly ob-
served the lithiation behavior of the SnO; nanowire. Open cell-type LPTEM has been used
to investigate the phase transition and volume change of alloy-type nanowire anodes during
lithiation/delithiation (72-74). However, the open cell approach can allow only a point contact
between the electrode and electrolyte and therefore incompletely mimics the actual battery
system in which the liquid electrolyte covers the electrode. Alternatively, the electrochemical
LPTEM based on the Si/SiN, platform fully immerses the electrode in the liquid electrolyte.
In this platform, liquid-phase phenomena, such as solid-electrolyte interphase (SEI) formation
and the reaction at the electrode—electrolyte interface during the charge/discharge process, were
examined. For example, the formation dynamics, structure, and elemental composition of the SEI
of various electrodes were analyzed (75-77). For Li metal batteries, Li plating/stripping dynamics
and the formation dynamics of Li dendrites have been actively studied (75-78) (Figure 1j).
Moreover, mechanisms of the surface- and solution-phase discharge reaction in the Li-O, battery
system were investigated via LPTEM (79, 80) (Figure 1k).

2.5. Catalysis

Investigating structural change of catalysts in the reaction environment is crucial for identifying
and avoiding the structural degradation of active sites. Whereas ex situ TEM techniques such
as identical location TEM had been applied to analyze structural change in catalysts after reac-
tion (81), LPTEM provided real-time monitoring of structural evolution of catalysts during the
reaction. Si/SiN, platforms equipped with multiple electrodes were used extensively to simul-
taneously investigate the structural changes in electrocatalysts along with their electrochemical
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responses (82, 83). Furthermore, in situ monitoring of photocatalysts was also accomplished in
LPTEM accompanied with a light source (84, 85).

The structural evolution of nanomaterials that catalyze electrocatalytic reactions, including
the oxygen reduction reaction (ORR), oxygen evolution reaction (OER), and CO, reduction re-
action (CO,RR), was visualized successfully via LPTEM (86-90). For ORR catalysts such as Pt
nanoparticles and Pt-X (X = Fe, Ni, etc.) alloy nanoparticles, LPTEM observations confirmed
that degradation mechanisms depended on the catalyst location according to the electrode, alloy
components, and operating voltage (86, 87) (Figure 1J). Structural change in the Co;Oj4 catalyst
in the OER-active environment revealed that the amorphized cobalt oxide evolving during the
OER cycle acted as the active site (88). In addition, the structural evolution of Cu, O nanocubes
under CO,RR relevant environments was also observed via LPTEM (90) (Figure 1mz).

2.6. Organic and Biomolecular Systems

Advances in performing LPTEM imaging under low—electron beam doses have stretched the
capabilities of LPTEM in investigating soft materials. Understanding the structural diversity of
individual macromolecules and how they develop into high-level structures in concentrated states
remains a challenge. LPTEM has allowed direct observation of the intrinsic structure and dy-
namic behaviors of living and organic molecules. DNA strands, proteins, viruses, bacteria, and
synthetic polymers were visualized in their native liquid state at the single-molecule level (10, 91—
96) (Figure 1n). Use of flow-type liquid cells led to real-time observation of biomineralization by
liquid mixing, enabling a mechanistic understanding of this process in iron oxide, calcium oxalate,
and hydroxyapatite (97-99). These LPTEM studies revealed that the mineralization mechanisms
involved the aggregation of prenucleated amorphous clusters and subsequent transformations into
the crystalline phase. Additionally, reactions occurring in polymer solutions, such as polymeriza-
tion, micellization, and self-assembly of synthetic polymers, were observed in LPTEM (100-102)
(Figure 1o). These results provided mechanistic insight into the formation of functional polymeric
nanostructures and important biological hierarchical structures. Furthermore, LPTEM was used
to investigate the structural evolution of MOFs by directly monitoring their nucleation, growth,
and phase transition (103, 104).

3. ELECTRON-BEAM CONTROL IN LPTEM

LPTEM observations always involve irradiation of a high-energy electron beam (typically
>200 kV of acceleration voltage), which can affect solution chemistry and interact with
suspended samples in many ways. For example, the electron beam can induce a structural change
of suspended specimen, generate reactive species in the liquid, or alter the electronic state of
transmitted materials. These electron-beam effects can be the origin of unwanted artifacts that
prevent creating realistic environments during LPTEM imaging. This section briefly covers
electron-beam chemistry in LPTEM that serves as a fundamental background to manipulate
the electron beam-liquid interaction and properly design LPTEM experiments (10, 22, 105).
In addition, recent approaches to control the electron-beam effect in various systems, by either
suppressing or beneficially utilizing electron-beam effects, are presented.

3.1. Interactions Between the Electron Beam and Liquid-Phase Specimens

In LPTEM, the electron beam collides elastically or inelastically with the suspended sample, win-
dows, and liquid media during transmission, altering the physicochemical state of the specimen
in various ways (10, 22, 105, 106). Knock-on damage is the displacement or removal of individual
atoms of the specimen via the high-angle elastic scattering of a primary electron. Knock-on
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damage depends on the acceleration voltage and the atomic mass of the colliding atom. More-
over, subsequent inelastic scattering of primary electrons emits secondary electrons, accompanied
by the energy transfer to the specimen. This induces radiolysis of the specimen, which consists
of bond breakage, structural degradation, and mass loss. The extent of radiolysis is proportional
to the cumulative electron-beam dose and becomes more severe under low-acceleration volt-
age conditions. In addition, for SilN, windows, both elastic and inelastic scattering can create
localized electrostatic charges (106). This charge imbalance induces local electric fields in the
SiN, windows, influencing nanoparticle motion (53, 54). The transferred energy during inelastic
scattering can also generate heat (107) but is considered generally to be a minor artifact.
Particularly in LPTEM, the electron beam interacts with liquids and triggers radiolytic reac-
tions. For pure water, the primary products of the radiolytic reactions involve OH., e™,, H-, Hy,
H,0,, H;O0%, and HO,- (108). Notably, after the incident electron-beam exposure, the primary
species rapidly reaches steady-state concentration within microseconds. The species’ steady-state
concentration value depends highly on the electron-beam dose rate and initial chemical condi-
tions. When the initial pH is greater than 3, the electron beam gradually shifts the pH to 3, mak-
ing the solution acidic. Therefore, to accurately design an LPTEM experiment, one must first
define the chemical environment of the liquid medium in electron beam—irradiated condition.
For instance, Park et al. (25) calculated electron-beam effects for aqueous solutions containing
chloride ions to understand the electron beam—dependent growth of Au nanoprisms (26).

3.2. Minimizing Unwanted Electron-Beam Effects for Imaging
Beam-Sensitive Materials

Materials composed of light elements or weak chemical bonds or with low mechanical strength
typically have poor tolerance to electron beams. This category includes polymers, biomolecules,
MOFs, and electrolytes in battery systems. In particular, direct radiolysis causes substantial damage
to these materials, leading to permanent changes in their local structures. Moreover, the reactive
radiolytic species formed in a liquid environment can react with the suspended material, especially
for materials with high surface exposure and biomolecules. Therefore, there is a growing need to
mitigate electron-beam effects during LPTEM observation.

In general, radiation-sensitive materials exhibit substantial structural degradation via electron
beam in the accumulated dose range of a few electrons to ~10? electrons per angstrom square
(10, 105). The most straightforward way to minimize the electron-beam effect during LPTEM
imaging is to perform the imaging under low-dose conditions. Dearnaley et al. (94) visualized
the early stages of phage attachment to bacterial hosts in their native liquid environment over
a total dose range of 10-20 e/A2, Pulse irradiation of an electron beam is another way to reduce
the cumulative dose, which Touve et al. (100) employed successfully to visualize polymerization-
induced self-assembly of spherical micelles (Figure 24). However, reducing the electron-beam
dose deteriorates the signal-to-noise ratio (SNR) of the image, which could cause serious problems
when imaging materials composed of light elements (109). In this case, direct electron detectors
enable successful low-dose imaging with sufficient SNR (Section 4.1) (7).

Graphene can also remarkably reduce the electron-beam effect by suppressing radiation
damage and scavenging hydroxyl radical species (95, 110, 111). Keskin & de Jonge (95) observed
microtubule proteins in a GLC and demonstrated that graphene had a higher dose tolerance
compared to cryo-TEM (Figure 2b). Other techniques to alleviate the electron-beam effect are
the use of buffered saline, D, O, or a radical scavenger to decrease the perturbation of solution
chemistry by electron beam-generated species (96, 112-115) (Figures 2¢—e). Synthetic polymers
and organic materials are often soluble in organic solvents. Although some organic compounds,
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including alcohols or formate anions, can act as an effective radical scavenger for OH- and H-
(10, 114), further studies regarding electron-beam interactions with organic solvents are needed.

Along with various approaches to reduce electron-beam effects, validation processes using cor-
relative experiments have also been conducted to quantify electron-beam damage and prove the
absence of electron-beam effects (102, 116-118). He et al. (99) reported a mineralization pathway
of hydroxyapatite in which classical and nonclassical nucleation coexist. By performing cryo-TEM
experiments at different times and pH values, they elucidated that the electron beam did not alter
the observed nucleation process. Touve et al. (119) used matrix-assisted laser desorption ioniza-
tion imaging mass spectrometry to search for nondamaging dose conditions for observing peptide
self-assembly.

3.3. Electron Beam-Guided Chemical Processes in LPTEM

Contrary to viewing the electron-beam effects as problematic, the electron beam can be used
beneficially to control the chemical environment in LPTEM and stimulate the material dynamics
of interest. Indeed, numerous LPTEM studies have examined nanoparticle growth by using
solvated electrons to reduce metal precursors or nanoparticle etching by using an electron
beam—generated etchant (Sections 2.1 and 2.2). Because the dose rate is directly related to the
extent of the reactive species, tuning the dose rate can drive different growth kinetics and reveal
important growth-determining factors (25, 26). For example, the relative proportion of different
radiolysis products depends on the dose rate, which could direct the reaction toward either
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(@) Different transformation behavior of Au nanorods under different electron-beam dose rates. (b) Particle
size distributions (top) and eccentricity distributions (bottor) of AuCu nanocrystals synthesized under
different electron-beam dose rates. (c—¢) Time-series degradation behavior of various Li-salt-containing
electrolytes in LPTEM. (f) Time-series LPTEM images of hydrogen bubbles preferentially generated at
the {110} surfaces of TiO; nanorod. Abbreviations: DMC, dimethyl carbonate; EC, ethylene carbonate;
LPTEM, liquid-phase transmission electron microscopy. Figures reproduced or adapted from the following
with permission: () Reference 108; copyright 2014 American Chemical Society (ACS); (b)) Reference 120,
copyright 2021 ACS; (c—e) Reference 121, copyright 2014 ACS; (f) Reference 85, copyright 2019 Elsevier.

nanoparticle growth or etching (108) (Figure 34). Recently, Wang et al. (120) investigated the
different growth behaviors of AuCu nanocrystals from a metal thiolate precursor with varying
dose rates from 7.3 to 210 MGy/s (Figure 3b). They elucidated that preserving the metal thiolate
complex from oxidation was important to obtain nanocrystals with high Cu content. In addition,
tuning the dose rate changes the distribution of charged functional groups on SiN, windows,
and thus different types of anomalous nanoparticle diffusion near the window were investigated
directly when the dose rate was controlled between 2 and 49 e~/A2:s (60).

Electron beam—guided chemical processes can create a model system to investigate Li-ion
batteries and photocatalysis. Li-containing electrolytes are prone to electron beam-induced
radiolysis. Interestingly, the mechanism and the product of electron beam-induced electrolyte
degradation were quite similar to the breakdown in those of an actual battery system, featuring
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LPTEM as a platform to test the stability of Li-containing electrolytes (121) (Figures 3c—e). In
addition, Zheng and colleagues (84) used a low-dose electron beam as a light source and observed
the facet-preferential generation of H, bubbles on TiO,; nanorod, demonstrating beam-induced
pseudophotocatalytic water splitting (Figure 3f).

4. HIGH-RESOLUTION LPTEM OF NANOMATERIAL DYNAMICS
AND STRUCTURES IN LIQUID

Various nanoscale phenomena in chemical and biological engineering have been successfully
visualized via LPTEM, as summarized in Section 2. However, underlying mechanisms of many of
those studies require understanding nanomaterial structure and dynamics in liquid with atomic-
scale resolution. With advances in liquid-cell fabrication techniques and TEM instruments,
investigations of liquid-phase dynamics and structures of nanomaterials below subnanometer
resolution are constantly being reported. This section addresses the instrumental requirements
to achieve atomic resolution in LPTEM and introduces the scientific progress achieved using
atomic-scale LPTEM imaging.

4.1. Prerequisites for Enhancing Resolution in LPTEM

The spatial resolution of LPTEM (d,yr) can be expressed as follows, where ds,, is the resolution
obtained at the Scherzer focus, dsvg is the SNR-limited resolution, d7py,. is the chromatic
aberration-limited resolution, and dy,, is the resolution affected by the electron-beam blurring
(122):

— 2 2 2 2
dovemll = \/ d&b + dSNR + dTEMa- + dblur'

Because multiple factors determine dyyq, the criteria listed below should be considered
collectively to enable atomic-resolution LPTEM imaging.

4.1.1. Reducing liquid cell dimensions. Theoretically, the phase contrast information on
transmitted electrons that enables high-resolution imaging can be collected only when the sample
thickness is smaller than half of the electron-mean free-path length (~170 nm in water, and under
200 kV acceleration voltage) (12, 122). Therefore, reducing the overall liquid cell thickness is the
most straightforward method to achieve atomic resolution. Precise control of the thickness has
been demonstrated via use of a specialized liquid cell design (123, 124). Thin and mechanically
strong windows, including graphene, MoS,, carbon film, and ultrathin (~10-nm) SiN,, have been
used to improve resolution (14, 35, 125, 126). Reducing the window thickness increases the SNR
while suppressing electron-beam energy distribution broadening and blurring the electron beam,
therefore reducing the dsyg, dreyve, and dj,,, respectively (13). However, window bulging owing
to the pressure difference is severe for thin windows, which deteriorates the image resolution by
increasing the liquid thickness (127). To avoid this, reducing the lateral dimensions of the window
should be considered when using a thin window (13).

4.1.2. Application of direct electron detectors. The simplest way to improve SNR is to in-
crease the electron-beam dose rate. However, as mentioned above, caution should be exercised
when increasing the dose rate, as it can promote unwanted electron-beam effects. The applica-
tion of direct electron detectors (DEDs) can significantly enhance the SNR without increasing
dose rate (128, 129). Compared to conventional charge-coupled device detectors that sequentially
convert collected electrons to photons and to electric signals, DEDs directly convert incoming
electrons into electric signals, providing a high detective quantum efficiency value (above 0.2 at
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Nyquist limit) (7). Furthermore, DED temporal resolution can reach below 1 ms. This fast data-
acquisition ability enables the capturing of millisecond time-resolved liquid-phase dynamics with
megapixel resolutions.

4.1.3. Application of spherical aberration—corrected TEM. Reducing the spherical aber-
ration value (C;) of the microscope directly reduces the dg,;. Modern TEM equipped with C,
corrector can improve the image resolution to less than 0.08 nm (4). Therefore, LPTEM imaging
with Cs-corrected TEM can be advantageous when the contribution of ds,, is dominant over other
resolution components, especially when imaging thin liquid specimens such as GLC.

4.1.4. Other imaging factors. Sample position in the liquid cell can also affect resolution. The
best resolution can be achieved when the sample is placed in the bottom window because un-
wanted broadening of the electron beam is minimized (130). Increasing the acceleration voltage
and controlling the dose rate can have a beneficial effect on reducing the chromatic aberration
but should be adjusted carefully to minimize knock-on damage.

4.2. Atomic-Resolution Structural Dynamics in Liquid Observed via LPTEM

Atomic-scale structural dynamics of nanomaterials have been investigated successfully with the
advancement of LPTEM. One of the major accomplishments is the atomic-scale identification of
the nonclassical crystallization of nanoparticles. In classical crystallization theory, the supersatura-
tion of atomic monomers directly forms crystalline nuclei (28). However, recent high-resolution
LPTEM studies have revealed that the precipitation of the amorphous phase exists before crys-
tallization. Investigation of the crystallization of Ni nanocrystals using GLC and aberration-
corrected TEM showed that the amorphous phase was formed in the precursor solution and
then crystallized (131) (Figure 44). The presence of multiple crystallizations in single amor-
phous aggregates rationalized the formation of multi-grained nanocrystals via amorphous phase—
mediated crystallization. Several studies have also reported the involvement of condensed atomic
clusters during crystallization (132, 133). Dachraoui et al. (133) observed the crystallization of
Au nanocrystals in atomic scale and confirmed the prenucleation of metal-rich condensed clus-
ters prior to nanoparticle crystallization. By utilizing GLC combined with aberration-corrected
scanning transmission electron microscopy (STEM), the image resolution at angstrom level was
achieved in this study. The initially condensed clusters generated poorly crystallized nanoparticles.
Crystallization was then preceded by the subsequent release and consumption of the condensed
metal clusters, which resulted in the development of single-crystalline domains (Figure 4b,c).
During nanoparticle growth, important structural characteristics, including surface facets and
grain boundaries, evolve in a single nanoparticle. However, the mechanism by which these struc-
tural features develop during nanoparticle growth is unclear. Liao et al. (125) used DED and an
ultrathin SiN, window to investigate Pt nanoparticle growth under millisecond temporal resolu-
tion and subnanometer spatial resolution (125). Pt nanoparticles had similar growth rates along
different crystallographic directions of {100}, {011}, and {111} until they reached a critical size of
~5 nm (Figure 4d.e). After reaching a substantial size, the growth rates of individual surfaces
differed owing to the facet-dependent mobility of the organic ligands. Song et al. (134) investi-
gated the atomistic mechanisms of twin grain boundary formation (Figure 4f~n). To ensure suffi-
cient spatial resolution, the nanoparticle solution was drop-casted on a TEM grid. The electron-
beam irradiation on the unsealed Au nanoparticle solution decomposed the solvent molecules and
induced an oriented attachment of Au nanoparticles. The absence of a top window enabled in
situ imaging with atomic resolution. During the oriented attachment process, they identified two
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(@) Time-series transmission electron microscopy (TEM) images of a Ni nanocrystal crystallized via an amorphous phase-mediated
pathway. (b,c) Liquid-phase scanning transmission electron microscopy (STEM) of the Au nanoparticle crystallization process. The
polycrystalline Au () expels a condensed cluster cloud and () subsequently intakes the cluster cloud to generate single-crystalline
nanocrystal. (d) Facet development of a Pt nanocube viewed along the [100] axis and (¢) distances from the nanocrystal center to each
surface according to the observed time. (f~) Formation mechanism of fivefold-twinned Au nanoparticles by (f~4) oriented attachment,
atom diffusion, and (i—7) formation and decomposition of high-energy grain boundary. Figures reproduced or adapted from the
following with permission: (#) Reference 131, copyright 2019 American Chemical Society (ACS); (b,c) Reference 133, copyright 2021
ACS; (d,e) Reference 125, copyright 2014 American Association for the Advancement of Science (AAAS); (f~n) Reference 134,
copyright 2020 AAAS.

different pathways to form fivefold-twinned nanocrystals: formation via decomposition of high-
energy grain boundaries and via partial dislocation slipping.

In addition to the investigation of inorganic nanoparticles, high-resolution observation of soft
material dynamics was also achieved via LPTEM. Nagamanasa et al. (91) used GLC to image
the dynamics of individual polymer molecules in aqueous solutions, without any labeling of metal
species. The conformational motions of single polystyrene sulfonate, poly(ethylene oxide), and
single-stranded DNA chains were visualized in GLC at the molecular level (91, 93, 96).
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4.3. Three-Dimensional Atomic Structure of Single Particles in Liquids

Resolving the 3D location of individual atoms in a single particle is the ultimate step in determin-
ing its native structure. Although various methods had been used to investigate the 3D structure
of nanomaterials (135-137), methods that enabled atomic-scale 3D structural analysis of nanoma-
terials in native liquid were limited. Cryo-TEM was recognized as a powerful method to obtain
3D structures of biological samples in a vitrified ice (138). Inspired by this Nobel Prize-awarded
technique, recent LPTEM studies have verified the 3D atomic structure of individual particles in
a liquid environment.

Kim etal. (139) developed a Brownian one-particle reconstruction method to determine the 3D
atomic arrangement of a single Pt nanoparticle in a liquid. Herein, thousands of atomic-resolution
TEM images of a Pt nanoparticle intrinsically rotating in GLC were obtained via employment
of DED. The images were processed computationally to correct image drift, remove background
scattering, and improve the SNR (140). Finally, a reconstruction algorithm was applied to gener-
ate 3D electron density maps of individual 8 Pt nanocrystals with an average atomic displacement
of £19 pm (Figure 54,b). Notably, nanoparticles synthesized from the same batch were hetero-
geneous in their structural features, including crystallinity, defects, dislocations, and strains. Fur-
thermore, the interatomic distances increased gradually against the bulk lattice parameter as the
atomic positions approached the surface, rationalized by surface ligand effects (Figure 5¢). Al-
though this 3D reconstruction analysis via cryo-TEM is applicable only to molecules that share
identical structures, this method can obtain 3D atomic structures of individual nanoparticles that
are structurally inhomogeneous.

Three-dimensional reconstruction of homogeneous biomolecules was also achieved in
LPTEM, providing structural information related to the real-time dynamics of biomolecules. Jon-
aid et al. (141) used LPTEM to demonstrate the single-particle reconstruction of human adeno-
associated viruses. Using DED, they performed low-dose imaging (cumulative dose of 20 ¢~/A2)
to minimize structural degradation of samples and obtained high-resolution images (pixel reso-
lution of 1.01 A) at high frame rates (40 fps) (Figure 5d). Single-particle LPTEM reconstruction
with a structural resolution of 3.22 A revealed the detailed structure of a flexible surface loop that
was unresolved in cryo-TEM-based structural identification (Figure 5e). The natural motions of
biomolecules in the liquid phase could limit the resolution of their reconstructed structures, but
the dynamic perspectives of liquid-suspended structures can be obtained only in LPTEM-based
reconstruction, which will provide important discoveries related to their functional performance.

5. METHODS FOR QUANTITATIVE LPTEM

In general, nanomaterials are characterized in ensemble when bulk techniques such as spec-
troscopy are used. Compared to these ensemble analysis methods, LPTEM is inherently limited
in the low sampling statistics because it is common to record single events or trajectories. There-
fore, multiscale observation of chemical processes provided by LPTEM will be scientifically more
acceptable when statistical information on the localized phenomena is obtained via unbiased data
collection methods. To address this, advanced liquid cell designs have been developed to acquire
plentiful LPTEM data sets under a defined liquid environment and with reproducible experi-
mental methods. Moreover, software-based developments aim to objectively and rapidly process
a large amount of in situ data sets through image-processing algorithms.

5.1. Reproducible and Massive Data Acquisition in LPTEM

Statistical and quantitative LPTEM requires the acquisition of excessive data sets in an identi-
cal liquid environment. However, conventional liquid cells based on GLC and Si/SiN,, platforms
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Figure 5

(#,b) Three-dimensional density maps (/eft) and corresponding atomic position maps (right) of a () single-
crystalline Pt nanocrystal and (b) nanocrystal with dislocation, obtained by Brownian one-particle
reconstruction method. (¢) Interatomic distances of Pt nanocrystal in panel #, according to various
crystallographic directions. (4) Three-dimensional isosurface density maps of human AAV, obtained by
single-particle LPTEM reconstruction. (¢) Comparison of density maps and rotational views of individual
capsid proteins obtained from cryo-transmission electron microscopy and LPTEM, showing the outer
surface structure achieved with slightly higher resolution in solution than that in vitrified ice. Abbreviations:
AAV, adeno-associated virus; EM, electron microscopy; LPTEM, liquid-phase transmission electron
microscopy. Figures reproduced or adapted from the following with permission: (#—) Reference 139,
copyright 2020 American Association for the Advancement of Science; (d,¢) Reference 141, copyright 2021
Wiley.

present some inherent problems regarding irregular geometry of liquid cells. In GLC, the liquid
pockets typically are formed randomly with respect to population, size, and morphology. There-
fore, generating a sufficient number of observable liquid pockets with consistent geometries is
intrinsically difficult. Various strategies have been proposed to increase GLC reproducibility. Van
Deursen et al. (142) presented a method to increase the low success rate of liquid pocket forma-
tion in GLC through loop-assisted graphene transfer methods. An alternative approach devised
multi-chamber-type liquid cell designs with defined dimensions. These multi-chambered liquid
cells consist of a uniform porous membrane and top/bottom window materials. The porous mem-
brane is manufactured by drilling holes in various materials (e.g., SiN, BN, carbon) with defined
thicknesses via microfabrication techniques (32, 143-147). Hutzler et al. (145) fabricated a SiN,
microwell-type liquid cell with graphene windows (Figure 64). Kelly et al. (146) demonstrated
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(a,b) Multi-chamber-type liquid cells with (#) SiN, and (§) anodic aluminum oxide membranes. (c) Pressure-based liquid thickness
control in flow liquid cells. (d,e) Machine learning for precise and automated (<) in situ image segmentation and (¢) nanoparticle
diffusion classification. Abbreviation: AAO, anodic aluminum oxide. Figures reproduced or adapted from the following with permission:
(@) Reference 145, copyright 2018 American Chemical Society (ACS); (b) Reference 147, copyright 2020 Wiley; (c) Reference 124,
copyright 2021 Wiley; (d) Reference 151, copyright 2020 ACS; (¢) Reference 60, copyright 2021 National Academy of Science.

elemental mapping with EELS and EDS using a GLC equipped with a patterned h-BN spacer.
As an alternative to direct drilling methods, Lim et al. (147) used anodic aluminum oxide mem-
branes to develop a graphene-based chamber-type liquid cell (Figure 65). The large number of
independent nanowells enabled repeatable observations of the same chemical reaction occurring
in multiple chambers, allowing them to collect more than 80 in situ data for quantitative LPTEM
analysis (32).

For Si/SiN, platforms, nonuniform liquid thickness owing to SiN, window bulging hinders the
maintenance of constant experimental conditions. Wu et al. (124) reported a pressure-based liquid
thickness control method using a flow system (Figure 6¢). The internal pressure, determined by
the Laplace and external pressures, can effectively control liquid thickness by adjusting window
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bulging. Thus, by tuning the internal pressure, precise control of the liquid thickness in a range
from 700 nm to as close to 0 nm was achieved. Despite remarkable advances in Si/SiN, platforms,
technological developments are still required to generate sufficient amounts of data sets when
external stimuli such as heating and biasing are introduced.

5.2. Machine Learning-Based Data Analysis for LPTEM

Because modern LPTEM movies are obtained in thousands of megapixel frames for a prolonged
time, tracking of the targeted material dynamics in LPTEM data sets is becoming an extensively
time-consuming and labor-intensive process. Moreover, because multiple factors can contribute
to nanoscale dynamics during LPTEM observation, effectively deconvoluting the factor that pre-
dominantly governs the observed phenomenon is not trivial. Therefore, an automated analysis
method is desirable to avoid analyst subjectivity and to enable reliable data interpretation. In this
sense, machine learning—based data-processing methods have gained considerable attention for
characterizing nanoparticles in numerous in situ data sets.

Machine learning in image processing has been well applied in fields of facial recognition, bi-
ological image segmentation, and electron microscopy image analysis (148-150). For LPTEM,
machine learning can be used to precisely extract the features of the target nanomaterial that are
indiscernible owing to low SNR and image noise from the liquid. This process requires no ar-
tificial setting of values needed for image processing, and instead, model algorithms trained on
diverse data sets mathematically determine the optimal values. Yao et al. (151) demonstrated au-
tomated image segmentation using neural network algorithms to analyze nanoparticle dynamics
(Figure 6d). They trained the algorithms using fewer than 1,000 simulated LPTEM images. This
training data set was generated for various polyhedral-shaped nanoparticles randomly placed on
a SiN, window under various extents of sample—electron interactions, dose rates, and noise lev-
els. The trained algorithms clearly distinguished the nanoparticle edges from the background.
Based on accurate image segmentation, the diffusion, etching, and self-assembly dynamics of the
nanoparticles were analyzed precisely.

In addition to extracting nanoparticle morphology, machine learning can objectively classify
the types of nanoscale dynamics observed in LPTEM. Jamali et al. (60) developed a deep learning—
based method to investigate the anomalous motions of Au nanoparticles in SiN, liquid cells
(Figure 6¢). The neural network model was trained on thousands of simulated short diffusion
trajectories based on continuous-time random walk, fractional Brownian motion for anomalous
diffusion, and Brownian motion for normal diffusion. With the trained model, the dominant dif-
fusion processes for Au nanoparticles moving near the window were statistically classified accord-
ing to the dose rate. Based on the results of electron beam—dependent diffusion motion of Au
nanoparticles, the electron-beam effects on the SiN, window and surrounding liquid medium
were elucidated.

As indicated above, machine learning can be applied readily to improve original image quality,
extract target object information or features, and classify changes in the tracked object’s struc-
tural and dynamic properties. An excessive amount of high-quality training sets for a targeted sys-
tem must be acquired for reliable machine-learning adaptation. Machine learning-based LPTEM
analysis has great potential for application in various fields of chemical and biological engineering.

6. CONCLUSION

LPTEM is an in situ analysis method that directly resolves the structure, dynamics, and reactions
of materials in liquids. Fundamental mechanisms underlying nanoparticle growth and etching,
diffusion and self-assembly, catalysis, energy applications, and soft matter systems have been
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elucidated via LPTEM. LPTEM is emerging as an indispensable tool to multidimensionally
visualize structures and phenomena in their native states. Technological developments, including
controlled electron-beam manipulations, improved spatial and temporal resolutions, and com-
putational data acquisition and analysis methods, advance LPTEM as a reliable and quantitative
method.
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