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Abstract: Liquid phase TEM has attracted widespread
attention in recent years as a groundbreaking tool to address
various fundamental problems in nanoscience. It has
provided the opportunity to reveal many unseen dynamic
phenomena of nanoscale materials in solution processes by
direct imaging through liquids with high spatial and temporal
resolution. After my earlier work on real-time imaging of the
nucleation, growth, and dynamic motion of nanoparticles in
liquids by developing high-resolution liquid phase trans-
mission electron microscopy (TEM) down to the sub-nano-
meter level, | established my own research group at
Lawrence Berkeley National Lab in 2010. My group focuses
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My earlier research focused on oxide thin films. By innovating
the transmission electron microscopy (TEM) thin film sample
preparation technique (with Prof. Salamanca-Riba) during my
Ph.D. study, I was able to achieve high-resolution TEM
imaging of thin films directly after hand polishing without the
need for ion milling, which drastically improved the speed of
sample preparation. It allowed me to prepare and characterize
a large number (350—400) of thin oxide film TEM samples,
which greatly facilitated the research within then the Materials
Research Science and Engineering Center (MRSEC) at
University of Maryland, College Park. In parallel, I did thin
film growth that led to the publication entitled “multiferroic
BaTiO,-CoFe,0, nanostructures” in Science!! (with Prof.
Ramesh and others). These early research and training
profoundly impacted my next research development.

In 2004, T moved to University of California (UC),
Berkeley as a senior Ph.D. student with then my advisor, Prof.
Ramesh. My research at Berkeley was to study the growth
mechanisms of oxide thin film nanostructures using the
advanced electron microscopy facility of National Center for
Electron Microscopy (NCEM) at Lawrence Berkeley National
Lab (LBNL). In the spring of 2006, I completed my research
on oxide thin films!"* including productive collaboration®*!
with Dr. Ulrich (Uli) Dahmen, who was the NCEM director at
that time. Uli asked me to propose a research project outside
of oxide thin films and can take advantage of the Berkeley
outstanding scientific environment. He gently suggested
developing high-resolution TEM capability for imaging of
solid-liquid interfaces of melting liquid alloys. There was a
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solid-liquid interfaces -

on developing and applying liquid phase TEM to investigate
complex systems and reactions. We have studied a set of
scientific problems centered on understanding how atomic
level heterogeneity and fluctuations at solid-liquid interfaces
impact nanoscale materials transformations using advanced
liquid phase TEM. This article describes my personal journey
in nanoscience, highlighting the main discoveries of my
research group using liquid phase TEM as a unique tool.
Some perspectives on the impacts of liquid phase TEM and
the future opportunities in nanoscience and nanotechnology
enabled by liquid phase TEM are also included.

nucleation and growth - electrified solid-liquid

hot paper in Science on imaging of the melting liquid metal
interfaces at high temperature using high-resolution TEM."
But, I only captured part of the suggestion on “developing
high-resolution TEM to image some liquid samples”. It
sounded exotic since all the TEM experiments I knew were
imaging of solid samples.

I enthusiastically started to explore the research possibil-
ities by developing high-resolution TEM for imaging of liquid
samples. In 1944 a liquid cell was developed with nitro-
cellulose film on a platinum frame that enabled encapsulation
of liquids inside the cell.!) Such cell design facilitated the later
development of micro-sized reactors for in situ TEM study of
chemical/physical processes in liquid or oil environments. In
1967, Blech et al. customized the TEM sample holder tip

[a] Materials Sciences Division, Lawrence Berkeley National Labo-
ratory, Berkeley, CA, USA

[b] Department of Materials Science and Engineering, University of
California Berkeley, Berkeley, CA, USA

Correspondence: Haimei Zheng, Materials Sciences Division,
Lawrence Berkeley National Laboratory, Berkeley 94720, CA,
USA.

Email: hmzheng@]Ibl.gov

™ © 2024 The Author(s). Israel Journal of Chemistry published by
Wiley-VCH GmbH. This is an open access article under the terms
of the Creative Commons Attribution Non-Commercial NoDerivs
License, which permits use and distribution in any medium, pro-
vided the original work is properly cited, the use is non-commercial
and no modifications or adaptations are made.

© 2024 The Author(s). Israel Journal of Chemistry published by Wiley-VCH GmbH


http://orcid.org/0000-0003-3813-4170
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fijch.202400061&domain=pdf&date_stamp=2024-12-02

Perspective

using a silicon wafer and were able to observe void formation
inside aluminum thin films upon electrical stimuli inside
TEM.”" In 2003, Ross’ team at IBM developed electro-
chemical liquid cells using Si with SiN, viewing window to
study electrodeposition of Cu and achieved the spatial
resolution of Snm.® It was very helpful to know that
developing Si/SiN, liquid cells is a viable approach and there
was indeed a need to improve the resolution of TEM imaging
through liquids. I chatted with many people at Berkeley about
my new interest in developing high-resolution TEM for
imaging liquid samples. My friend, Prof. Groves in the
Department of Chemistry at UC Berkeley, suggested me to
apply the new technique to study outstanding research topics.
Then, I learned the research on ‘“Physical chemistry of
nanocrystals” led by Prof. Alivisatos in the Chemistry Depart-
ment was among the most prominent at that time in Berkeley.
After reading hundreds of papers on nanocrystals, mostly
looking for how TEM was used in the research, I gained
confidence that developing high-resolution TEM imaging
through liquids can be a unique and novel approach to
investigate nanocrystals. I proposed to Uli that I would like to
“study colloidal nanocrystal growth mechanisms by develop-
ing high-resolution TEM imaging through liquids”, and I
received full support as a postdoc at NCEM. Only later, I
realized that imaging of the melting liquid metal under high
temperature heating using high-resolution TEM would match
Uli's research interest and it could be fascinating research as
well, but a very different research direction.

After the research proposal was approved at NCEM,
however, | realized that I had never seen how nanocrystals
were synthesized in a real chemistry lab, and I did not have
any experience in fabrication of liquid cells or anything in a
clean room. I reached out to Prof. Alivisatos and expressed my
interest in gaining some experience in nanocrystal synthesis in
his lab for my research proposal at NCEM. I got Prof.
Alivisatos’ enthusiastic support, which was huge encourage-
ment for me. And, I began the liquid cell fabrication through
self-training at the Microfabrication Lab at UC Berkeley.
Then, my research background on the growth and character-
ization of oxide thin films helped me tremendously. It still
took me almost six months to successfully make the first
liquid cell, which was at the end of 2006.

For the early liquid cell TEM experiments at NCEM, I was
only allowed to use an old microscope, JEOL3010 with the
poorest resolution of ~1 nm at NCEM, due to the management
team’s concerns on potential contaminations of liquid samples
on the microscopes. In retrospect, not being able to use a high-
resolution microscope was perhaps the best arrangement for
realizing today’s capability and resolutions of liquid phase
TEM, since I single-mindedly focused on designing better and
better liquid cells.

In 2010, T became a staff scientist in Materials Sciences
Division at LBNL supported by an Laboratory Directed
Research and Development (LDRD) project on “Imaging
through liquids using a TEM”. Subsequently, my research
proposal on “Real-time imaging of materials transformation in
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liquid and gas environment” was funded by DOE Office of
Science Early Career Research Program (07/01/2011-07/01/
2016). I became the lead-PI of a DOE BES multi-PI research
program on “Liquid cell electron microscopy: atomic level
heterogeneity and fluctuations at solid-liquid interfaces”
(started on 10/01/2016). By developing and applying liquid
cell TEM as a unique and powerful platform, it has provided
an opportunity for me to explore the wonderful world of
nanoscience and nanotechnology. Liquid cell TEM has now
been widely accepted with an active international research
community. Gordon Research Conference on “Liquid Phase
Electron Microscopy” was established in 2020. Researchers
from universities, research institutions, and industrial sectors
enthusiastically joined the research and discussions. There are
a series of commercial products for liquid phase TEM research
and development.

In this article, I first briefly introduce my initial research
effort on developing high-resolution liquid phase TEM. Then,
I will show the efforts of my research group on developing
high-resolution liquid phase TEM for handling complex
systems and reactions, especially for connecting the reactions
in liquid cell nanoreactors with the real-world chemical
reactions. We have conducted a series of studies on imaging,
understanding, and engineering of nanoscale materials trans-
formations and dynamic solid-liquid interfaces. The materials
systems of study include metal, oxides, semiconductors,
metal-organic complex, and others. The integrated advanced
data analysis and commercialization of liquid cell TEM
technology are also discussed. At the end, some perspectives
on the future opportunities enabled by liquid phase TEM, and
their impacts on nanoscience and nanotechnology are in-

cluded.

The Early Liquid Cell Development and
Breakthroughs

It was a challenging task to make Si/SiN, liquid cells that can
encapsulate a small amount of liquids in a high vacuum
environment for TEM imaging, especially for someone with-
out any experience in nanofabrication. With high enthusiasm
and hard work, I designed and fabricated the first version of
Si/SiN, liquid cell within the first three months. It included
several liquid channels connecting with two liquid reservoirs.
However, I found it was impossible to flow liquids into the
channels for any of my intended experiments. After trouble-
shooting by discussing with staff members of the Micro-
fabrication Lab (Dr. Xiaofan Meng and others), I decided to
make the simplest sandwich liquid cells (Figure 1a). This
simple sandwich cell design was similar to the previously
reported design,™ but thinner liquid cells with improved
resolution. A set of modifications were made, for example, 1)
using thinner SiN, membranes, e. g., from the previous 100 nm
to 20-25 nm; 2) confining the liquids into a thin liquid film
using a “sticky” metal film (In) as the spacer (100 nm or

© 2024 The Author(s). Israel Journal of Chemistry published by Wiley-VCH GmbH

1sdny) SUONIPUOD pue SWIAL, A 338 *[9Z0T/F0/P0] U0 A1eiqr auruQ AS[IA ‘qerT [PUONEN K3[ayIag 20uaIMe T BILIOI[ED) JO ATUM Aq [9000+T0T URM/Z00T 01 /10p/wod Ka1m KIeaqr[aurfuoy/:sdiy woiy papeo[umod ‘€ ‘70T ‘89856981

119)/0d" K[ .

pi

ASURDI SUOWIWO)) 2A1EAI) d[quarjdde a1 Aq pauIaA0s aIe SI[INIE V() (asn JO I[N 10§ AIeIqr] SUIUQ A3[IA) UO (SUOL



Perspective
a b

e-beam

SiN, e CoOver

e me—— :
W VI |
|

spacer

(1]
S
o

[ Relaxation time (1)
E i

» o
o o
T

n
o
BB

@ 1: With coalescence

Diameter (nm)

n
=)
AR B

A 2: Simple growth

1 | 1 | |

40 60 80 100 120
Time (s)

Ey !
0 2

Israel Journal
of Chemistry

Pt particles 5nm particle ]

— Background 30 ﬁm {

Cu o s 10 nm ;:amc\cé

- B > 15 @ TS Partcie |

) o 10} & 3 ‘%‘ i

. [T st e AW g

) 1 1 1 0-““'““““““"““““"‘:
0 5 10 15 20 0 5 10 15 20 25

Energy (keV) X (nm)

Figure 1. The initial experiments on developing high-resolution liquid cell TEM for imaging and chemical analysis of colloidal nanocrystal
nucleation and growth in liquids. (a) A schematic diagram of a liquid cell. (b) TEM image of Pt nanocrystals synthesized inside a liquid cell
(left) and high-resolution TEM image of a synthesized Pt nanoparticle selected from the left image (right). (c) Particle diameter as a function
of growth time, illustrating two distinct growth trajectories (types 1 and 2) (left) and the corresponding sequential TEM images of the growing
nanocrystals (right). (d) EDS spectra of Pt nanoparticles (red) and background (black) obtained ex-situ from the liquid cell. (b-d) Reproduced
with permission. Copyright 2009, The American Association for the Advancement of Science.” (e) Trajectories of 5, 10, and 15 nm sized

nanoparticles movements in a liquid film. Reproduced with permission. Copyright 2009, American Chemical Society.

thinner), instead of the previous approach by gluing two chips
together; 3) using thinner silicon wafers, e.g., 100 um instead
of the standard 500 um.

The approach by developing thinner liquid cells was a
great success, which enabled breakthroughs in high-resolution
imaging through liquids down to the sub-nanometer level. It
allowed direct observation of single Pt nanocrystal growth
trajectories. As shown in Figure 1b—c, the growth of mono-
disperse nanoparticles by nanoparticle coalescence and mono-
mer attachment was revealed. Using the thin liquid cells,
chemical analysis using energy dispersive X-ray spectroscopy
(EDS) through liquids was also achieved for the first time
(Figure 1d).”" By using those liquid cells, tracking dynamic
motion of individual nanoparticles was subsequently accom-
plished (Figure 1¢).'!

These works were the first implementation of liquid phase
TEM to study the growth and dynamic motion of colloidal
nanoparticles in liquids down to the sub-nanometer level,
which attracted great attention. Afterwards, there were many
groups developing and applying liquid phase TEM for various
research topics. At the same time, there were also many
skepticisms about the liquid cell TEM method concerning “the
electron beam effects”, “possible impacts of liquid confine-
ments”, “whether it is useful for studying complex reactions”,
etc. The early success as well as the concerns were the
inspiration for my subsequent research exploration.
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Nanoscale Materials Transformations Unveiled
Via Liquid Phase TEM

Establishing Liquid Phase TEM for Studying Complex
Systems and Reactions

After 1 started my research group at LBNL, we conducted the
first set of experiments aiming to establish liquid cell TEM as
a tool for studying complex systems and reactions and to
address the aforementioned skepticisms and concerns. The
efforts were in three categories. 1). Liquid cell experiments at
the elevated temperature (e.g., 180°C) by thermal heating
were conducted (Figure 2a—b). Our direct observation revealed
fluctuations and oscillatory dynamics of individual Bismuth
nanoparticles coupled with the neighboring nanoparticles
during growth™" (Figure 2b). This was a critical work since it
demonstrated that it is possible to use the most common
stimulus of thermal heating, instead of electron beam
irradiation, to initiate the chemical reactions for nanocrystal
synthesis. 2). With the control of solution chemistry, we
synthesized nanocrystals with various structure and morphol-
ogy in liquid cells. These early efforts were to show that the
observed chemical reactions in a liquid cell are similar to the
real-world chemical reactions. We achieved the growth of
Pt;Fe nanorods with a large aspect ratio up to 40:1 by
nanoparticle attachment. Tracking the formation of individual
and chains of nanoparticles enabled the quantification of
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Figure 2. In situ liquid cell TEM studies of nanomaterial growth and transformations under various external stimuli. (a) Conceptual illustration
of liquid cell TEM experiments under thermal heating. The picture of thermal heating was reproduced with permission. Copyright 2024, Kru,
Adobe Stock, under Education license. (b) Bright-field TEM images with color gradient maps presenting the oscillatory growth of bismuth
nanoparticles. Reproduced with permission. Copyright 2012, American Chemical Society."! (c) Schematic illustration of the nucleation and
growth of one-dimensional nanowires. Reproduced with permission. Copyright 2024, Lidiia Koval, Adobe Stock, under Education license. (d)
Sequential HRTEM images showing the growth of Pt nanocube. Reproduced with permission. Copyright 2014, The American Association for
the Advancement of Science." (e) Schematic diagram of the growth of nickel ferrite nanocrystals in a liquid cell, along with a representative
TEM image of the synthesized nanocrystals. Reproduced with permission. Copyright 2015, American Chemical Society."! (f) Diagram of the
formation pathway of Fe;Pt—Fe,O; core—shell nanoparticles in a liquid cell. Reproduced with permission. Copyright 2015, American Chemical
Society." (g) Schematic illustration of a TEM biasing holder with a digital photograph of an assembled electrochemical liquid cell in the
biasing holder. (h) Time-series TEM images of the growth of Pb dendrites. (g-h) Reproduced with permission. Copyright 2013, The Authors,

under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License.'

interaction forces between nanoparticles and the evolution of
atomic crystal structures. This work revealed the liquid cell
TEM capability for studying complex liquid phase reactions
and nanoparticle self-assembly'? (Figure 2c). Subsequently,
the growth of Pt nanocubes with shape control was also
accomplished®! (Figure 2d). In addition, by systematically
varying the precursor solution chemistry, the formation of
metal oxide nanocrystals and Pt-catalyzed metal-metal oxide
core-shell nanoparticles were also observed' (Figure 2e—f).
3). By developing thinner electrochemical liquid cells, we
targeted on studying electron beam sensitive systems, such as
Li-ion batteries, electrocatalysis, etc. For the initial experi-
ments, dendric growth of Pb at the electrode-electrolyte
interfaces was observed"® (Figure 2g-h). With further im-
proved capability in handling beam/air sensitive materials
systems, we also observed lithium dendrite growth/dissolution
and solid-electrolyte interphase (SEI) formation.'”'® The
atomic-resolution electrochemical liquid cell study of complex
electrocatalytic reactions, e.g., Cu catalysed CO, reduction
reactions was achieved recently.””! This set of work contrib-
uted to establishing the liquid cell TEM as a powerful tool for
studying systems with varied chemistry and complexity under
different stimuli, accelerating the applications of liquid phase
TEM to researching diverse topics across materials science,
chemistry, and beyond.
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Liquid Phase TEM with Atomic Resolution and Control of
Electron Beam Effects

The ability to image through liquids with high resolution is
crucial for resolving the nanoscale materials transformation
pathways. With the collective effort of the liquid cell TEM
community, a trajectory of fast-improving spatial resolution of
liquid cell TEM imaging has been achieved.'” Figure 3
highlights the improved resolution from the initial low
magnification (1940s), to a few nanometers (~5 nm) in 2003,
sub-nanometer in 2009, atomic resolution in 201211329
and beyond.”” With thin membrane liquid cells, e.g.,
graphene,””” amorphous carbon,?® MoS,,*"" BN,** polymer
membrane,”” or other two-dimensional (2D) materials and
carefully controlled liquid thickness, high-resolution imaging
through thin liquids similar to imaging in vacuum (e. g., sub-
Armstrong) can be achieved using aberration-corrected TEM.
It is important to note that when the liquid cell is made thin
enough, the microscope instrument resolution can be readily
achieved.

An important issue for applications of liquid cell TEM is
to control electron beam effects and distinguish the electron
beam-induced chemical reactions from the real-world reactions
(Figure 4). The high-energy electron beam interacting with a
sample may introduce perturbation to the system of study, and
the electron beam effects are categorized as ‘“knock-on”
damage, ionization, electron-beam heating, etc.*” For TEM
imaging through liquids, besides the electron beam damage
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Figure 3. The spatial resolution roadmap of microscopy techniques,
including optical microscopy, TEM, aberration-corrected TEM (AC-
TEM), and liquid cell TEM (LCTEM). Reproduced with permission.
Copyright 2024, The Authors, under a Creative Commons Attribution
4.0 International License.!"”

induced by the primary electrons, secondary electrons and
reactive radicals can further react with the sample. These
reactions can be dependent on the local environment, such as
pH values, composition, diffusion rates/path, gas products, etc.
It is a great challenge to quantify the electron beam effects,
and it is almost impossible to create one formula that can fit
all for the liquid cell TEM experiments.

Effective strategies have been developed to limit the
electron beam effects.'” For example, controlling the electron
beam dose can lessen the electron beam damage.”**"! Thinner
liquid cells may reduce electron beam inelastic scattering, thus

EDS

e-beam
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decreasing the electron beam effects. Additionally, control
experiments, such as understanding the electron beam effects
by systematically changing the electron beam current density;
adding radical scavengers into the solution,*” ex situ control
experiments provide valuable reference points for the liquid
cell TEM studies. In many cases, knowing how to synthesize
nanocrystals in a real chemistry lab is useful to discern some
artifacts in the study of nanocrystal growth mechanisms using
liquid cell TEM.

Revealing Growth and Transformation Pathways of Colloidal
Nanocrystals

The ability to directly observe nanoscale materials growth and
transformations at the atomic level opens the opportunities to
uncover the underlying mechanisms, contributing to novel
materials synthesis and applications. We have studied the
formation pathways of various nanoparticles with distinct
morphology (beyond quantum dots), for example,
nanowires,!'>*  nanocubes,!””  nanosheets,’®  core-shell
nanoparticles,” and others. Our studies revealed unique
growth mechanisms, providing valuable insights into the
nature of nanoscale materials. A few selected works are
highlighted as follows.

The sequential images in Figure 5a show the formation of
a PtFe; nanowire from a molecular precursor solution, where
nanoparticles were formed initially, and they subsequently
interacted and attached together to form the nanowire. The
atomic structural rearrangements including defect evolution
within a nanoparticle were also captured.'” With advanced
image analysis, we were able to further quantify the interaction
forces between nanoparticles and their evolution during nano-

chemical processes o,
[} & 2 :%"*3»

o Real-world

Figure 4. Schematic illustration depicting liquid cell TEM experiments with complementary analysis techniques, linking electron-beam-driven
chemical processes to the real-world chemical reactions. Reproduced with permission. Copyright 2024, The Authors, under a Creative

Commons Attribution 4.0 International Licenses."”
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Figure 5. In situ liquid cell TEM studies of growth and transformations of nanocrystals with diverse morphorologies, e.g., one-dimensional
(1D) nanowires, nanocubes, and 2D nanosheets. (a) Sequential TEM images illustrating the growth of a Pt;Fe nanowire through nanoparticle
attachments, with high-resolution imaging revealing its polycrystallinity and iron-rich regions. Reproduced with permission. Copyright 2012,
The American Association for the Advancement of Science.? (b) Time-lapse TEM images showing an initial 2D hexagonal monolayer
transforms into a 1D chain via oriented attachment of PdSe nanocrystals. Reproduced with permission. Copyright 2019, The Authors, under a
Creative Commons Attribution-NonCommercial License 4.0.°” (c) Time-series simulated HRTEM images demonstrating the growth of a Pt
nanocube. Reproduced with permission. Copyright 2014, The American Association for the Advancement of Science.” (d) Diagram showing
the formation of a 3D oxide nanoparticle and its subsequent transformation into a 2D nanosheet (first row). Time-series TEM images of the
3D-to-2D transformation of cobalt nickel oxide nanoparticles (second row). Sequential HRTEM images of the growth of a 2D cobalt oxide
nanosheet (third row). Reproduced with permission. Copyright 2019, This is a U.S. government work and not under copyright protection in

the U.S.; foreign copyright protection may apply.?

particle self-assembly.®” Using semiconductor nanocrystal
PbSe as a model system,”*! we found individual nanocrystals
may experience shape changes due to inter-particle interac-
tions during superlattice transformations. When the oleate
ligands were removed from the PbSe nanoparticle surfaces
within a honeycomb superlattice by a solution of ethylene
glycol (EG) with ethylenediamine (EDA) (EDA:EG=
1:1000), an individual nanocrystal displayed dramatic shape
changes, up to 40%. Two adjacent nanoparticles formed
necking®™! and eventually, a uniform nanowire was achieved
before the hexagonal lattice transformed into a square lattice
(Figure 5b). The deformation is recoverable when they move
apart. Through systematic studies with control experiments
and molecular dynamic (MD) simulations, we found that the
deformation was due to surface chemistry changes during
ligand exchange. The fast ligand removal on the PbSe surfaces
may introduce stochiometric changes (Pb:Se ratio) on the
nanocrystal surface®™! thus generating electrostatic dipolar
interactions between nanocrystals.

Using liquid cell TEM, we tracked the growth of Pt
nanocubes!? (Figure 5c). To rationalize the growth of nano-
crystals with distinct facets and shape evolution, both
thermodynamic Wulff construction™” and kinetic factors (e. g.,

Isr. J. Chem. 2025, 65, €202400061 (6 of 16)

growth rates,*? surfactants**) were considered. Our direct
observation revealed that interestingly, the growth of nano-
crystals was largely stochastic with no distinct differences in
the growth rate until a critical size (d,=2.5 nm) was reached.
About the critical size!"” facets stopped growing and {110}
facets continued to grow until an edge was formed, whereas
the growth of {111} facets filled the corners of the nanocube.
Density functional theory (DFT) calculation revealed that the
different mobilities of the ligands on the different facets play
an important role. For example, the mobility of ligands is
several orders of magnitude lower on the {100} than the {111}
facets, thus retarding the growth of the {100} facets. Thus, a
selective facet-arrested shape control mechanism, mediated by
the ligand mobility on different facets, was proposed.

Our observation of the growth of 2D cobalt oxide or cobalt
nickel oxide showed a nanoparticle-mediated growth mecha-
nism, which is different from the previously reported growth
by attachment of primary three-dimensional (3D)
nanocrystals™® or the “soft template”-assisted growth of 2D
nanostructure.*® Our direct observation revealed that nano-
particles were formed from a precursor solution initially.
When these nanoparticles reached a critical size (e.g., ~4 nm
for cobalt oxide), they transformed into 2D nanosheets (Fig-
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ure 5d). The 3D-to-2D transformation is unique. Our theoret-
ical calculation suggested a shape factor should be considered
for understanding the transformation mechanisms."*!

Another highlight of our work is on the ripening of core-
shell nanostructures with cadmium-cadmium chloride core-
shell nanostructures (Cd-CdCl,) as a model system.*”
Sequential images and the corresponding schematic show the
structure evolution of core-shell nanoparticles during ripening
(Figure 6a—b). Mass transport between particles was mediated
by defects and independent of nanoparticle sizes. The core of a
nanoparticle (P2) was first dissolved into the solution through
the defect sites in the shell, and the growth of another
nanoparticle (P1) was achieved by first creating cracks in its
shell. The shell structure fluctuated between crystalline and
disordered states, leading to the generation and annihilation of
crack defects. The defects-mediated ripening is distinctly
different from any reported ripening processes, such as
Ostwald ripening,®" digestive ripening,"? intra-particle
ripening,”™! and merging of core-shell particles.” Our kinetic
Monte Carlo simulation with a simplified lattice model
reproduced the basic kinetic processes observed in the liquid
phase TEM experiments (see the representative simulated
structural evolution in Figure 6¢). The fact that the basic
kinetic processes were reproduced with a highly simplified
model suggests that the mechanism of defects mediated
ripening is general and it likely occurs in other core-shell
nanoparticles.

Israel Journal
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In addition, we studied a set of nanocrystal transformations
during etching, for example, the effect of ligands on nano-
crystal shape evolution during etching,”” the effect of defects
in coating on etching of metal nanoparticles,” and other
phenomena. The nanocrystal transformations by etching can
be viewed as the reverse processes of growth. Thus, imaging
and understanding of the dynamic structural evolution during
etching are useful for the design and control of nanoscale
materials synthesis and discovery.

Remarkable Nanoscale Materials Phenomena
Solid vs. Liquids

Solid and liquid are distinct states of matter in bulk. A solid is
described as a substance with fixed atoms that cannot move
freely except to vibrate and thus retain its size and shape;
while a liquid can flow and keep no definite shape. A range of
dynamic phenomena have been considered unique to liquid
droplets or nanojets, such as the slip motion of liquid droplets
resulting from shape changes,”” breakdown of liquid nanojets
into droplets due to local fluctuations.”” However, many of
our studies implied that such a distinction between solid and
liquid is blurred in nanoscale materials during solution
processes.

Figure 7a shows that a Pt—Fe nanowire formed in a liquid
cell broke down into nanoparticles.® The location where the

P1

>

Figure 6. Liquid cell TEM study of defect-mediatedcore-shell nanocrystal transformations . (a) Schematics illustrating the defect-mediated
ripening of Cd-CdCl, core-shell nanocrystals (left) and the influence of defects on Cd core growth during the transformation (right). (b) Time-
series HRTEM images of Cd-CdCl, core-shell nanostructures corresponding to the left schematic in (a). (c) Lattice model depicting the defect-
mediated ripening process of core-shell nanostructures. (a-c) Reproduced with permission. Copyright 2022, The Authors, under a Creative

Commons Attribution 4.0 International License.??
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Figure 7. In situ investigations of fluid-like behaviors of nanomaterials in liquid cells. (a) Time-series TEM images showing the breakdown and
shrinkage of a platinum iron nanowire into nanoparticles. Reproduced with permission. Copyright 2013, American Chemical Society.” (b)
Consecutive HRTEM images depicting ocean wave-like movements of a Sn nanocrystal during its etching process. Reproduced with
permission. Copyright 2024, The Authors, under a Creative Commons Attribution 4.0 International License.”® (c) Digital photograph
visualizing the Plateau—Rayleigh instability. Reproduced with permission. Copyright 2024, SANKOWSKL.IT, Adobe Stock, under Education
license. (d) Consecutive TEM intensity maps of a water nanodroplet showing its stick-slip movement, along with a schematic of a cross-
sectional view of the droplet with contact angles during the stepping process. Reproduced with permission. Copyright 2012, The Authors.”®
(e) HRTEM image of a Pb-Fe;O, core-shell nanoparticle with gas nanobubbles corresponding to colored regions in the particle. Reproduced

with permission. Copyright 2015, The Authors.”¥

breakdown was initiated displayed a thinner diameter, and
resulting segments became round to form droplet-like nano-
particles. The observed evolution of the solid nanowire is very
similar to the liquid nanojet breakdown into droplets due to
Plateau—Rayleigh instability!®! (Figure 7c). Figure 7b shows
the evolution of Sn nanoparticles during etching.”! The
interfaces show fascinating shape evolution while maintaining
a high crystalline structure. Such curvy morphology evolution
is considered, intuitively, to be associated with the behavior of
liquids (e.g., Figure 7d). Understanding these dynamic phe-
nomena of solids at the nanoscale, including how external
driving forces imposed by thermal, chemical, topographic
gradients or surface tension interact with the nanoscale
materials, is relevant to broad physical, chemical, and bio-
logical processes. Our observations open opportunities to
further explore the underlying mechanisms, correlating the
nanoscale phenomena with properties and applications of
nanoscale materials.

Defects Formation and Healing

Nanoscale materials may experience reversible!®”
irreversible!’"! structural transformations during
synthesis,!'**%! catalytic reactions,’”**! or other physicochem-
ical processes.””*”’] Defects have been found to significantly
impact nanoscale materials transformation pathways.*”! As
shown in the core-shell nanoparticle ripening (Figure 6), the
growth of the core was accomplished by mass diffusion

or
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through cracks in the shell, during which the generation and
annihilation of cracks were captured. It demonstrated that
nanoscale materials are less rigid compared to their bulk
counterpart.

Figure 7e shows the generation and migration of oxygen
gas bubbles in a nanocrystal when it transforms from iron
hydroxide to iron oxide."” Geometric phase analysis (GPA) of
the crystal lattice revealed an inhomogeneous strain field at a
gas bubble. Further computation modeling suggested that the
elastic interaction between the core and the bubble provided a
driving force for the bubble migration during the dehydration
reaction. It is remarkable that any lattice distortion during
oxygen gas migration through the lattice can be quickly
healed, resulting in a perfect crystal at the end. The nature of
nanoscale materials’ structural flexibility may be utilized for
novel synthesis and engineering of nanoscale materials.

Quasi-Liquid Interphase

A quasi-liquid interphase was found on indium (In) nano-
crystal surfaces in an aqueous solution due to oxidative
etching.[”™ During the etching process, the quasi-liquid phase
underwent dynamic configuration changes while maintaining
an average thickness of 2-3 nm (Figure 8a). The quasi-liquid
phase is different from the traditional understanding of solids
or liquids. It contains a high concentration of metal ions and
nanoclusters. Direct nucleation and growth of metal clusters
from the quasi-liquid phase were observed, which indicates
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Figure 8. Revealing the roles of solid-liquid interfaces in etching of nanocrystals. (a) Time-series TEM images and corresponding illustration
demonstrating a quasi-liquid interphase on the surface of an In nanocrystal, facilitating the dissolution of In nanoclusters (indicated by red
and blue arrows). Reproduced with permission. Copyright 2022, The Authors, under a Creative Commons Attribution 4.0 International
License.” (b) TEM images showing accelerated etching of an Au nanorod near O, gas nanobubbles (left) and a magnified view of a thin
liquid layer between the nanorod and the nanobubble (right). (c) Etching rate of an Au nanorod as a function of the distance between the
nanorod surface and O, nanobubble, demonstrating that closer O, nanobubbles result in a faster etching rate. (b-c) Reproduced with
permission. Copyright 2022, The Authors, under exclusive license to Springer Nature Limited."

that the quasi-liquid interphase acts as a medium for mass
transfer between the metal core and the surrounding solution.

A viscous liquid-like phase was also reported when Pb
nanocrystals reacted with CH;0 fragments from the triethylene
glycol solution under electron beam irradiation.”” Such a
liquid-like phase [Pb(CH;0),] can form on the surface of the
Pb nanocrystal, or the whole Pb nanocrystal can be converted
into [Pb(CH;0),]. Swift phase transformations between the
liquid-like phase and crystalline Pb solid were captured. This
suggests the potential applications of the metal nanoparticles
in sensing, drug delivery, or others.

Solid-Liquid-Gas Interfaces

Gaseous reactants often represent at the solid-liquid interfaces
and participate in reactions. There have been reports that
reaction rates can be notably enhanced by delivering gases
directly to the solid surfaces.”” However, how the gas
accelerates the reactions at the triple-phase interface is often
unclear due to the lack of quantitative analysis regarding
reaction kinetics and the mechanisms of gas transport to the
triple-phase interfaces.

We discovered the accelerated etching of gold nanorods by
oxygen nanobubbles in an aqueous hydrobromic acid solution
by real-time observation using liquid phase TEM.I™ Fig-
ure 8b—c shows an order of magnitude enhanced etching rate
when oxygen nanobubbles are in close vicinity (~1 nm).
Further theoretical simulation indicated that when this distance

Isr. J. Chem. 2025, 65, €202400061 (9 of 16)

was reduced below the critical threshold (e.g., 1 nm), O,
molecules can be readily adsorbed onto the Au nanorod
surface due to the strong attractive van der Waals interactions.
The participation of O, may assist the etching kinetics.
However, when the distance between O, molecules and the
nanorod surface is beyond the critical threshold, O, molecules
may diffuse slowly showing negligible impact. This work
provided critical insights into engineering reactions by
controlling solid-liquid interfaces.

Electrified Solid-Liquid Interfaces

Solid-liquid interfaces play an important role in various
physical, chemical, and electrochemical processes. Solid-liquid
interfaces are intrinsically heterogeneous, for example, there
may be charge accumulation, adsorbents, etc., which can
significantly impact the properties of nanoscale materials and
their applications. For instance, in electrocatalysis or other
energy devices,”” electron and mass transport occur at the
electrified solid-liquid interfaces. Structural modifications of
the interfaces may drastically influence the electrocatalytic
reactions. Direct probing electrified solid-liquid interfaces is
challenging, due to the nature of nanoscale geometry, being
buried in liquids, the dynamic processes and the complex local
environment.

We made high-resolution electrochemical liquid cells,
allowing us to directly monitor the dynamic phenomena at
electrified solid-liquid interfaces, including deposition/dissolu-
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tion, electrocatalytic structural transformation, and others.
Some of our works using electrochemical liquid cell TEM are
highlighted as follows.

Dendritic Growth, SEI, Electrolyte Structural Ordering in
Batteries

We developed Si/SiN, electrochemical liquid cells with
various patterned electrodes (e.g., Ti, Au, Pt, etc.) and the
simple design of two electrode configurations was used. In
this type of liquid cell, liquid electrolyte is confined into a thin
film between two SiN, membranes. By controlling the thick-
ness of the liquid layer and the membranes, improved
resolution for in situ TEM imaging has been achieved. To
avoid electrolyte depletion during the insitu TEM
experiments,””! we designed the electrical pads with wire

Israel Journal
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electrode surfaces are exposed to the electrolyte (Figure 2f and
92a).'Y Using such Si/SiN, electrochemical liquid cells, we
studied the dendritic growth of Pb and Li, electrodeposition of
other metals, such as Na and Mg, solid-electrolyte interphase
(SEI) formation, and other phenomena with lithium
batteries™ " '*%¥ or other™®” battery chemistry.

As the initial test experiments, electrodeposition and
dissolution of Pb were achieved (Figure 9b).") By combining
with detailed ex situ characterization of the Pb dendrites at
different stages, crystallization pathways of Pb dendrites were
unveiled. However, it was challenging to directly observe the
growth of Li dendrites due to the poor imaging contrast, air
sensitivity during sample preparation, etc. Figure 9c—d show
the first direct observation of Li dendritic growth and SEI
formation.!"”"® Further EDS mapping and four-dimensional

scanning TEM (4D-STEM, then called nano-diffraction)
analysis revealed the structure and chemistry of SEI. The Li

and lithiation of Si nanowires®™ are the

dendrite growth!"”

bonding through the reservoirs, thus only limited areas of the
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Figure 9. Liquid cell TEM studies of various physicochemical phenomena related to lithium batteries and beyond. (a) Schematic of a custom-
made SiN, electrochemical liquid cell (E-cell). Reproduced with permission. Copyright 2020, Elsevier Ltd.®¥ (b) Sequential TEM images
showing the growth and dissolution of Pb dendrites in the electrochemical liquid cell. Reproduced with permission. Copyright 2013, The
Authors, under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License.¥ (c-d) TEM images displaying Li dendrite
growth (c) and SEI formation (d) within the electrochemical liquid cell. Reproduced with permission. Copyright 2014, American Chemical
Society, under an ACS AuthorChoice License.'”? (e) TEM image of Li metal nanogranular growth facilitated by a PDDA cationic polymer film
coating on the electrodes of the electrochemical liquid cell. Reproduced with permission. Copyright 2020, The Royal Society of Chemistry.® (f)
TEM image showing Li dendritic growth on electrodes without the PDDA polymer coating. Reproduced with permission. Copyright 2022,
Elsevier Ltd.®¥ (g) EDS elemental mapping and corresponding line profiles demonstrating a LiF-rich SEI layer. Reproduced with permission.
Copyright 2020, The Royal Society of Chemistry.®¥ (h) TEM image and corresponding schematic of electrochemical Na metal deposition on
electrodes with sharp curvature in the liquid cell. Reproduced with permission. Copyright 2020, Elsevier Ltd.¥ (i) Illustration of the integrated
approach using liquid cell TEM, modified Cryo-TEM, and 4D-STEM for studying highly beam-sensitive liquid organic electrolyte (1 M LiPF; in
1:1 EC:DEC) at cryogenic temperatures. (j-k) Deep-learning-based analysis of acquired 4D-STEM datasets enabling reconstruction of phase
mapping (j) based on three classified phases (k). (i-k) Reproduced with permission. Copyright 2023, The Authors, under a Creative Commons
Attribution-NonCommercial License 4.0.”%1
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early success of electrochemical liquid cell TEM studies of
lithium-ion batteries.

We extended our in situ studies of lithium deposition with
increased complexity. By using a poly(diallyldimeth-
ylammonium chloride) (PDDA) polymer film to coat the
electrodes in a liquid cell, we obtained nanogranular growth of
lithium metal, which appeared to be drastically different from
the dendritic growth of lithium on the bare electrodes
(Figure 9e—)."1 EDS chemical analysis showed a LiF-rich
SEI layer (Figure 9g), which was responsible for the suppres-
sion of Li dendrites.”™ The nanoscale modifications of SEI
structure and chemistry were due to [PF¢]” ions being
accumulated at the electrode-electrolyte interfaces by the
coating of cationic PDDA polymer film. It was remarkable
that the LiF-rich SEI layer was achieved without increasing
the electrolyte salt concentration.

We further studied the electrodeposition of Na metal on
electrodes with varied surface roughness, in which a liquid
electrolyte of 1 M NaPF, dissolved in propylene carbonate
(PC) was used.®™ As shown in Figure 9h, the nucleation of Na
only occurred on the nude of rough electrode surfaces, which
was distinctly different from the uniform nucleation of Na on
a flat electrode. This work is not only relevant to Na metal
batteries but also provides insights into the impact of surface
roughness of current collectors for the metal anode in general.
Other studies of alternative batteries include the direct
observation of uniform electrodeposition of Mg film. In situ
scanning transmission X-ray microscopy (STXM) and X-ray
absorption spectroscopy (XAS) identified the Mg thin film as
hexa-coordinated organometallic Mg compounds, which are
attributed to the observed non-reversibility."*”

In addition, we studied the phase segregation and structural
ordering of liquid electrolytes for lithium batteries (1 M LiPF;
dissolved in 1:1 (v/v) ethylene carbonate (EC):diethylcarbon-
ate (DEC)) at the low temperature by liquid-phase TEM
integrated with cryogenic transmission electron microscopy
(Cryo-TEM) operated at —30°C, 4D-STEM, high energy

a b c
N . KHCO
) Pt CO,\ R 3
Bottom TEM grid electrode ‘ \\ <. electrolyte
A ‘ e
oot
z \
%"l&s_.___‘/_ﬁ,‘r"_/.i‘_,x‘? Cu/Cu,0 nanowire Polymer film

Israel Journal
of Chemistry

resolution electron energy loss spectroscopy (EELS), and data
analysis based on deep learning (Figure 9i-k).”* We discov-
ered the presence of short-range ordering (SRO) in the high
salt-concentration domains of the low-temperature liquid
electrolyte. MD simulations suggest the SRO originates from
the Li*-(PF"), (n>2) local structural order induced by high
LiPF; salt concentration.

Electrified Solid-Liquid Interfaces in Electrocatalysis

We developed polymer electrochemical liquid cells for in situ
TEM study of electrified solid-liquid interfaces during electro-
catalytic reactions.”” High-resolution imaging of electrocata-
lyst surface restructuring at the atomic level was achieved
(Figure 10a—). Such polymer liquid cells also allow fast
freezing of the liquid sample at certain states of reactions,
which enables chemical analysis using EELS that is often hard
to achieve in the liquid cell with fast-evolving dynamics
during reactions. This innovative electrochemical liquid cell
design opens new opportunities for in situ TEM study of
various electrocatalytic reactions and many other electro-
chemical processes.

Using this setup, we studied Cu-catalyzed CO, reduction
reaction (CO,RR) focusing on the atomic dynamics of
electrified solid-liquid interfaces. We found a fluctuating
liquid-like amorphous interphase, which mediates the crystal-
line Cu surface restructuring and mass loss during CO,RR.*"
In electrocatalysis, the interfaces between the catalyst and
electrolyte are where the catalytic reactions occur, so the
presence of intermediates and restructuring strongly impact the
catalytic performance. Our revealing of the atomic dynamics
of fluctuating liquid-like amorphous interphase has important
implications, for example, using transient interphases to tune
catalyst surface restructuring and thus the catalytic perform-
ance.

Figure 10. Development of a homemade polymer electrochemical liquid cell TEM revealing structural dynamics of Cu-based catalysts during
electrochemical CO, reduction. (a) Illustration of the components of the new polymer liquid cell. (b) Schematic of a perspective view of the
sample area inside the polymer electrochemical liquid cell, with an inset HRTEM image of the electrified solid-liquid interface. (c) Series of
HRTEM images showing the fluid-like motion and transformation of the amorphous interphase (blue) between the solid catalyst (brown) and
liquid electrolyte (gray) during electrochemical CO, reduction (left column) and revealing atomic-level changes in the Cu structure at the
electrified solid-liquid interface (right column). (a-c) Reproduced with permission. Copyright 2024, The Authors, under exclusive license to
Springer Nature Limited.””
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In the future, using operando multimodal characterization,
e.g., high-resolution electrochemical liquid cell TEM and
time-resolved XAS, it opens many opportunities for tracking
the electrocatalyst morphological changes, structural and
bonding evolution during CO,RR or other electrocatalytic
reactions (Figure 9d).

Data Analysis with Computer Vision and Machine
Learning

The modern insitu TEM experiment with fast electron
detection often generates large datasets. Computer-aided data
analysis has become indispensable. The highlighted ap-
proaches from my group evolved from the computer-assisted
tracking of nanoparticle movements®” to nanoparticle 3D
atomic structure of a nanoparticle by computer vision,**! and
revolving structural ordering in liquid electrolytes with
machine learning.””

Understanding the structural order of materials is central to
controlling their properties. The structural order of liquid
electrolytes can impact a series of macroscopic parameters,
such as ion ionic conductivity, ionic transport mode, and
viscosity. However, determining the degree and the spatial
extent of structural order in liquids is often a significant
challenge. Through the collaborative effort,” we showed that
machine-learning data analysis enabled the identification of
short-range ordering in the low-temperature battery liquid
electrolyte. The machine learning approach is expected to play
an increasingly important role in liquid phase TEM experi-
ments, or in situ TEM, in general.

Liquid Phase TEM Technology and Manufacturing

The development of high spatial resolution liquid phaseTEM
has enabled breakthroughs in characterizing various chemical
processes by allowing to unveil of materials transformation
pathways, structure and bonding of liquid samples, dynamic
phenomena at electrified solid-liquid interfaces related to
batteries and electrocatalysis, and so on.”” Compared with
other in situ characterization methods, liquid phase TEM
provides unique advantages. For example, insitu X-ray
spectroscopy measurements provide ensemble information, but
lack spatially resolved individual particle details.”® Scanning
probe microscopy can only present the surface properties of
materials.””! Optical microscopy has limited spatial resolution
and thus cannot resolve structural and chemical transforma-
tions at the atomic or nanometer level, with the exception
when chemical tags being used in specific applications.!"”
Liquid phase TEM technology has been widely used
nowadays. There are half of a dozen companies providing
commercial products, which include sample holders, liquid
cells, and other accessories for liquid phase electron micro-
scopy. Many research groups have developed their own liquid
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cells and sample holders. Our early research and development
contributed to the commercial development of liquid sample
holders and SiN, liquid cell fabrication. Recently, our design
of polymer electrochemical liquid cells and the corresponding
sample holder design opened new opportunities for technology
transfer into commercial products. Some key points on the
fabrication of liquid cells and sample holders are highlighted
as follows.

The liquid cells can be either self-contained or designed as
a flow cell allowing liquids to flow in and out of the cell
through nanotubing. The self-contained liquid cell design can
adopt a variety of membranes, such as SiN,[ !9 9 102
polymer membrane,”” graphene,”” amorphous carbon,*"
MoS,,*" BN,?¥ or other 2D materials. So far, the commercial
flow cells only use SiN, as a membrane since it is more robust
in handling.!""'®! It is also noted that since liquid flow
generates liquid motion that may introduce image blurring,
images/movies are often taken in a stationary liquid in most
experiments using a flow cell.

The challenges of obtaining high resolution from liquid
cell TEM experiments often arise from the fact that the liquid
cell samples are too thick. By stacking or gluing two chips
together, it was not able to reach the sub-nanometer image
solution. Making thin freestanding membranes and controlling
the liquid thickness are the key. However, for large scale
fabrication of Si/SiN, liquid cells, the thin wafers can be too
fragile using standard Si wafers processes. By bonding the
thin Si wafer (e.g., 100 um) to a standard Si (e.g., 500 um)
using photoresist, it can address the issue (Figure 11a-b).

In situ TEM studies driven by electrochemical stimuli
require a specialized experimental setup, including a TEM
sample holder with electric biasing capabilities, a potentiostat
for electrical input, and the sample cell. Thin electrochemical
liquid cells were achieved by incorporating patterned electro-
des onto the membrane of a chip. Our recently developed
polymer electrochemical liquid cells (PLC) allow atomic-level
imaging of electrified solid-liquid interfaces.”” Such PLCs
have large viewing windows and can accommodate fast
freezing of the liquid cell without the membrane being
shattered, which allows careful examination of certain reaction
states using EELS, 4D-STEM, or other advanced microscopy
techniques. Large-scale fabrication of such a new generation
of electrochemical liquid cells and the corresponding sample
holder will facilitate the research development (Figure 11c—e).

Conclusion and Outlook

In conclusion, by developing and applying liquid phase
electron microscopy with high-resolution imaging at the
atomic level and the ability to handle complex systems and
reactions, it has opened unprecedented opportunities to study
nanoscale materials transformations in liquid phase reactions
and dynamic phenomena at solid-liquid interfaces. This article
describes my personal journey in nanoscience and nano-
technology, highlighting my initial work and the efforts of my
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Figure 11. Development and fabrication of liquid cells and sample holder for enhanced liquid phase TEM technology. (a) A thin silicon wafer,
100 pm thick, was bonded to a standard silicon wafer, 500 pm thick, enabling automated lithographic patterning. (b) A photolithography mask
was used for the batch fabrication of the SiN, liquid cells. (a-b) Reproduced with permission. Copyright 2021, This is a U.S. government work
and not under copyright protection in the U.S.; foreign copyright protection may apply, under a Creative Commons Attribution 4.0
International License.’ (c) Schematic illustration of the preparation of a custom carbon film liquid cell. (d) Illustration of a homemade
polymer electrochemical liquid cell. (c-d) Reproduced with permissions. Copyrights 2022, The Authors, under a Creative Commons Attribution
4.0 International License,” 2024, The Authors, under exclusive license to Springer Nature Limited.” (e) Schematic illustration of the
development of TEM holders and sample stages tailored for investigating specific physicochemical phenomena using liquid cell TEM.

research group on developing and applying liquid phase
electron microscopy for studying nucleation, growth and self-
assembly of nanocrystals, solid-liquid interfaces, electrochem-
ical processes in batteries, electrocatalysis, and others nano-
scale dynamic phenomena. Insights garnered from this
research enable novel materials synthesis, and efficient
applications of materials in electrocatalysis, batteries and other
functional devices. As a recent example, inspired by liquid cell
TEM studies, we innovated materials synthesis by liquid
interface engineering and achieved breakthroughs in synthesis
of high entropy alloy nanomaterials.*"

Liquid phase TEM as a powerful platform will continue to
contribute uniquely to the future scientific explorations. My
perspectives on the challenges and future opportunities are
outlined as follows.

There are still limitations of the current liquid phase TEM
platform. For example, the self-contained thin liquid cells are
excellent for high-resolution imaging, but they only have a
small amount of liquids and it is hard to control the reactions
using a pre-mixed solution. For the flow cell design, since the
motion of a flowing liquid may introduce image blurring,
movies are often taken with a stationary liquid in the liquid
cell. In addition, the liquid is often too thick for achieving
atomic-resolution imaging. Future development of liquid cells
to continue expand the liquid phase TEM capabilities is
needed.

The electron beam interactions with the samples may
introduce structural or chemical changes altering the intrinsic
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properties of materials. In general, controlling the electron
dose rate and total dosage is essential for liquid phase TEM
experiments. From another point, it opens opportunities to
utilize the electron beam interactions with liquids, e.g.,
electron beam induced radiolysis of water generates hydrogen
and oxygen gases, which are useful for certain research topics.
For example, liquid phase TEM has been utilized to study
dynamic hydrogen intercalation into host materials.

Many liquid phase TEM experiments are conducted at
room temperature. Reactions at elevated temperature as well
as low (sub-zero) temperature have also been reporte by using
different sample stages. The ability to vary the reaction
temperatures of the same liquid sample in a wide temperature
range will add an additional freedom in studying the reaction
kinetics.

The integrated advanced microscopy and spectroscopy
techniques, such as atomic resolution imaging, chemical
analysis using EDS or EELS, structural analysis using electron
diffraction, in-situ liquid cell TEM studies combing with
Cryo-EM experiments and image analysis methods, multi-
modal characterization of the same sample with different
electron microscopy techniques and X-ray methods may
further enrich the information that can be collected from the
experiments.

Modern insitu TEM experiments with fast electron
detection generate large dataset, which requires computer-
aided data analysis. Data analysis using machine learning
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approaches ¢ play a more and more important role in the
future.

The high-resolution electrochemical liquid cell TEM has
opened many new opportunities to address challenging
problems in electrocatalysis and nanoscale electrochemistry.
Advancements in nanoscale electrochemical cells, including
the precise control of electrical potential and characterization
of reactants and reaction products will accelerate the scientific
discoveries and the growth of the research field.

Lastly, due to the complexity of the liquid cell TEM
experiments, various approaches and strategies have been
applied. The multidisciplinary research has drawn researchers
from diverse fields, including materials science, chemistry,
physics, biology, as well as electron microscopy to explore the
most exciting and challenging scientific questions. It has
opened many opportunities by merging different expertise and
approaches together, and it will continue to stimulate
innovations and foster novel scientific discoveries.
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