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ABSTRACT: Transmission electron microscopy (TEM) is an indispensable analytical
technique in materials research as it probes material information down to the atomic level
and can be utilized to examine dynamic phenomena during material transformations. In situ
TEM resolves transient metastable states via direct observation of material dynamics under
external stimuli. With innovative sample designs developed over the past decades, advanced
in situ TEM has enabled emulation of battery operation conditions to unveil nanoscale
changes within electrodes, at interfaces, and in electrolytes, rendering it a unique tool to
offer unequivocal insights of battery materials that are beam-sensitive, air-sensitive, or that
contain light elements, etc. In this review, we first briefly outline the history of advanced
electron microscopy along with battery research, followed by an introduction to various in
situ TEM sample cell configurations. We provide a comprehensive review on in situ TEM

In situ TEM sample
configurations

Fundamenta\
Electrochemical
Dynamics

Battery life

studies of battery materials for lithium batteries and beyond (e.g., sodium batteries and other battery chemistries) via open-cell and
closed-cell in situ TEM approaches. At the end, we raise several unresolved points regarding sample preparation protocol, imaging
conditions, etc., for in situ TEM experiments. We also provide an outlook on the next-stage development of in situ TEM for battery
material study, aiming to foster closer collaboration between in situ TEM and battery research communities for mutual progress.
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Figure 1. In situ TEM capabilities enabled by various sample cells and advanced TEM techniques for battery research. The bottom-half timeline
shows the benchmarking events in the lithium battery field, emphasizing the progress of lithium battery research and the nanoscale-phenomena-
driven improvement onward. For the images in the bottom row, the “1799” item is reproduced with permission. Copyright 2024, J J Osuna
Caballero, Adobe Stock, under Education license. An image credit for the “1991” item is from ref 31. Other images in chronological order (“1970s”,
“1983”, “Mid-2010s Onwards”, and “Late-2010s Onwards”) are reproduced with permissions from refs 5, 10, 20, 32. Copyright 2017 The Authors,
Copyright 1983 Published by Elsevier B.V., Copyright 2020 The Authors, under exclusive license to Springer Nature Limited, Copyright 2019 The

Authors, under exclusive license to Springer Nature Limited.
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Figure 2. Progress of insitu TEM development for applications in lithium battery research. Some work with notable advances of in situ
electrochemical TEM capabilities are highlighted. In chronological order from left to right and, within the same year, from top to bottom,
reproduced with permissions from refs 23, 34—38, 40—47. Copyright 1932 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright 1944
AIP Publishing, Copyright 1967 AIP Publishing, Copyright 2003 Springer Nature Limited, Copyright 2010 The American Association for the
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Copyright 2014 American Chemical Society, Copyright 2014 American Chemical Society, Copyright 2020 Royal Society of Chemistry, Copyright
2021 The Authors, under exclusive license to Springer Nature Limited, Copyright 2023 Wiley-VCH GmbH, Copyright 2023 The Authors, under
exclusive license to Springer Nature Limited, Copyright 2023 UChicago Argonne, LLC, Operator of Argonne National Laboratory.

7.2.1. Sample Platform AV
7.2.2. Data Interpretation AV
7.2.3. Cryogenic Capability AV
7.2.4. Correlative Characterization AV
Author Information AV
Corresponding Authors AV
Authors AV
Author Contributions AV
Notes AV
Biographies AV
Acknowledgments AW
References AW

1. INTRODUCTION

Battery technology has been renovated tremendously since the
very beginning of battery conceptualization in 1799, when
Volta created the first voltaic pile that was then considered as
the first prototype of a battery (Figure 1)." The battery
research, specifically on lithium battery chemistry, started to
take off after the invention of TiS,” and LiCoO, (LCO)* in
the 1970s. Such layered-structure cathodes are suitable to store
and release lithium ions in a rocking-chair manner, along which
the generated electricity can be utilized to power devices.
Later, in 1983, graphite began to be used in the lithium battery
to host lithium ions as the anode, which ultimately promoted
the invention of the first commercial lithium ion battery by
Sony in 1991.° Due to the lack of suitable liquid electrolytes,
the early development of battery materials centered on
exploring new cathode materials that deliver higher capacity
and higher cell voltage with good cyclability. It was the time

when a variety of cathodes were invented in the 1990s,
including LiMn,0,,° LiFePO, (LFP),” Li(NiMn,Co,_, ,)O,
(NMC),” LiNigsMn, 0, (LNMO),” etc. (Figure 1). Ap-
proaching the 2010s, the solid-state battery field rapidly caught
research attention worldwide, owing to its promises for better
safety, higher energy density and anode compatibility, etc.'’~"*
Around the same period, battery research focus started to shift
back to anode materials such as lithium metal and silicon in the
efforts of replacing graphite with anodes delivering higher
capacity.*

With the mutual efforts from both the research community
and industry, battery performance thereby experienced
remarkable improvement in the past decades. Nowadays, the
state-of-the-art lithium metal battery is able to achieve a
Coulombic efficiency (CE) as high as 99.9%.>"** However, in
order to achieve a capacity retention of 80% after 1000 cycles,
an average CE of 99.98% will be needed (Figure 1). An
increase of 0.08% in CE seems marginal while it may take the
whole battery community decades to pursue, though with a
silver lining ahead. As a deeper understanding was obtained
along with the research efforts, it became increasingly
pronounced that the ultimate enhancement of battery
performance ties in the nanoscale phenomena within the
electrode materials, electrolytes, and at the interfaces. Such
needs place transmission electron microscopy (TEM),
especially in situ TEM, in a critical position for pushing the
boundary of battery research, owing to its capability of
monitoring dynamic changes of battery materials under
operational conditions with high spatial and temporal
resolution.

https://doi.org/10.1021/acs.chemrev.4c00507
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TEM is a powerful and indispensable tool for materials
characterizations. With the invention of TEM in the 1930s,*
remarkable advances have been achieved in the development of
TEM techniques and in situ TEM capabilities. Since the 1990s,
aberration-corrected optics have significantly improved the
imaging resolution of TEM. Nowadays, imaging at the atomic
resolution has been a routine using modern TEM. Annular
bright-field (ABF) imaging can directly visualize light atoms in
the presence of heavy atoms, which has provided the
opportunity to track distribution and m1grat10n of light
elements, such as lithium, in battery materials.”* Spectroscopic
techniques, such as energy dispersive X-ray spectroscopy
(EDS) and electron energy loss spectroscopy (EELS), enable
elemental analysis and valence state examinations, providing
critical information for battery research. Spatial resolution of
EDS mappmg allowmg single atom identification has been
demonstrated.”* High resolution EELS was also able to resolve
electronic structure of a specific atom.”® Recent developments
in monochromators have made vibrational EELS possible,
which allows for probing organic chemistry and minimizing
radiation damage.”” Four-dimensional scanning transmission
electron microscopy (4D-STEM) is another highlighted
advanced technique that enables unprecedented opportunity
to study the nanostructure, strain and charge density of beam
sensitive materials in battery electrodes”® and liquid electro-
lytes.”” Additionally, the emergence of the integrated differ-
ential phase contrast STEM (iDPC-STEM) technique is
capable of obtaining images with a high signal-to-noise ratio
under lower electron doses, and breakthroughs have been
made in characterizing beam sensitive materials using iDPC.*

In parallel, advanced in situ TEM with various sample cell
configurations has been developed allowing one to mimic the
operation conditions of battery materials under electro-
chemical stimuli, where the state-of-the-art TEM techniques
including fast electron detection were integrated. Figure 2
highlights the works with notable advances in the history of in
situ TEM development, especially the ones with applications in
battery research.

An in situ TEM study was documented as early as 1942 on
the gas—solid interaction under an electron beam.” In 1944, a
liquid cell was developed with nitrocellulose film on a platinum
frame that enabled encapsulation of liquid/vapor inside the
cell.’”* Such a cell design facilitated the later development of
microsized 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 using a silicon wafer
and was able to observe void formation inside aluminum thin
film upon electrical stimuli inside TEM.” In 2003, Ross’ team
developed an electrochemical liquid cell using Si with 2 SiN,,
viewing window to study the electrodeposition of Cu.*® ThlS
liquid cell design became the prototype of modern SiN,, liquid
cells for in situ TEM study of dynamic reactions and battery
materials.

The early 2010s witnessed the beginning of in situ TEM
applications in the lithium battery field. Several groups
individually published works on in situ TEM study of different
battery materials using open-cell configurations (Figure
2).>7* Huang et al. built a nanosized battery configuration
inside TEM using a SnO, nanowire anode in contact with an
ionic liquid electrolyte and a piece of LCO cathode.”” The
electrochemical lithiation of the SnO, nanowire was examined
using high-resolution TEM under electrochemical stimuli. The
lithiation pathways and lithiated products observed in this

work set up the principles for later conversion-type electrode
material studies. In another work around the same time,
Yamamoto et al. built a microsized battery mimicking the
solid-state battery configuration that was thinned down by
focused ion beam for electron transparency. The use of
electron holography was able to identify an electric potential
change across the solid—solid interfaces and inside the solid
electroly‘ce.38 Similarly in 2010, Mai et al. coupled nanowire
anodes with a polymer-based solid electrolyte on a customized
quartz substrate. They were able to measure the conductance
change m sztu with different states of charge in V,0q
nanowires.”” These works opened the avenue of in situ TEM
studies of battery materials, especially by using such open-cell
configurations where no liquid encapsulation was applied.

Liquid-phase in situ TEM was employed in the lithium
battery field starting in 2013. Many studies adopted the cell
design using Si chips with a SiN, viewing window.""~** The
lithiation process of the Si nanowire was examined in a liquid
electrolyte consisting of ethylene carbonate (EC) and dimethyl
carbonate (DMC) solvents, where volume expansion of the
nanowire and the presence of the Li,Si phase were observed in
real time.** Zeng et al. utilized a SiN,, liquid cell to monitor the
lithium metal behavior in an EC/diethyl carbonate (DEC)
liquid electrolyte. The in situ results were able to resolve the
lithium dendrite growth and the formation of a solid-
electrolyte interphase (SEI) at high resolution.”' Graphene
liquid cells have also been used to study lithiation processes of
battery materials. For instance, Yuk et al. employed a graphene
liquid cell to monitor the lithiation process of Si nanoparticles
(NPs) and captured the preferred orientation of the lithiation
direction in the NPs.*> However, since no electrodes were
included inside the cell, the lithiation processes inside the
graphene liquid cell were induced by electron beam irradiation
instead of electrochemical stimuli. The SiN, liquid cell and
graphene liquid cells are categorized as closed-cell sample
configurations, which will be introduced in detail in the next
chapter.

Entering the 2020s, a lithium dendrite suppression strategy
via nanoscale engineering was implemented in a SiN, liquid
cell, uncovering the correlations between lithium metal
morphologies and the SEI through high-resolution EDS."
An open-cell configuration was employed to study a
Li;LayZr,0,, (LLZO) solid electrolyte, and captured un-
expected lithium dendrite growth at the grain boundaries in
LLZO when an electrochemical stimuli was applied.**
Coupling in situ TEM with valence EELS, this work provides
direct evidence on the relatively higher electronic conductxv-
ities at the crystal grain boundaries in the solid electrolyte.**
Such an attribute might lead to a local current hotspot and
cause dendrite formation within the solid electrolyte during
battery operation. Several other in situ TEM studies in 2023
unequivocally demonstrated the power of in situ TEM on
nanoscale dynamics characterization. Su et al. utilized an open-
cell configuration to investigate the lithiation mechanism of
high-entropy transition metal oxide that can be potentially
used as lithium battery anodes. The conversion reaction
observed by in situ TEM directly suggested that the lithiated
oxide can recover into its single-phase oxide just like a pristine
material.*® Another team managed to measure the electronic
conductivity of SEI on a deposited lithium dendrite by
employing an innovative in situ experimental design. The
results unveiled a voltage-dependent differential conductance
of the SEI layer, which has not been observed previously and is

https://doi.org/10.1021/acs.chemrev.4c00507
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directly related to the cycling stability of a lithium metal
anode.”® A work published by Zhou et al. studied the
transformation of lithium polysulfide species in a closed-cell
configuration of lithium—sulfur (Li—S) battery chemistry. It
yields unequivocal evidence of the evolving lithium polysulfide
species during charging and discharging, and reveals the
nucleation pathway of lithium sulfide.”” To this day, in situ
TEM continues to flourish in battery materials research,
providing unprecedented insights for both the liquid- and
solid-state battery fields.

In this review, we first introduce the in situ TEM approaches
established for different battery material systems. We then
summarize in situ TEM works using both open-cell and closed-
cell configurations performed on battery materials in the past
14 years, including various types of anode, cathode, and
electrolyte materials. Given the primary research attention
from academia and industry on the lithium batteries, the
majority of this article covers lithium-battery-related studies via
advanced in situ TEM. We spend one chapter summarizing the
progress in the battery chemistries beyond Li-containing
materials, namely those containing sodium (Na), potassium
(K), zinc (Zn), magnesium (Mg), calcium (Ca), etc. We then
highlight several points regarding sample preparation and data
acquisition processes, where bias and misinterpretations could
arise, potentially obscuring the realistic scenarios occurring
within battery systems. At the end, we provide an outlook on
the future directions and potential impact of in situ TEM on
the next-stage advancement of battery fields, where mutual
progress shall be anticipated.

2. IN SITU TEM APPROACHES AND SAMPLE CELL
CONFIGURATIONS

In situ TEM studies driven by electrochemical stimuli require a
specialized experimental setup, which commonly includes a
TEM sample holder with electric biasing capabilities, a
potentiostat for electrical input, and the sample reaction cell.
Based on how the sample is maintained during measure-
ment—specifically, whether the electrolyte is encapsulated—
sample cell configurations can be categorized into two main
types—closed cell and open cell (Figure 3). Each cell
configuration exhibits its unique merit during in situ TEM
examination.

2.1. Open-Cell Configuration

The open-cell configuration includes tip-based ionic-liquid
open cell, tip-based solid-electrolyte open cell, and chip-based
open cell, where the common feature is the electrolyte being
directly exposed to a vacuum environment inside the TEM
column. Due to either the negligible vapor pressure of ionic
liquids or the solid nature of solid electrolytes, open cells are
able to bear a vacuum environment and beam irradiation
without the aid of an encapsulation mechanism.

2.1.1. Tip-Based lonic-Liquid Open Cell. An ionic liquid
with a low vapor pressure may withstand a high vacuum
environment inside the TEM column. In one of the earliest
reported works employing an ionic liquid as the electrolyte,
lithium salt was dissolved in 1-butyl-1-methylpyrrolidinium bis
(trifluoromethylsulfonyl) imide (P, TFSI), which served as the
lithium-conducting medium during battery operation.”” The
lithium source comes from a piece of LCO cathode on one
end, which is covered by an ionic liquid. On the other end, the
sample of interest, usually low-dimensional materials such as
nanorods, nanowires, or nanoparticles, is attached to a metal

https://doi.org/10.1021/acs.chemrev.4c00507
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00507?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00507?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00507?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00507?fig=fig3&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00507?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

rod and a piezo manipulator during sample preparation. The
piezo manipulator can be used to control the distance and
contact between the sample and the ionic liquid. This
conductive piezo manipulator can be then used to apply
electrical stimuli to trigger the electrochemical process.’’

The spatial resolution of a tip-based ionic liquid open cell is
comparable to that of a graphene liquid cell when the sample
thickness is essentially low. Due to the absence of organic
liquid electrolytes that are usually extremely beam-sensitive, a
tip-based ionic liquid open cell can withstand higher electron
dose rates and achieve a higher spatial resolution. However,
this setup requires samples with specific shapes and dimensions
in the nanoscale regime, casting limits on sample selections. An
ionic liquid may also bring ambiguity to the testing results
because most practical battery systems utilize organic liquid
electrolytes or solid electrolytes instead of ionic liquids.

2.1.2. Tip-Based Solid-Electrolyte Open Cell. Another
type of open-cell configuration utilizes the same idea as the
ionic-liquid open cell but uses a solid electrolyte as the lithium-
conducting medium. In the case of lithium battery systems, this
solid electrolyte is normally a thin layer of Li,O naturally
formed on the surface of the Li metal mounted on the anode
side. Although Li,O is a modest lithium conductor, its low
thickness and insulating nature guarantees the Li,O layer a
good medium in the open-cell setup. Li metal is normally
mounted on a tungsten tip and the rest of the setup is similar
to the ionic-liquid open cell.

Inheriting the upside of open cell, tip-based solid-electrolyte
open cell provides high spatial resolution. In some cases,
nanoparticle samples can be mounted on a half-cut carbon-
film-supported TEM mesh grid, where the Li/Li,O tip is
brought into contact with the grid, indirectly transferring
lithium ions through the carbon film.*® Alternatively, this setup
can be used directly to study the interfacial reactions of
electrode materials or solid electrolytes in contact with lithium
metal.*”*° The unique setup makes it possible to study the
interfacial phenomena between sample materials and Li metal,
which is also a major direction for lithium battery research.
Due to the use of piezo manipulators in both open-cell
configurations, they can be categorized as tip-based open cells.

2.1.3. Chip-Based Open Cell. The last type of open cell
does not require the use of piezo manipulators. Instead, the
battery sample presents itself in the form of a thin lamella that
is mounted across the gap on a pattern chip that is
conventionally made of Si. The electrical contact is patterned
on the Si chip with metal layers, such as Au and Pt, etc. This
approach commonly utilizes a focused ion beam to extract the
lamella from the bulk battery and then transfer it onto the Si
chip, after which the lamella has its anode current collector and
cathode current collector isolated on each side to build the
electrical pathway®"** (Figure 3). The middle region of the
lamella is thinned down to tens of nanometers in thickness for
TEM observation.

Chip-based open cell preserves the pristine interface inside
the solid-state battery system and has the most-like sample
geometry as the real solid-state batteries. Nevertheless, the
procedure to produce such nanosized batteries is nontrivial
and time-consuming. Extra care needs to be taken to avoid
short-circuiting inside the nanosized battery.”">” Besides,
sample selection is largely limited to those that can form
layered thin film structures.

2.2. Closed-Cell Configuration

Since most liquid electrolytes used in batteries consist of
organic compounds with high vapor pressure that cannot
withstand direct exposure to vacuum, the closed-cell approach
is more viable for in situ TEM studies of battery materials in
organic liquid electrolytes. For the closed-cell configuration,
the wet sample is sandwiched between two thin membranes in
the liquid cell during measurement. A liquid cell can be either
self-contained or designed as a flow cell, allowing liquids to
flow in and out of the cell via nanotubing. The self-contained
liquid cell design adopts a variety of membrane materials, such
as SiN,,****=>” polymers,” graphene,”” amorphous carbon,*’
MoS,,°" BN,°* or other two-dimensional (2D) materials. So
far, nearly all the commercial flow cells use SiN, as membrane
because of the well-established microelectro-mechanical
systems (MEMS) processing that can fabricate SiN, windows
with a low defect rate.””**

The SiN, liquid cell, either self-contained or a flow cell,
makes it easier to incorporate electrodes into the cell, thus it
has been predominately used for in situ TEM study of battery
materials during electrochemical processes. Graphene liquid
cells have also been used for characterization of battery
materials. However, the material transformations observed in
the graphene liquid cell are often driven by electron irradiation
rather than electrochemical stimuli. Some other common 2D
materials suffer from similar issues regarding the integration of
conductive electrodes. Polymer electrochemical liquid cells
have recently been reported for in situ TEM study of
electrocatalytic reactions,”® which may open new opportunities
for in situ TEM study of battery materials in the future.

2.2.1. SiN, Liquid Cell. The self-contained SiN, electro-
chemical liquid cells have the sample materials and liquid
electrolytes preloaded into the cell without further liquid flow
during in situ TEM characterization (Figure 3). Electrodes
made of various materials (e.g,, Ti, Au, Pt, etc.) are patterned
on a Si/SiN, chip. Another chip has liquid reservoirs adjacent
to the SiN, membrane window. These chips are stuck or glued
together with the SiN, windows aligned, allowing the electron
beam to pass through. Samples can be loaded into the liquid
cell with the liquid reservoir, followed by sealing the samples
inside the cell before in situ TEM imaging.

Similarly, in a flow cell, the sample of interest can be loaded
in the viewing area on the chip. It is followed by clamping two
chips together with an O-ring so that a closed cell is formed
confining the liquid electrolyte between the membranes.*®
Nanotubing is connected with the liquid cells and passes
through the TEM holder, which enables the liquids to
transport in/out of the liquid cell. Additionally, a pumping
system is normally connected to the system to allow liquid to
flow through the cell during measurement. This design
guarantees either a continuous flow of liquid or static
conditions where the liquid remains stationary during
experiments.

The SiN, liquid cell is a versatile sample platform as it
enables real-time observations of various battery materials
dynamics in liquid electrolytes, mimicking the real environ-
ment of liquid-electrolyte batteries. The types of liquid
electrolytes can be changed according to the experimental
needs. Nevertheless, the downside of this approach is the
compromised spatial resolution due to thick SiN, membranes
(e.g, each can be at least 30 nm-thick), and large spacing of
the SiN, window due to membrane bulging, thus thickening
the liquid in the path of the electron beam. Moreover, simple
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Figure 4. Lithiation process of Si nanomaterials via open-cell in situ TEM configurations. (a) High-resolution TEM (HRTEM) images at the early
stage of lithiation showing the interface between amorphous and crystalline regions, along with the Si atom detachment process in a ledge flow.
Reproduced with permission from ref 78. Copyright 2012 Springer Nature Limited. (b) Schematics of the open-cell setup and the microstructural
evolution of the Si-coated CNF during lithiation. Reproduced with permission from ref 79. Copyright 2012 American Chemical Society. (c) A
schematic of the open-cell setup and time series of the lithiation of a single amorphous Si sphere. Scale bars: 200 nm. Reproduced with permission

from ref 80. Copyright 2013 American Chemical Society.

drop-casting methods often lead to high contact resistance,
hindering effective electrochemical reactions. Lastly, a SiN,
liquid cell often has a single narrow rectangular window, which
limits the field of view for observations. Regardless, the SiN,
liquid cell remains the dominating approach so far for in situ
TEM study of battery materials due to its versatility and
reliability.

2.2.2. Graphene Liquid Cell. A graphene liquid cell is
made with two layers of graphene sheets suspended on TEM
grids (e.g., commercial Cu mesh grids). The wet samples of
battery materials in the liquid electrolyte are loaded onto one
graphene sheet on a TEM grid, and then the other graphene
sheet is placed on the top to form a sandwiched liquid cell
sealed by van der Waals forces between the graphene sheets. It
often forms many liquid pockets inside a graphene liquid cell.
Owing to the thin nature of graphene sheets, graphene liquid
cells yield superior spatial resolution compared with SiN,
liquid cells (Figure 3).

A major drawback of graphene liquid cell is that it is usually
not equipped with electrical contacts due to the electrically
conducting graphene membrane, rendering it unable to apply
electrical control to the material systems. As such, material
changes occurring in a graphene liquid cell are primarily

induced by electron beam irradiation. Such characteristics fall
short of demands on the battery systems, which normally
require electrical stimuli and precise control. In this regard,
graphene liquid cells have limited applications in the study of
battery chemistry. Nevertheless, due to its simple setup and
high spatial resolution, graphene liquid cell has been widely
used in the study of chemical processes where the electron
beam is used to trigger the reactions.’”**~%

3. IN SITU TEM STUDY OF ANODE MATERIALS FOR
LITHIUM BATTERIES

3.1. Silicon

The Si anode is renowned for its high theoretical capacity,
comparable to that of the Li metal anode, and its earth
abundance, rendering it a cost-effective and efficient alternative
to the widely used graphite and Li metal anodes.””~"* The Si
anode undergoes an alloying reaction as eq 1 shown below:

Si+ xLi” + x-e” < LiSi (1)

However, due to the nature of the alloying reaction, the Si
anode suffers from severe volumetric changes during the
repeated cycling, up to 300% of volume expansion and
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Figure S. Lithiation process of Si nanomaterials via closed-cell in situ TEM configurations. (a) TEM images showing the lithiation of the Cu-coated
Si NW and a plot of NW width changes vs. time. Reproduced with permission from ref 40. Copyright 2013 American Chemical Society. (b)
Schematics of isotropic lithiation of Si NW in a liquid environment and directional lithiation of Si NW in open-cell configuration. Reproduced with
permission from ref 40. Copyright 2013 American Chemical Society. (c) Morphological changes of Si NPs during lithiation. The white arrows
indicate the <110> directions of Si crystal. Scale bar: 20 nm. Reproduced with permission from ref 42. Copyright 2014 American Chemical Society.

shrinkage.73_76 Such a drastic structural change leads to the
collapse of electrode integrity, resulting in cracking, pulveriza-
tion, continuous SEI growth, and a trapped Li—Si alloy, which
ultimately consume the active material and deplete the lithium
reservoir.”””” In order to overcome the negative impact of the
volume change in Si anode during cycling, it is essential to
understand its lithiation mechanism at the nanoscale and
investigate effective strategies to alleviate the volumetric
change. Numerous in situ TEM studies have been performed
on the Si anode in various configurations, i.e., nanowire (NW),
nanosphere (NS), nanorod (NR), etc., where invaluable
information has been collected that enlightens the research
field for better engineering efforts at the bulk scale.

3.1.1. Amorphization and Lithiation Pathways. It has
been documented from many works that the Si anode tends to
form an amorphous phase before full lithiation.”*™*" After the
Si anode is 100% lithiated, there exist both amorphous and
crystalline Li,Si phases in the electrode, while the transition
from crystalline Si to the amorphous phase and the subsequent
amorphous-to-crystalline transition processes remain a conun-
drum. In situ TEM has been utilized to probe the nanoscale
changes during these two processes to provide insights with
the help of other characterization tools.

An early in situ study in 2012 used the tip-based open-cell
configuration to study the behavior of a single-crystalline Si
nanowire upon lithiation from a Li metal anode, where the
migration of the reaction front was captured (Figure 4a). Li
reacts with Si from the outer surface of the nanowire and forms
an amorphous Li Si phase. With the reaction proceeding, the
interface between the amorphous and crystalline phases

approached the deeper region of the nanowire. Intriguingly,
Si atoms were lithiated in a ledge flow manner at the reaction
front, where Si atoms react with Li atoms and detach from the
crystalline body, atomic layer by atomic layer.”® Different
crystal orientations yielded different mobility of the amor-
phous/crystalline interface, stressing the importance of
interfacial dynamics associated with the crystallinity of the Si
anode for rate capability and deformation behavior. Another
work in the same year probed the lithiation mechanism of
amorphous Si nanowire using a battery setup, where LiCoO,
was used as the cathode and ionic liquid was used as the
electrolyte.”” Amorphous Si coated on a carbon nanofiber
(CNF) manifests an amorphous-to-crystalline transformation
that appears facile and congruent. The in situ TEM
configuration clearly captured the volume expansion during
the first lithiation accompanying the amorphous phase,
whereas crystallization of LijsSi, species occurred after the
volume expansion process subsided, as depicted in Figure 4b.
Such direct evidence shows that the amorphous-to-crystalline
transformation is determined by the lithium content in the
amorphous phase.”” By coupling density function theory
(DFT) calculation and molecular dynamics (MD) simulation,
a drastically higher thermodynamic driving force was
uncovered for the amorphous-to-crystalline transformation
with increasing lithium content in Li Si. Similar phenomena
were also observed elsewhere.®’ During the crystallization step,
although lithium content keeps increasing, the volume of Si
nanowire remains relatively stable, indicating that the major
volumetric change occurs during the amorphization stage in
early lithiation. In contrast to Si nanowires, Si nanospheres
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Figure 6. Nanomechanical phenomena during (de)lithiation of Si nanomaterials using open-cell configurations. (a) TEM images showing different
deformation behaviors of Si particles with diameters of 940 and 160 nm, respectively. Reproduced with permission from ref 82. Copyright 2012
American Chemical Society. (b) Morphology changes and selected area electron diffraction (SAED) patterns of Si NPs during lithiation. Scale bars:
100 nm. Reproduced with permission from ref 83. Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Shape change of Si
NWs during lithiation and delithiation, highlighting the pore formation after delithiation. Reproduced with permission from ref 84. Copyright 2018
American Chemical Society. (d) Comparison of the lithiation nanomechanics of the Si particles attached to and embedded in the CNF. Lithiation
of the embedded particles caused carbon fiber cracking. Reproduced with permission from ref 85. Copyright 2012 American Chemical Society.

exhibit a two-phase transition during the first lithiation,
whereas the nanospheres remain an amorphous state (Figure
4c). The gradual change of the image intensity combined with
mathematical simulation indicates a varied lithium diffusivity in
the nanospheres.®” The absence of a crystalline phase in the
nanosphere could be ascribed to the insufficient lithium in the
structure, as compared with the nanowire scenario.

In situ TEM studies with the open-cell configuration
provided atomic insights on the lithiation process of Si
nanomaterials and suggested that volume expansion occurs
primarily at the amorphous state. However, the presumed
lithiation direction due to the sample geometries in the tip-
based open cells may introduce anisotropic effects that deviate
from the real behaviors of the Si anode. One way to avoid
anisotropic effects is to study these nanomaterials in a liquid
environment. Liquid-phase TEM has also been widely used for
Si materials. Among the earliest studies applying in situ liquid-
phase TEM for battery materials, Gu et al. used a SiN, liquid
cell to examine the lithiation process of Si nanowires in an EC/
DMC liquid electrolyte, a common electrolyte combination
used in practical lithium batteries (Figure Sa). As Si nanowires
were submersed with liquid electrolyte, nanowires exhibited an
isotropic volume expansion with lithiation from all orienta-
tions, rather than the directional lithiation as observed in the

open cells.*” Surprisingly, the core—shell structure was
captured both in closed-cell and open-cell configurations
after lithiation, indicating a fast lithium conduction on the
surface of Si nanowires (Figure Sb). Although it was not able
to achieve a spatial resolution as high as the open-cell
configuration, the SiN, liquid cell allowed the use of liquids
that emulate the practical environment during charging and
discharging and holds great potential for studying the impact of
different electrolytes on the SEI formation.*’ Figure Sc shows
the results where the graphene liquid cell was employed to
study the lithiation mechanism of Si nanoparticles, and a
preferred lithiation orientation was observed. When the
electron beam induced the lithium insertion into Si nano-
particles, the lithiation preferably occurred along the <110>
crystal orientation with volume expansion along the same
direction.”” Such anisotropic volumetric changes cast a
discrepancy regarding the manner of lithium diffusion into
the Si anode through a liquid electrolyte, when compared with
the results in the SiN, liquid cell. Possible reasons include the
types of stimuli and the crystallite shapes, which might lead to
different lithiation behaviors of such nanomaterials in liquid
electrolytes.

3.1.2. Nanomechanics Associated with Si Anode. Due
to the drastic volumetric changes of Si materials during
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electrochemical lithiation and delithiation, one of the major
concerns of the Si anode is the electrode pulverization after
repeated cycling that not only sacrifices the structural integrity
of the anode but leads to electrolyte consumption and SEI
formation. The consequence is severe performance degrada-
tion and potential safety issues. In situ TEM provides a way to
use atomistic resolving power to examine the mechanical
properties of the Si anode. Thereby numerous studies have
been documented.

By using the tip-based open-cell configuration, Liu et al
unveiled that the fracture of Si nanoparticles is strictly
associated with the particle size, where particles with diameters
larger than 150 nm would experience fracture during the first
lithiation (Figure 6a). The accumulated hoop tension on the
surface is proposed to be the key for such mechanism.*”
Altering the particle sizes will surely help alleviate the electrode
pulverization, while tuning the spherical particle morphology
and crystalline nature might further mitigate the undesired
impact, as amorphous nanoparticles did not show cracking at
sizes larger than 400 nm in another study.”” McDowell et al.
applied tip-based open cell to study the reaction mechanism of
Si nanoparticles loaded on a Si nanowire (Figure 6b). The
particle fracture was also observed when the particle size
exceeded 150 nm. In the meantime, it was uncovered that the
reaction front migrates faster at the beginning of particle
lithiation and slows down as the lithiation depth increases. The
mechanical stress built up at the reaction front, namely the
interface between Si and Li,Si, is proposed to be the driving
force for the rate change.

The host materials also play a critical role in the mechanical
aspect of the Si anode. Adkins et al. observed pore formation
inside Si nanowires that were coated with a SiO,, shell in a tip-
based open cell (Figure 6¢). As lithium ions are removed from
Si nanowires during delithiation, Si nanowires shrink while the
SiO, shell tends to hold the structure of the composite

electrode, resulting in the pore formation inside Si nano-
wires.** The observed mechanism is important for practical
use, as SiO, is often used in combination with Si materials in
the anode. The volume change mismatch between these
species might lead to mechanical degradation of the composite
electrode. In another study using Si particles embedded within
carbon nanofibers (CNFs), the fracture of the carbon host was
observed during the repeated volumetric changes of the active
materials (Figure 6d).”> Stress field simulation unveiled that
the cracking of carbon shell initiates at the interface between
Li,Si and host. It was then predicted that a lithiation layer over
10 nm in thickness could lead to cracking in the core—shell
structure using an amorphous carbon host. Such results
emphasized the importance of exploring the proper spatial
correlation of silicon nanoparticles with the carbon matrix
when using a Si-graphite composite anode instead of a pure Si
anode.

3.1.3. Electrode Modification for Suppressing Vol-
ume Changes. As Si anodes experience large volume changes
during charging/discharging, different strategies for mitigation
have been proposed. In situ TEM has been an effective way to
observe such an impact of the modification.

Liu et al. coated Si NWs with a 3 nm-thick carbon layer, and
no obvious pore formation or fracture was seen after fast
cycling (Figure 7a). Further doping of phosphorus into Si
NWs, for the sake of improving electrical conductivity,
achieved an ultrafast lithiation rate without fracture. Although
the diameter of the Si nanowire changed from 125 to 362 nm,
a volume change of nearly 300%, the Si nanowire was able to
be fully lithiated and then delithiated without fracture or pore
formation.*” The structural compatibility between Si nano-
wires and thin carbon coating, in addition to the improved
electrical conductivity, might be the key for the mechanical
stability in this case. Figure 7b shows a surface modification by
adding an alucone layer on Si particles. The mechanical
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flexibility and chemical stability of alucone resulted in deep
lithiation of the Si nanoparticles without pulverization.
However, the limited volumetric change might cause a reduced
capacity of Si particles.*® In Figure 7c, Shen et al. explored the
potential of employing porous Si to suppress the drastic
volume change. A porous Si particle with a size of 1.52 ym
changed to 2.05 um after lithiation, experiencing a much-
reduced volume change.89 The critical fracture size was
increased up to 1.5 ym. Besides, the small crystalline domains
inside porous Si have also promoted the full lithiation to form
a crystalline Li,Si, phase.

Due to the drastic volume change during lithiation and
delithiation, Si electrode modification has been an effort to
seek a balance between reduced pulverization and retained
electrode capacity. On the one hand, the electrode suffers less
from pulverization when the volume change is mitigated via
surface coating or spatial refinement. However, this merit
comes with a reduced capacity as the volume expansion is
directly connected to the amount of lithium stored in the
electrode. In situ TEM helps to find the stage at which the
volume expansion of the Si electrode remains relatively steady
while lithium ions come into the electrode.

Owing to its research attention and excellent contrast under
electron beam, Si anodes have been extensively studied via in
situ TEM in the past few decades. The insights obtained at the
nanoscale include understanding the lithiation mechanism,
mechanical degradation, solutions to undesired volumetric
changes, etc. Many of these insights cannot be captured by
other techniques due to insufficient spatial resolution, or the
inability to apply electrochemical stimuli. In situ TEM has
granted access to dynamic changes within Si materials,
enabling the acquisition of nanoscale insights applicable to
practical bulk-scale anode production. With increasing
attention on Si-graphite anodes in recent years, in situ TEM
would continue offering new knowledge necessary for further
advancements.

3.2. Lithium Metal

The Li metal anode stands out among various anode
candidates as a key enabler for high energy density, owing to
its high theoretical capacity (3,860 mAh ¢') and low
electrode potential (—3.04 V vs. SHE). However, fundamental

challenges persist in front of Li metal battery commercializa-
tion, such as inactive lithium formation, low Coulombic
efficiency, and dendritic growth, which potentially lead to short
circuits and safety concerns. Extensive studies have been
conducted to comprehend the principles of lithium dendritic
evolution during plating and stripping, where various factors
influencing lithium dendritic growth were proposed, including
the high current density that overwhelms the lithium-ion
diffusion rate,” stress accumulations during lithium plating
beneath the SEL,’" and the ionic conductivity vs. mechanical
properties of SEI components.gz’93 In response to the current
understanding of lithium growth mechanisms, numerous
strategies to inhibit lithium dendrites have been reported.
These approaches involve SEI engineering through electrolyte
optimization or the use of artificial layers, electrode
modification employing lithiophilic host materials and 3D
structures, and cell configurations designed using pressure,
temperature, and external fields.”*”*

In situ TEM has provided the chance to directly observe the
plating and stripping processes of lithium at the nanoscale
under diverse conditions. Obtained insights unveil properties
of the SEI and inactive lithium that are hardly accessible with
other probing tools. In this section, we reviewed the
achievements of in situ TEM to better understand lithium
evolution principles using both closed-cell and open-cell
configurations, and discuss how such knowledge contributes
to developing practical Li metal batteries.

3.2.1. Li Metal Nucleation and Growth Mechanisms.
The high sensitivities of Li metal and liquid electrolytes to air
and moisture have posed outstanding challenges to TEM
observations for many years. The nature of closed cells using in
situ liquid cell TEM offered a way to monitor Li metal
behaviors during growth and dissolution. With a SiN, liquid
cell, Zeng et al. first visualized the dendritic growth of Li metal
in real-time using a practical electrolyte that consists of 1 M
LiPF in EC/DEC solvents’ (as shown in Figure 8a). The
cyclic voltammetry (CV) method was applied to a symmetric
cell using Au working/counter electrodes within a voltage
range of 0 to —3 V to induce lithium plating on the electrode.
Following the initial Li—Au alloying reaction, the formation of
a film-like SEI on the counter electrode during the negative
sweeping of the cell was observed, besides the dendritic growth
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of Li metal. This work demonstrated the promise of using a
confined liquid environment to study the kinetics of Li metal
growth, and showed the tendency of promoting dendritic Li
when the applied current density was not well controlled.

Later, another in situ TEM work employed a liquid
electrolyte consisting of 1.2 M LiPF, in EC/DMC (Figure
8b).”® Au electrodes were used in the SiN, liquid cell, and CV
was applied as the electrical stimuli. Dendritic growth of Li
metal and the SEI was found on the Au electrode surface,
which turned out to be affected by the electric field and current
distribution gradients. It was also demonstrated that Li
deposition could initiate through the grown SEI, possibly
due to the high ionic conductivity of the SEI or inactive
lithium residuals in the SEI. Mehdi et al. further quantified the
lithium and SEI growth obtained with in situ liquid-phase
TEM, by correlating morphological changes with the electro-
chemical data.”” A repetitive Li metal plating/stripping onto a
Pt electrode using 1.0 M LiPF, in propylene carbonate (PC)
electrolyte was first achieved, and the contrast reversal of
lithium metal within the electrolyte in high-angle annular dark-
field STEM (HAADF-STEM) images was interpreted via
image simulations in Figure 8c. By correlating in situ STEM
images of deposited Li/SEI and the net charge density
measured from the corresponding CV curves, the authors
quantitatively compared the growth rates of Li and the SEI,
demonstrating the potential to link irreversible capacity with
specific electrode events.

Li deposition on a glassy carbon electrode was investigated
via STEM imaging by Sacci et al.”® SEI formation on the
electrode surface was captured before Li nucleation, and ADF-
STEM images revealed that the SEI was approximately twice as
compositionally dense as the liquid electrolyte. It was observed
that Li nucleation occurred between the glassy carbon
electrode and the SEI, leading to a transition to mass-
transport-limited deposition. The growth of Li metal initiating
between the SEI and the electrode is a prevalent belief in the
field while ex situ experiments were not able to provide direct
evidence of such a phenomenon. Dachraoui et al. observed the
formation of a mosaic SEI layer on a glassy carbon electrode
immersed within 1 M LiPF; in the EC/DEC liquid
electrolyte.”” They identified the initial nucleation of inorganic
nanoparticles, followed by the transformation of island-like
structures into a dispersed layer and subsequent densification,
which eventually forms the mosaic SEI layer comprising both
organic and inorganic compounds. Such direct observations
have provided strong experimental evidence of modern SEI
formation theories, and are of critical importance to electrolyte
engineering.

Electrochemical growth/dissolution mechanisms of individ-
ual Li deposits under various conditions were proposed by in
situ liquid-phase TEM studies. Kushima et al. elucidated Li
growth behaviors in the early stage using a SiN, liquid cell that
consists of an Au working electrode with a LiCoO, counter
electrode and a 1 M lithium bis(trifluoromethanesulfonyl)-
imide (LiTFSI) in dimethyl sulfoxide (DMSO) electrolyte
(Figure 9a).'” In several earlier works, it was proposed that Li
dendritic growth occurs during the transition of electro-
chemical reactions from charge-transfer-limited to diffusion-
limited processes at the so-called Sand’s time.””'**'%* Kushima
et al. Froposed Li growth mechanisms that focus on the early
stage, *° which suggested that the competition between the
rates of Li deposition and SEI formation determines whether
Li grows on the surface or from the root of Li deposits. At
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Figure 9. Mechanistic studies of electrochemical lithium growth and
dissolution using in situ electrochemical liquid-phase TEM. (a)
Dependence of lithium metal growth on the overpotential.
Reproduced with permission from ref 100. Copyright 2016 Elsevier
Ltd. (b) Dependence of lithium metal growth on current density.
Reproduced with permission from ref 101. Copyright 2015 American
Chemical Society.
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Figure 10. In situ electrochemical liquid-phase TEM studies on lithium dendrite suppression strategies. (a) Nanogranular lithium metal growth and
SEI modification induced by an artificial electrode coating layer with a cationic polymer film. Scale bars for TEM images, HAADF-STEM image
and corresponding EDS elemental maps, and HAADF-STEM image for EDS line-scan profiles: 1 ym, 200 nm, and 50 nm, respectively.
Reproduced with permission from ref 43. Copyright 2020 Royal Society of Chemistry. (b) Stripping behaviors of nanogranular and dendritic
lithium. Scale bars: 1 ym. Reproduced with permission from ref 107. Copyright 2022 Elsevier Ltd. (c) Dependence of lithium metal growth on
FEC electrolyte additive. Reproduced with permission from ref 108. Copyright 2021 The Authors. (d) Lithium metal plating and stripping in the
presence of trace H,O in liquid electrolyte. Scale bars: 2 ym. Reproduced with permission from ref 109. Copyright 2016 The Authors. (e)
Comparison of initial lithium growth behaviors in 1 M LiPF4 in 1:1 EC/DEC and 1 M LiTFSI in 1:1 DOL/DME electrolytes. Reproduced with

permission from ref 110. Copyright 2023 American Chemical Society.

intermediate overpotentials (e.g., ~0.1 V vs. Li/Li"), the SEL is
relatively thin, allowing Li to continuously grow uniformly and
densely on its surface, forming a cauliflower-shaped morphol-
ogy. However, under a large overpotential (e.g, <—0.5 V vs.
Li/Li*), a denser and thicker SEI, nonconductive to Li ions,
can be rapidly formed on the electrode. In this case, Li is
expected to nucleate at SEI cracks on the electrode and is
compelled to grow in a whisker shape from the roots, where
compressive stress has accumulated and the SEI is relatively
thin. This study also provided insights into inactive Li
formation. During Li stripping, it was observed that isolated
inactive Li can be formed at a kink in a Li whisker, which has
developed during the Li whisker growth while the compressive
stress was relaxed and subsequently reaccumulated.

The effects of current densities on Li growth behavior were
studied by Leenheer et al,'®" where repetitive plating and
stripping of Li metal were conducted at varying current
densities of 1, 10, and 25 mA cm™2. This work realized Li
plating/stripping in liquid-phase TEM controlled via galvano-
static control, in contrast to the voltametric cycling protocol
employed in other previous studies. The authors visualized the
reinforcement of needle-like Li growth under increased current
densities, in consistency with practical Li metal batteries
(Figure 9b)."**'% Smooth lithium deposits were formed at a

current density of 1 mA cm ™, exhibiting a high reversibility. At
10 mA cm™2, Li grew into grains with facet edges in the first
cycle, transitioning to a granular, needle-like morphology in the
second and third cycles. At a significantly higher current
density of 25 mA cm™?, Li needles were observed even during
the first cycle, which became more pronounced in the second
and third cycles. Furthermore, the electron beam effect on Li
growth morphology was investigated. It was found that Li
metal tends to grow as balloon-like nodules when exposed to
electron beam, in contrast to the faceted lithium grains
observed without electron beam irradiation. It was then
proposed that such a change might be because the electron
beam creates numerous reduced radicals in the electrolyte, and
the SEI attached to the Li subsequently promotes the isotropic
growth. From the experiment, it was also observed that the
electron beam effects are less significant at lower current
densities. These phenomena were observed at a low electron
dose rate of 0.1 ¢~ A™ 57! and a total dosage of 0.5 ¢~ A~
frame™' during STEM imaging at a 300 kV acceleration
voltage. The threshold for modifying lithium growth may vary
in diverse experimental environments, including factors like
SiN, window/electrolyte thickness, electrolyte species, and the
acceleration voltage of the electron beam. Nevertheless, this
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result emphasizes the crucial need to meticulously quantify the
impact of the electron beam on in situ TEM experiments.

It is also noteworthy that the differences in Li growth
behavior between liquid-phase TEM cells and conventional
coin cells were investigated by Harrison et al. using a 4 M
LiFSI in a dimethoxyethane (DME) electrolyte."”® They
revealed that cell compression directly affects Li deposit
morphology, CE, and self-discharge behaviors. Li metal grown
in coin cells tends to appear denser and more uniform, whereas
in liquid-phase TEM cells without pressure confinement, Li
deposits become mossy and dendritic. It was suggested that
cell pressure affects the SEI formation, which plays a major role
in Li plating/stripping. A loose SEI can be formed at low cell
pressure, directly affecting Li morphology and CE. Addition-
ally, Li self-discharge occurred rapidly in liquid-phase TEM
cells, possibly due to the insufficient shielding of a loose SEI on
Li deposits from the electrolyte and potential electron beam
effects. A further test showed that self-discharge was
successfully prevented using a LiAly;S coating owing to its
protective effect on Li metal as an artificial SEI. These findings
underscore the importance of considering the unique environ-
ment provided by liquid-phase TEM cells when investigating
Li plating/stripping behaviors and how the nanoscale knowl-
edge could be translated to bulk cells.

3.2.2. Engineering Efforts for Regulating Li Metal
Growth. Besides the efforts to elucidate the growth
mechanisms of Li dendrites typically observed in practical
liquid electrolytes, there have been studies to unravel the
underlying mechanisms of several promising strategies that
were researched for enhancing Li metal batteries (Figure
10),43107-110

Lee et al. investigated mechanisms for suppressing Li
dendrites using an artificial coating layer on the electrode,
employing in situ electrochemical liquid-phase TEM as shown
in Figure 10a.*> In this work, a cationic polymer film,
specifically poly(diallyldimethylammonium chloride)
(PDDA), was applied onto the electrode within a liquid cell.
To achieve a thin and uniform coating within a liquid TEM cell
with a height of tens of nanometers, PDDA was electrostati-
cally coated onto Sn@SnO, nanorods. The PDDA-coated
nanorods were then dispersed onto the electrode, preventing
agglomeration of the PDDA film during the drying process.
Due to high contact resistance, the Sn@SnO, nanorods did
not participate in electrochemical reactions, as confirmed by
the constant volume observed throughout the reaction. This
approach allowed them to reveal the impact of the artificial
coating layer on Li growth. Direct observations of nano-
granular Li growth and a uniform LiF-rich SEI on each Li
deposit unveiled the SEI-driven modification mechanisms of Li
growth. Notably, the detailed elemental distribution of the SEI
on Li deposits was successfully visualized using STEM-EDS in
a liquid-phase TEM experiment, which manifests a layer-by-
layer SEI structure. Moreover, this research contributed to
validating the efficacy of in situ TEM results by demonstrating
their alignment with experimental outcomes conducted on
actual coin cell batteries. The following study reported the Li-
stripping processes, revealing three possible stripping modes of
Li nanogranules grown under PDDA film: symmetric stripping
mode, surface-preferred asymmetric strippin% mode, and
interface-preferred asymmetric stripping mode."”” Specifically,
the interface-preferred asymmetric stripping, signifying prefer-
ential Li stripping at the interfaces of lithium/electrode or
lithium/lithium, can be a critical mechanism for the formation

of inactive lithium, for both nanogranular and typical dendritic
Li (Figure 10b). In addition, it was found that Li stripping is
accompanied by SEI loss, emphasizing the importance of
strategies to preserve previously formed SEI layers during
repeated cycling.

Gong et al. utilized in situ liquid-phase TEM to investigate
the influence of fluoroethylene carbonate (FEC) electrolyte
additive on Li plating/stripping, which has been frequently
reported to enhance the cyclability of Li metal batteries
(Figure 10c)."**"""="" I situ TEM captured that the addition
of 5% FEC into a 1 M LiPF4 in 1:1 EC/DMC electrolyte
improved Li dendrite interconnectivity, leading to the
suppression of inactive Li formation during stripping.
Combined with nuclear magnetic resonance (NMR), online
mass spectrometry (MS), secondary ion mass spectrometry
(SIMS), and electrochemical impedance spectroscopy (EIS)
studies, this effect was attributed to the formation of an F-rich
SEI, e.g, LiF, from FEC additive, resulting in the denser
plating and more uniform stripping of lithium.

Furthermore, Mehdi et al. studied the effect of trace H,O in
the electrolyte on Li growth behaviors, as shown in Figure
10d."” The authors observed that the electrolyte with H,O of
50 ppm induces larger Li grains compared to that with H,O of
10 ppm, along with a better reversible stripping behavior,
supporting their previous findings from other experiments of Li
metal batteries.' It was speculated that this difference might
arise from the increased HF concentration in the presence of
H,O, leading to the formation of a LiF-rich SEI layer that
facilitates rapid Li-ion diffusion.

The influence of the electrolyte species on the initial stages
of Li platin% was also explored through liquid-phase TEM by
Park et al.'"® This study compared the initial Li growth using 1
M LiPF4in 1:1 EC/DEC and 1 M LiTFSI in 1:1 1,3-dioxolane
(DOL)/DME electrolytes. The DOL/DME system exhibited a
higher Li nucleation overpotential of —3.2 V (vs. Pt
pseudoreference) compared to the EC/DEC system at —4.1
V (vs. Pt pseudoreference). Although fewer nuclei were
observed in the DOL/DME system, it showed much faster and
more drastic growth, forming larger grains, as shown in Figure
10e. The accompanying cryo-TEM analysis revealed that the
EC/DEC electrolyte produced an uneven SEI containing
Li,CO;, LiF, and Li,O, while the DOL/DME electrolyte
formed a uniform multilayered Li,O and a flexible SEI, which
could result in fewer lithium nuclei and larger grains.

3.2.3. Li Growth and Transport in Carbon Host.
Offering superior spatial resolution compared to liquid-phase
TEM, open-cell in situ TEM studies yielded invaluable insights
into Li plating/stripping, mechanical properties, and SEI
formation utilizing unconventional electrolytes. Zheng et al.
employed SEM imaging and the in situ TEM capability to
investigate the interaction between Li metal and a surface
coating composed of a monolayer of amorphous hollow carbon
nanospheres.''> To form hollow carbon nanospheres on the
Cu substrate, polystyrene nanoparticles were first used as a
template and coated with a thin layer of amorphous carbon.
The coated nanoparticles were then heated at 400 °C under an
inert atmosphere, resulting in the formation of hollow carbon
nanospheres. It was found that Li nucleation occurred beneath
the carbon layer, resulting in a more uniform and stable growth
behavior. Through combined in situ TEM and electrochemical
characterizations, this study suggested the potential of
amorphous hollow carbon nanospheres for nanoscale inter-
facial engineering.
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Figure 11. In situ electrochemical TEM studies on lithium metal growth mechanisms using the open-cell configuration. (a) Lithium metal
nucleation and growth on carbon fibers. Reproduced with permission from ref 116. Copyright 2023 American Chemical Society. (b) Lithium metal
growth inside ZnO,-incorporated hollow carbon tubules. Reproduced with permission from ref 117. Copyright 2020 The Authors under exclusive
license to Springer Nature Limited. (c, d) Lithium metal whisker growth and its mechanical characteristics investigated by in situ AFM-TEM in a
CO, gas environment. Reproduced with permissions from refs 119, 120. Copyright 2019 This is a U.S. government work and not under copyright
protection in the U.S., and Copyright 2020 The Authors, under exclusive license to Springer Nature Limited.

In the experimental setup of the open-cell in situ TEM
configuration, thin carbon fibers are frequently used as
mediators to facilitate the contact between two electrodes at
the nanoscale. Several studies leveraged this characteristic to
explore the fundamentals of Li growth dynamics. For example,
Wang et al. investigated the nucleation and growth of Li metal
on the carbon fiber (Figure 11a), reporting the transition of Li

116
It was

metal from droplet-shaped NPs to faceted crystals.
observed that the fusion of Li deposits on the carbon surface
leads to the coalescence of droplet-shaped Li particles, which
later transform into faceted crystals for surface energy
reduction as they grow. Along with the TEM observations,
molecular dynamics (MD) and Monte Carlo calculations
further clarified the four key stages of Li deposition: nucleation
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of amorphous clusters, crystallization, migration—fusion of a 12- .
clusters, and particle growth. During the fusion process, smaller / t/r=0.21
clusters align with the crystallographic orientation of larger 104 5 Mode |
ones, and grain boundary migration causes these boundaries to 4 A Modell
disappear, eventually forming a single crystal. Moreover, their 8 P Tearsition
statistical interpretations of in situ TEM data indicated /
instantaneous Li nucleation in the early stage followed by £ /
saturation, which exhibits a combined form of the conventional R ?#
instantaneous nucleation model and the progressive nucleation /
model. e P

Chen et al. exploited tip-based open-cell in situ TEM using /
mixed ionic-electronic conductor (MIEC) tubules as 3D Li 21 d
hosts for Li metal batteries (Figure 11b).""” It was directly
observed that single-crystal Li inside the ZnO,-incorporated 0 . .

hollow carbon tubules was able to plate and strip via diffusional
Coble creep mechanism. Such a setup later demonstrated
excellent cycle performance in an all-solid-state battery tested
with a LiFePO, cathode and a poly(ethylene oxide) (PEO)-
based/LiTFSI thin film solid electrolyte. The Li,O layer that
was formed by the conversion reaction between ZnO, and Li
during the lithiation could act as a lithiophilic layer, leading to
the complete and rapid wetting of Li metal on the MIEC
surface during growth. Another Li host strategy used TiO, as
the seeding layer.''® Sun et al. utilized TiO, as intercalation-
type lithiophilic seeds in nitrogen-doped hollow porous carbon
spheres (N-HPCSs). Open-cell in situ TEM demonstrated the
Li plating/stripping behaviors on Ag and TiO, nanoparticles in
N-HPCSs, where the TiO, nanoparticles exhibited good
reversibility during the whole process, indicating that
intercalation reaction materials could be reversibly used as
lithiophilic seeds.

3.2.4. Mechanical Considerations during Li Metal
Growth. Open-cell in situ TEM experiments can be combined
with controlled gas environments, namely environmental
TEM, to understand SEI-dependent Li growth behaviors. In
particular, the influences of stress during the lithium growth
were studied by leveraging an atomic force microscope (AFM)
cantilever capable of in situ stress measurement.''”'*" As
illustrated in Figure 11c and 11d, the axial stress ranges that
could deform lithium whiskers during growth were estimated
through direct observations of Li whisker growth under a soft
or stif AFM cantilever in CO, environment. He et al.
proposed four different Li whisker behavior scenarios under
elastic constraint: (i) buckling, (ii) kinking, (iii) yielding, and
(iv) termination of deposition at the interface. The authors
interpreted each phenomenon as a result of the competition
between critical stresses based on the length of Li whiskers and
applied stress, as summarized in Figure 11c. Instead, Zhang et
al. focused more on establishing the dependence of Li whisker
diameters and growth directions on the critical stresses for
deformation, as shown in Figure 11d."*° Maximum stress
before Li necking during the growth and the yield strength
measured with as-grown Li demonstrate a decreasing trend
with larger diameter of Li whiskers regardless of their growth
direction. It was found that the lithium whisker growth stress
reaches up to 130 MPa and their measured yield strength
reaches as high as 244 MPa, which are surprisingly higher than
the reported values for bulk polycrystalline lithium.

Wang et al. correlated Li stripping behaviors with the yield
strength of the SEI using a tip-based solid-electrolyte open
cell.'”" It was observed that the stripping behaviors of Li
whiskers depend on the t/r ratio (Figure 12a), where ¢ and r
denote the thickness of the SEI and the radius of the Li
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Figure 12. In situ TEM studies of SEI effect on lithium plating and
stripping using the open-cell configuration. (a) Dependence of lithium
stripping mode on the ratio of SEI thickness to Li whisker radius.
Reproduced with permission from ref 121. Copyright 2022 The
Authors. (b) Impact of SEI and applied voltage on lithium metal
morphology in CO, or O, gas environments. Reproduced with
permission from ref 122. Copyright 2021 Science China Press. (c)
Comparison of SEI electrical properties formed in four different
electrolyte systems. Reproduced with permission from ref 46.
Copyright 2023 The Authors, under exclusive license to Springer
Nature Limited.

whisker, respectively. Based on the statistical analysis, Li
whiskers with high ¢/r ratios strip in a planar manner from the
root, while those with low t/r ratios strip through multisite
cavitation at the Li/Li,O interface, resulting in severe buckling
and necking. This phenomenon was proposed as the
consequence of stress applied to the surface SEI during Li
whisker stripping. As the stress incurred during the stripping
process is dependent on the ¢/r ratio according to the elasticity
solution for a cylindrical pressure vessel, the buckling and
necking can occur under the low t/r ratio condition, in which
the stress exceeds the yield strength of the SEI This study has
provided a mechanical criterion for the SEI or artificial solid
structures designed to enhance lithium metal batteries.
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The impact of the SEI on lithium morphology was also
investigated by Yang et al. via in situ environmental TEM
studies.'”” Under a CO, environment where Li,CO; can be
formed as the SEI on the lithium metal, cracking of the SEI
and subsequent directional growth of the lithium whisker at
this region was observed at high-voltage conditions as
illustrated in Figure 12b. In contrast, the self-healing of the
SEI (SEI reformation at the cracking region) outpaced lithium
directional growth at the SEI crack under low-voltage
conditions, resulting in spherical lithium growth. Considering
the consistent spherical lithium growth regardless of the
applied voltage observed under an O, gas environment where a
Li,O SEI could be formed, the influence of intrinsic SEI
properties on the lithium growth behavior was emphasized in
this study.

To further understand the impact of the SEI on Li metal
behavior, Xu et al. conducted a comparative analysis to study
the electrical properties of the SEI with a tip-based open cell
TEM configuration (Figure 12c).*® Copper wires, on which
SEI/Li particles or solely the SEI were electrochemically
formed inside a coin cell, were loaded into the open-cell holder
for the in situ experiments. By comparing the measured I-V
and dI/dV—V curves of SEIs with those of insulating SiO, and
semiconducting TiO, as references, the differential conduc-
tance and critical field strength for the breakdown of SEIs were
calculated. This work compared SEIs formed in four different
electrolyte systems, including (i) low-concentration electrolyte
(LCE; 1:9 lithium bis(fluorosulfonyl)imide (LiFSI)/DME),
(ii) high-concentration electrolyte (HCE; 1:1.2 LiFSI/DME),
(iii) localized high-concentration electrolyte (LHCE; 1:1.2:3
LiFSI/DME/bis(2,2,2-trifluoroethyl) ether (BTFE)), and (iv)
pseudolocalized high-concentration electrolyte (PLHCE;
1:1.2:3 LiFSI/DME/bis(2,2,2-trifluoroethyl) carbonate
(BTFEC)). Li-electrolyte interface models for each electrolyte
were constructed using hybrid ab initio molecular dynamics
(AIMD) simulations, and electron transport in the SEI was
calculated in terms of the I-V curve. By combining
experimental and computational results, it was demonstrated
that the electrical properties of SEIs resemble those of
semiconductors. In addition, the SEI formed in the LHCE
electrolyte exhibits the lowest rates of differential conductance
and the highest critical field strength among the four
electrolyte systems. This suggests that it is the most electrically
insulating and stable SEI against electrical potential. The
authors considered this phenomenon as the origin of the
excellent cycling performance of LHCE in LillCu and Lill
NMCS811 cells, which was further supported by ex situ TEM
showing topographically smooth Li particles and thin SEI
layers. This study provided fundamental insights into the
attributes of a good SEI that could be directly correlated with
practical Li metal battery performance.

To summarize, as Li metal is formed locally within the
microscope, in situ TEM presents the advantage of observing
Li metal dynamics without concerning the air sensitivity, which
is why in situ TEM has been widely investigated in Li metal
research before the vast application of cryo-EM very recently.
The high resolving power and dynamic capturing capability of
in situ TEM have generated unprecedented fundamental
insights regarding Li metal nucleation mechanisms in various
sample configurations, Li metal mechanics, SEI properties, etc.
The obtained knowledge was directly linked with practical
battery performance and has guided the engineering efforts for
designing the next-generation Li metal batteries.

3.3. Carbon-Based Materials

Graphite anode is widely used in commercial lithium-ion
batteries due to its excellent cycling performance and low cost.
However, its limited theoretical capacity poses a challenge to
achieving higher energy density while maintaining the
longevity advantages of graphite. Extensive research efforts
have been devoted to various carbon-based materials to
address this challenge,'**~"** among which in situ TEM was
able to elucidate the fundamental knowledge of Li-ion
interactions in graphite anodes and uncover the lithiation
behaviors in new carbon-based anode materials, thereby
contributing to the exploration of next-generation anodes as
alternatives to graphite.

Unocic et al. successfully visualized the SEI formation on the
graphite anode with in situ liquid-phase TEM using 1 M LiPF,
in EC/DEC, a practical electrolyte used in graphite cells.'*®
SEI growth dynamics was captured during chronoamperom-
etry measurement from 3.0 to 1.5 V with a 0.25 V step per S
min. Figure 13a shows the local SEI formation at the
electrode—electrolyte interface with a porous structure. An
interesting phenomenon was observed when the cell potential
decreased from 1.75 to 1.5 V, where a portion of the SEI
abruptly fractured and rapidly reformed. The authors
suggested that the SEI damage and self-healing characteristics
were caused by the variations in the local electrostatic forces
and the magnitude of the equipotential field lines when the
applied potential changed. Dong et al. developed a highly
branched N-doped graphitic tubular foam as a high-capacity
Li-ion battery anode material and investigated its electro-
chemical reaction via in situ TEM."”” In an open-cell
configuration with an ijonic liquid electrolyte, the in situ
TEM observations unraveled a large expansion of interplanar
spacing at the curved-wall positions, implying the relatively
high capability for Li-ion storage at this region. Furthermore, it
was observed that N-doping increased defects and expanded
(0002) interplanar spacing, contributing to the improved
capacity, rate capability, and cycling stability of the material.
These findings highlight the promising potential of defect and
morphology engineering in enhancing the electrochemical
performance of carbon materials for Li-ion batteries.

Liu et al. investigated the mechanical properties of a
multiwalled carbon nanotube (MWCNT) anode using open-
cell in situ TEM."*® It was observed that the lithiation process
of MWCNTSs accompanies the formation of a poly crystalline
Li,O layer on the surface and a 5.9%-expansion of the (0002)
interplanar spacing. Despite the absence of external pressure,
MWCNTSs exhibited a tensile hoop stress of ~50 GPa after
lithiation due to their closed-shell geometry. Subsequent stress
application to the lithiated MWCNTSs resulted in brittle
fracture (Figure 13b), indicating mechanical weakening
induced by lithium insertion. This was attributed to the
mechanical and chemical weakening of C—C bonding by
lithiation, supported by molecular orbital theory calculations.
This work further demonstrated the improved mechanical
properties of lithiated graphene nanoribbons (GNRs) that are
synthesized by longitudinal splitting of MWCNTSs."* It
showed a reversible expansion and contraction of (0002)
interplanar spacing in GNRs during lithiation and delithiation,
while a thin crystalline Li,O layer remained a stable SEI
(Figure 13c). In situ mechanical testing illustrated that lithiated
GNRs had gradual bending and buckling without fracture,
indicating superior mechanical stability compared to the
lithiated MWCNTSs. The enhanced mechanical strength of
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Figure 13. Investigations of lithiation and SEI formation mechanisms
of carbon-based anode materials. (a) SEI formation on a graphite
anode in 1 M LiPF4 EC/DEC electrolyte during lithiation. Scale bars:
1 pm. Reproduced with permission from ref 126. Copyright 2014
Microscopy Society of America. (b) Enhanced brittleness of
multiwalled carbon nanotubes (MWCNTs) after lithiation. Repro-
duced with permission from ref 128. Copyright 2011 American
Chemical Society. (c) Uniform Li,O layer formation on graphene
nanoribbons (GNRs) after lithiation, including in situ mechanical
testing of the lithiated GNRs. Reproduced with permission from ref
129. Copyright 2012 Elsevier Ltd. (d) Schematic illustration of an in
situ TEM setup for investigating lithiation/delithiation in a graphene
bilayer, accompanied by TEM images showing crystal orientations
during lithiation and delithiation. Scale bars for fast Fourier
transformed (FFT) pattern and corresponding HRTEM image: 10
nm™' and S nm, respectively. Reproduced with permission from ref
67. Copyright 2018 Springer Nature Limited.

the lithiated GNRs was attributed to the stress-free vertical
breathing of stacked planar graphene layers.

Later, Kiihne et al. investigated Li-ion intercalation into a
graphene bilayer material with an in situ electrochemical cell as
illustrated in Figure 13d.°” A graphene bilayer was laid on a
SizN,-covered Si substrate with an open hole, where electrodes
were predeposited via the MEMS process. One end of the
graphene bilayer was directly connected to a working electrode
and the other end was indirectly connected to a counter
electrode via a solid polymer electrolyte to build an
electrochemical cell. The lithiation process into the graphene
bilayer at the angstrom level was observed through the open-
hole area, leveraging an 80 kV spherical and chromatic
aberration-corrected TEM instrument. During lithiation, lattice
planes with the in-plane lattice constants of 3.1 A were
observed by HRTEM image and FFT patterns (Figure 13d).
This lattice constant matched well with a calculated in-plane
lattice constant of the hexagonal close-packed phase, which is

the energetically favorable phase determined by first-principles
calculations. Moreover, the observed additional crystal was
found to be a superdense Li metal based on the comprehensive
interpretation of calculations and EELS experimental results.
This closely packed Li grew laterally during lithiation and
reversibly disappeared during delithiation, except for some
residues caused by defects in the graphene lattices. This work
revealed that a superdense ordering, which typically exists
under extreme conditions, could be present between the two
atomic layers upon lithiation of carbon material.

3.4. Metal Alloys

In addition to Si anodes, various metal materials, such as Ge,
Au, Al, Sb, etc., exhibit a very high theoretical capacity for Li
storage through alloying reactions, making them attractive
candidates for next-generation Li-ion battery anodes. In situ
TEM has also aided the investigations of fundamental
lithiation/delithiation mechanisms of these metal alloy anodes.

Ge anodes demonstrate a comparable volumetric capacity to
Si anodes, e.g., 7,366 Ah L™" for Ge vs. 8,334 Ah L™ for Si, but
with a higher lithium diffusivity. Similar to Si anodes, a two-
step lithiation process was identified for Ge nanowires via an in
situ TEM study with an open-cell configuration."* This work
unveiled a core—shell structural transformation and surface
amorphization of Ge nanowires after lithiation, attributed to
the rapid transport of lithium ions on the electrode surface.
Unlike Si, Ge nanowires consistently exhibited obvious
elongation in <112> directions during lithiation, while Si
nanowires showed little axial elongation.®”'*" The authors
observed the formation and propagation of nanopores in Ge
nanowires. The nanopores were considered beneficial to
battery performance in several aspects, including improved
mechanical stability, fast ion transport, and stress relaxation.
Liu et al. further induced axial lithiation along the <111>
direction in Ge nanowires by introducing a conformal,
epitaxial, and ultrathin Si shell, which was proved by in situ
TEM experiments with an open-cell configuration."”” The
surface diffusion of lithium ions was controlled by the Si shell
which has lower lithium diffusivity and a higher chemical
potential compared to Ge, resulting in axial lithiation. These
findings underscore the potential of interface and bandgap
engineering to manipulate nanoscale ionic transport properties
in Li-ion batteries. Liang et al. demonstrated the suppression of
cracks in Ge nanoparticles during lithiation, as captured via
open-cell in situ TEM.'* The isotropic lithiation process
observed in Ge nanoparticles led to crack-free lithiation,
attributed to the more uniform distribution of hoop stress
throughout the material. In contrast, they found that Si
nanoparticles underwent severe cracking during lithiation due
to the anisotropic lithiation process, resulting in nonuniform
hoop stress distribution.

Figure 14a demonstrates size-dependent pore formation
inside Ge nanowires coated with an amorphous Si shell."** It
was observed that nanopores could be formed during the
delithiation once the diameter of the Ge nanowire is larger
than 27 nm. Gu et al. investigated the stress effect on the
lithiation behaviors of Ge nanowires.'*® The stress induced by
the bending of Ge nanowires led to a nonsymmetric lithiation
behavior where lithiation speeded up at the tensile side and
slowed down at the compressive side. By employing a coupled
chemomechanical model that integrates Li diffusion and
elastoplasticity, they demonstrated that stress impacts both
reaction and diffusion rates. This computational approach
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Figure 14. In situ TEM studies on lithiation/delithiation mechanisms
of alloying anode materials. (a) Size-dependent nanopore formation
in germanium (Ge) nanowires during delithiation. Reproduced with
permission from ref 134. Copyright 2016 American Chemical Society.
(b) Lithiation/delithiation of antimony (Sb) nanoparticles involving
reversible filling and formation of nanovoids. Scale bars: 50 nm.
Reproduced with permission from ref 135. Copyright 2020 The
Authors, under exclusive license to Springer Nature Limited. (c)
Failure of a black phosphorus (P) anode during delithiation.
Reproduced with permission from ref 136. Copyright 2016 American
Chemical Society. (d) Pulverization and the formation of a thin AL,O,
surface layer during lithiation of aluminum (Al) nanowires.
Reproduced with permission from ref 137. Copyright 2011 American
Chemical Society.

offered a deeper understanding of the in situ TEM findings,
explaining the formation of an asymmetric core—shell structure
driven by faster lithiation on the tensile side of the nanowire.
Gan et al. utilized in situ TEM and off-axis electron holography
to explore the dynamics of charge distribution during the
lithiation of Ge nanowires, unraveling the complex interplay
between ?ositive and negative charges within the core—shell
structure. *° The mean inner potential of the lithiated Li,Ge
shell decreased as lithiation progressed, while the Ge core
displayed a lower mean inner potential than its theoretical
value attributed to the accumulation of trapped charges at the
interface. It was proposed that electrons are trapped at the
interface of the Ge core, whereas lithium ions were
accumulated at the interface of the Li,Ge shell, serving to
balance the charge distribution.

The failure mechanisms of metal alloy materials were
investigated through in situ TEM studies with high spatial and

temporal resolutions. As the volumetric change of the alloying
materials during lithiation is the key to the limited cyclability,
hollow and yolk—shell structures have been proposed to
stabilize the structure.'**™'** Specifically, Boebinger et al.
investigated antimony (Sb) nanoparticles as a lithium-ion
battery anode, revealing the formation of a uniform void after
the first delithiation, which was reversibly filled and vacated
durin§ repeated lithiation and delithiation cycles (Figure
14b)."** In contrast, the buckling of particles rather than the
void formation was more prevalent for larger Sb particles.
Based on these findings, the authors proposed a chemo-
mechanical model suggesting that mechanical constraints
induced by the surface oxide film led to the void formation,
emphasizing the proper particle size for improved stability.

Besides, the failure mechanism of a black phosphorus anode
was investigated via in situ open-cell TEM,"*® which proposed
the high correlation of its failure with the delithiation process
rather than lithiation. As shown in Figure 14c, anisotropic
expansion was observed during lithiation as a new phase
evolved by the reaction with lithium ions. This phase
transformation resulted in the change of orthorhombic black
phosphorus to amorphous LiP, Alike the case in LiSi
material where a congruent amorphous-to-crystalline phase
transformation was observed, the transformation of amorphous
Li P, to crystalline Li;P was also present in this case. Such
phase transformation was predicted by MD simulation to be a
kinetically favorable low-barrier transition.'* Intriguingly, the
size of the black phosphorus anode even increased during the
delithiation. Such cracking and pulverization of the electrode
resulted in the loss of electrical contact and contributed to
capacity fading.

The pulverization of Al nanowires and the formation of a
thin AL O surface were examined via open-cell in situ TEM."’
It was found that the lithiation always initiates from the surface
Al,O; layer, followed by the lithiation of the inner Al core,
which is similar to the lithiation process observed in other
alloying materials.*”**"*° In addition, during the lithiation, it
was observed that the single-crystal Al nanowire transformed
into a polycrystalline LiAl alloy with volume expansion in both
radial and longitudinal directions. Delithiation led to the
formation of nanovoids originating from volume contraction.
EELS mapping results revealed that the nanoparticle inside the
nanowire is Al, while the surface layer consists of Li, Al, and O,
corresponding to Li—Al—O glass (Figure 14d). This study
suggested that this glass layer, known for high ionic
conductivity and low electrical conductivity, acts as a solid
electrolyte, maintaining a thin surface to prevent cracking or
contact loss. Different from nanowires, a nanoporous Cu—Ge—
Al alloy was investigated by Ma et al. using in situ TEM to
monitor morphological and structural evolution.'** The study
showed that the porous structure can effectively accommodate
volume expansion, resulting in structural stability. It was
demonstrated that the structural design improvement enhances
battery performance by ensuring stability during charge/
discharge cycles.

Zeng et al. investigated Li—Au alloying reactions via in situ
electrochemical liquid-phase TEM using 1 M LiPF4 in EC/
DEC electrolyte."*> CV control was applied to a symmetric cell
with Au working/counter electrodes. The experiments
uncovered three mechanisms inducing morphological changes:
gradual dissolution, explosive reactions, and local expansion/
shrinkage. In Figure 1Sa, the gradual dissolution of the Au
electrode, starting from the corner, occurred in two steps with
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Figure 15. Lithium alloying reaction process of gold (Au) anodes revealed by in situ electrochemical liquid-phase TEM. (a) Gradual dissolution,
explosive reactions, and local expansion/shrinkage of an Au electrode during lithiation. Reproduced with permission from ref 145. Copyright 2015
Royal Society of Chemistry. (b) Intermediate phase evolution during Li—Au alloying reactions. Reproduced with permission from ref 146.
Copyright 2016 American Chemical Society. (c) SEI bilayer formation during lithiation of an Au anode. Reproduced with permission from ref 147.
Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

the second dissolution at the newly exposed surface. A drastic
Li—Au alloying during lithiation resulted in an inhomogeneous
reaction and peeling-off of lithiated Au particles, followed by
vigorous bubble formation by the electrolyte decomposition
observed in the subsequent steps. Additionally, lithiation and
delithiation of the Au electrode resulted in observable
expansion and shrinkage, accompanied by crack formation
due to volume changes during these processes.

Another study demonstrated lithiation and phase propaga-
tion of Au and Al thin films using 1 M LiPF4 in EC/DMC
electrolyte, identifying intermediate phases through conver§ent
beam electron diffraction (CBED) patterns (Figure 15b)."*® A
nucleation/growth behavior was observed during lithiation of
Au and Al films, with phase evolution progressing sequentially
from nearby grains. In the early stages, the Au film underwent
phase transformation into 6,-Li,Au, followed by Li;Au. During
the delithiation process, intermediate phases were absent, and
the metastable @,-LiAu; phase was identified as the final phase.
On the other hand, lithiation of Al film led to the formation of
polycrystalline $-LiAl through lateral spreading, with nonuni-
form spreading rates from nucleation points. This study
suggests that, for the Al and Au films, lithiation initializes
preferably at the outer corners, due to the lowest strain energy
during lithiation. Furthermore, the unique phase evolution
pathways were attributed to the low nucleation energy barrier
at the grain boundaries.

In addition to exploring lithiation mechanisms, SEI
formation on Au electrodes was also investigated by liquid-
phase TEM.”®'*” The dendritic SEI formation before the Li
deposition on the Au electrode was observed by Sacci et al,
which was attributed to the decomposition of the EC solvent.”®

Hou et al. observed SEI formation, growth, and fracture on an
Au electrode at an extremely high current density using
commercial 1 M LiPF in EC/DMC electrolyte (Figure
15¢)."*” This work showed that an uneven and thick SEI is
formed from reactions between the electrode and the
electrolyte during the initial stages of lithiation. An inorganic
inner SEI and an organic outer SEI were observed, exhibiting
an inhomogeneous distribution and interface. During the
charging process, SEI growth occurred as the electrolyte
permeated through the porous SEI layers. It was proposed that
the volume expansion of the Au electrode promoted the
movement of small radicals, accelerating electrolyte decom-
position, and consequently, SEI growth. The fracture of SEI
film was caused by the substantial volume change during
lithiation and delithiation. After cracks formed on the SEI
surface, the rapid dissolution of the inorganic inner SEI layer
occurred, contributing to the failure of the SEI films.

3.5. Metal Oxides

Metal oxides have been another research focus since 2000 due
to their high theoretical capacities as conversion-type anode
materials."*” Numerous research efforts were put into this area
to illustrate the lithiation mechanisms, along with morpho-
logical changes and their electrochemical reversibilities. Most
metal oxide anodes undergo the following conversion reaction
(eq 2) during lithiation

MO, + 29Li* + 2ye” — xM + yLi,O (2)
where M denotes metal element. Owing to their high atomic
mass and electron beam tolerance, metal oxides are one of the
most favorable materials for in situ TEM researchers. In situ
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Figure 16. Lithiation processes of SnO, nanomaterials probed by open-cell in situ TEM. (a) A schematic of tip-based ionic-liquid open-cell
configuration and structural changes observed in SnO, NW during lithiation. Reproduced with permission from ref 37. Copyright 2010 The
American Association for the Advancement of Science. (b) Voltage curve and associated morphology changes during SnO, NW lithiation.
Reproduced with permission from ref 151. Copyright 2011 American Chemical Society. (c) HRTEM and SAED analysis of SnO, NP before and
after the Ist lithiation. Reproduced with permission from ref 152. Copyright 2020 Royal Society of Chemistry. (d) Microstructure evolution of
SnO, NW with carbon coating. Reproduced with permission from ref 149. Copyright 2011 American Chemical Society.

TEM utilizing both open-cell and closed-cell configurations has
greatly expanded the understanding of metal oxide anode
materials down to the atomic level. Ever since the in situ TEM
work on tin oxide (SnO,) in 2010,%” also known as the first in
situ TEM work on lithium battery material, a major portion of
in situ TEM efforts focused on SnO, material, with the rest
focused on a vast range of metal oxides consisting of transition
metal elements, i.e.,, Co, Ti, Fe, Ni, Mn, V, W, etc. As such, in
this section we first summarize the research progress on SnO,
using in situ TEM, then move onto studies of other transitional
metal oxides.

3.5.1. Tin Oxides. Back in the 2010s, it was known that the
microstructure of the electrode material directly impacts the
electrochemical performance, where nanosized materials
normally exhibit higher capacity and cyclability compared
with microsized materials. However, direct evidence to
demonstrate the transformation of nanomaterials during the
electrochemical process was lacking in the research field. SnO,

became the first example with its atomic structural change
unveiled by tip-based ionic liquid in situ TEM by Huang et al,,
when SnO, was thoroughly studied usin% in situ TEM along
with other advanced characterizations."*”" >

3.5.1.1. Lithiation Mechanisms. Figure 16a shows the first
nanodevice consisting of a SnO, nanowire, ionic liquid, and
LCO cathode that can be controlled by a piezo-manipulator
system. SnO, nanowire was moved to be in contact with ionic
liquid, and the electrochemical stimuli was applied.”” SnO,
exhibited drastic volumetric changes both in axial direction and
radial direction. Selected-area electron diffraction (SAED) at
different locations around the reaction front demonstrated the
presence of metallic Sn and Li,Sn alloys in the lithiated area,
where the majority appeared amorphous.”” More intriguingly,
the lithiation in SnO, proceeds in a crystalline-to-amorphous
manner that is mediated by the formation of a large amount of
the dislocations at the crystalline/amorphous interface.
Although the lithiated products are metallic Sn and LiSn,
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the majority of the nanowire became amorphous. In situ TEM
has provided unprecedented insights into SnO, material about
its lithiation mechanism. Employing a similar setup, Wang et
al. examined the lithiation process of SnO, nanowires while
they were immersed in an ionic liquid (Figure 16b). The
detailed analysis unraveled the nucleation of LiSn nano-
particles on the SnO, nanowire after lithiation, accompanying
the formation of an amorphous matrix that was rich in Li,O
nanocrystallites.'>" This set of results further confirmed the
lithiation process inside the SnO, nanowire, where solid-state
amorphization appears as the triggering event.

In another tip-based solid-electrolyte in situ TEM work with
Li metal as the lithium source, it was found that large Li, ,Sn
crystals were formed upon a deep lithiation of the SnO,
nanoparticles (Figure 16c). Nevertheless, such large crystal
formation can be mitigated when the particle size was
essentially reduced below 15 nm."*” Drastic shape changes in
SnO, nanowires or nanoparticles could pose potential
concerns for practical electrode applications. Strategies such
as surface coating were attempted as shown in Figure 16d. A 5
nm-thick carbon coating effectively suppressed the radial
expansion of the SnO, nanowire during lithiation and no
dislocation region was observed in the carbon-coated SnO,
nanowire."*” The mechanical strength of the carbon coating
confined the lithiation direction and mitigated the undesired
shape change of the SnO, nanowires.

The lithiation mechanism of SnO, within liquid electrolyte
has the advantage of ensuring uniform lithiation into the
nanostructure. Graphene liquid cells serve as ideal micro-
reactors to observe atomistic insight of SnO, lithiation in liquid
environments. Chang et al. sandwiched SnO, nanoparticles in
a liquid electrolyte between the graphene TEM grids and
utilized the electron beam to trigger the lithiation process,
where Sn and Li,O were identified as the lithiation product.®
Subsequent high-resolution imaging captured the coalescence
of two Sn particles at the lithiation stage, indicating the root of
the shape change of the SnO, electrode after repeated charging
and discharging. In another in situ TEM work performed in
graphene liquid cells, the Sn—SnO, core—shell structure was
used to investigate the lithiation process when interfacial stress
is present. Sn core underwent lithiation and volume expansion,
followed by lithium deficiency due to lithiation of the SnO,
shell. Significant void formation was observed during the
lithiation process.'>

3.5.1.2. SElI Formation. Open cells were used to obtain
atomistic insights into the lithiation mechanism, while closed
cells provided the merits of observing SEI formation on SnO,
anodes owing to the surrounding liquid electrolyte environ-
ment.">* Cheong et al. observed the SEI growth on SnO,
nanotubes utilizing graphene liquid cells (Figure 17a).
HRTEM demonstrates that a relatively uniform SEI was
formed at the beginning and then grew into a thicker SEI with
an amorphous phase. > The observed SEI growth was
attributed to the decomposition and redeposition of the
electrolyte onto the nanotube surface, which eventually leads
to a stable SEI layer after full lithiation. Figure 17b shows SEI
growth on a SnO, nanotube with a TiO, coating on the
surface. It was shown that a thick SEI was formed at the
beginning and then became thinner as lithiation proceeded.
The overall SEI thickness was merely ~12 nm. The opposite
trend of SEI growth observed in these two studies
demonstrated the importance of coating layers and how they
help stabilize the SEI on SnO, nanotubes.'*® Another study

Figure 17. Lithiation processes of SnO, nanomaterials probed in
graphene liquid cells. (a) HRTEM images showing the formation
process of a thicker amorphous SEI layer on SnO, NP. Scale bars: 10
nm. Reproduced with permission from ref 155. Copyright 2016
Elsevier Ltd. (b) SEI growth on SnO, NT vs. time. Scale bars: 20 nm.
Reproduced with permission from ref 156. Copyright 2017 Elsevier
Ltd. (c) SEI layer observation on SnO, NRs. Reproduced with
permission from ref 157. Copyright 2017 The Authors.

with graphene liquid cells used SnO, nanorod on Fe,0;
nanotubes and observed the nonuniform SEI growth on the
SnO, nanorod (Figure 17c). The observed SEI was attributed
to the high surface area of the nanorods in contact with the
liquid electrolyte.'>’

Although the graphene liquid cell provided exceptional
spatial resolution over SiN, liquid cell studies, the intrinsic
limitation of lacking electrochemical stimuli has weakened the
conclusions, especially regarding the SEI formation. Normally
a SEI forms with the electrolyte decomposition when the local
electrochemical potential is out of the electrochemical stability
window of the electrolyte. However, the electrolyte decom-
position observed in the graphene liquid cells is likely caused
by electron beam irradiation, which acts more as a source of
damage than as a stimulus. Nevertheless, the way graphene
liquid cell works for liquid-phase TEM by forming liquid
pockets has provided invaluable insight for the next-generation
atomistic-resolution liquid cell development for electro-
chemical processes.

3.5.2. Transition Metal Oxides. Due to their high
theoretical capacities, transition metal oxides (TMO) have
been extensively studied as potential anode materials using in
situ TEM. Common TMO anodes contain a variety of species
such as Co, Ti, Fe, Ni, Mn, V, W, etc., most of which follow
conversion reactions during lithiation processes. Nevertheless,
due to the different crystal structures, atomic radii, lithium
diffusivities, and chemical properties of these oxide anodes,
they all exhibit distinct lithiation behaviors and electrochemical
performance. Different particle morphologies and sizes are
another important parameter to determine the variations
among these TMOs. These electrochemical properties require
in-depth investigations so that a relationship between electro-
chemical performance and their intrinsic properties can be
established for the optimization of TMO anodes.

In situ TEM using open-cell configuration provides the
advantage of high spatial resolution, where the majority of
them utilized solid-electrolyte open-cell sample setup owing to
the ease of using lithium metal as the anode and its surface
oxide as the solid electrolyte. We will summarize the exemplary
results from mostly single-transition-metal oxides in the order
of ascending atomic numbers and propose the optimal
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Figure 18. Lithiation processes of TMO nanomaterials via open-cell in situ TEM configurations. (a) Nanostructure evolution of TiO, NW during
lithiation. Scale bars for TEM images and HRTEM image: 50 and 2 nm, respectively. Reproduced with permission from ref 159. Copyright 2017
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Low-magnification morphological change along with HRTEM analysis of N-doped TiO,
NTs. Reproduced with permission from ref 160. Copyright 2017 Royal Society of Chemistry. (c) Low-magnification TEM images of a K-doped a-
MnO, NW during lithiation. FFTs show the presence of lattice expansion. Reproduced with permission from ref 162. Copyright 2017 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. (d) HRTEM and SAED analysis of -MnO, NR during lithiation. Lattice expansion and metallic Mn
formation were observed. Scale bars: 10 nm. Reproduced with permission from ref 163. Copyright 2019, Elsevier Ltd. (e) Morphological changes
of NiO NPs showing shrinking-core mode and finger mode during lithiation. Scale bars: 20 nm. Reproduced with permission from ref 164.

Copyright 2015 American Chemical Society.

conditions required for the high capacity and long cyclability of
such anodes.

Titanium oxides are potential lithium anode materials due to
their ability to store lithium ions and form a stable lithiated
structure, which has been reported to undergo a two-phase
lithiation process.'>® Figure 18a and 18b demonstrate the
lithiation mechanism of anatase TiO,, where the impact of
particle sizes and electronic conductivity are emphasized.
Figure 18a shows the lithation process of a single-crystal TiO,
nanowire, where an interface between anatase TiO, and
orthorhombic LiysTiO, was clearly observed upon gradual
lithiation."” The interface was shown in the HRTEM images
where 5—10 atomic layers were found between two phases.
Due to the low lithium kinetics inside the LiysTiO, phase,
lithiation proceeds fairly slowly. Intriguingly, when using
polycrystalline TiO, nanoparticles with sizes below 25 nm,
no interface was observed between TiO, and Li, s TiO,, which
underwent a solid-solution mediated lithiation process instead.
The possible reason is that the nanosized polycrystalline TiO,
can provide short lithium diffusion pathways and facilitate the
fast phase change to the lithiated phase. In another study by
Zhang et al., an N-doped TiO, nanotube was used for in situ
TEM for the sake of improving its electronic conductivity

(Figure 18b). Detailed HRTEM analysis unveiled a facile
phase transformation from anatase TiO, to orthorhombic
LiysTiO, and then Li;sTiO, to tetragonal LiTiO,. The facile
lithiation and improved electrochemical performance were
attributed to the enhanced electronic conductivity of the
anatase TiO, nanotubes.'®’

Magnesium oxide (MnO,) is one of the promising electrode
materials for lithium batteries as it can serve either as a cathode
through the lithium insertion mechanism or an anode through
the conversion mechanism.'® However, the conversion
mechanism in the case as an anode material was not crystal
clear in the field. In situ TEM employing solid-electrolyte
open-cell configuration was used to study the lithiation
mechanism of @-MnO, (Figure 18c). Lee et al. captured the
fast lithium diffusion into K-doped a-MnO, due to its unique
one-dimension lithium pathway. HRTEM and diffraction
analysis identified the formation of MnO+Li,O as the
intermediate phase, and metallic Mn+Li,O as the final lithiated
products, with a crystal orientation relationship between the
MnO, reactant and the MnO/Li,O products.'®> Another work
focused on the lithiation mechanism of todorokite-type
manganese oxide (7-MnO,) using open-cell configuration in
situ TEM (Figure 18d). 7-MnO, has intrinsically larger tunnels
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for enhanced lithium transportation but the lithiation
mechanism was not well understood. By using 7-MnO,
nanorods, Cai et al. captured the intermediate phase as
Mn,0;3+Li,O during lithiation. A rapid lithium migration was
also observed on the surface of the 7-MnO, nanorods. Metallic
Mn and Li,O were observed toward the end of lithiation.'*®
Intriguingly, upon delithiation, Mn was only able to transform
back to the Mn,O; phase instead of 7-MnO,, indicating a
lower formation energy of Mn,O; compared to 7-MnO,.

On another note, the NiO anode material suffers from
limited rate capability. The underlying mechanism was
uncovered using open-cell in situ TEM (Figure 18e). He et
al. captured that lithiation of NiO follows a shrinking-core
mode in the early stage and then follows a finger-like
nucleation mode when lithiation gets deeper into the
nanoparticles. The fairly fast lithiation was observed in the
shrinking-core stage, while deeper lithiation took a long time
for incubation to form finger-like nucleation areas inside the
nanoparticles, after the particle interiors became gradually fully
lithiated."®* The finding is directly related to the slow kinetics
observed in the battery rate capability testing. Accelerating the
incubation inside the particle turns out be the key to enhancing
the rate performance of NiO material.

Magnetite Fe;0, is an anode candidate for lithium battery
due to its inexpensive and nontoxic nature, which in the
meantime can deliver a theoretical capacity of 926 mAh g~'.
He et al. utilized open-cell configuration to study the lithiation
mechanism of Fe;O, inside TEM (Figure 19a). Metallic Fe
and Li,O were identified as the final lithiation products as
common metal oxide anodes. Nevertheless, a coexistence of
three phases, namely Fe;O,, Li.Fe;O, and Fe+Li,O, was
captured during lithiation in bright-field STEM images. Based
on the phase contrast, a clear phase transformation process was
demonstrated. The LiFe;O, phase nucleated from the edge of
the nanoparticle, while the Fe+Li,O phase appeared before the
full lithiation of the Fe;O, phase, rendering the presence of
three phases on the same particle.'”® By comparing the
propagation speed of such phases, it was found that the
intercalation step into the Li,Fe;O, phase is much faster than
the conversion step into Fe+Li,O, stressing how the reaction
kinetics can affect the lithiation pathway at the single-particle
level.

Cobalt oxides are another popular metal oxide anode
materials besides SnO,, as CoO was one of the earliest metal
oxides investigated as a conversion-type lithium-ion battery
anode.'*® In situ TEM was extensively applied to study the
lithiation mechanism of cobalt oxides with various stoichio-
metries and their analogues.'®*™'”" Figure 19b shows the
lithiation process of Co;0, nanoparticles that were dispersed
on a graphene sheet and then loaded into the open-cell setup.
Many in situ studies on metal oxides have employed carbon-
film-based sample configuration,"”*~"”> which is similar to
those loading samPIe particles on TEM half grids as the
working electrode. ° In this work, Co,0, particles were
lithiated to form metallic Co particles embedded within a Li,O
matrix. And the formation of CoO instead of Co;0, was
unveiled during the subsequent delithiation and lithiation,
indicating that the capacity loss of the first cycle comes from
the irreversible formation of the Co;0, phase. Zinc oxide
(ZnO) has also been considered as a promising anode material
due to its high theoretical capacity of 978 mAh g~' and
environmental compatibility. Nevertheless, bulk ZnO anodes
suffer from sluggish kinetics in stark contrast to their nanosized
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Figure 19. Lithiation process of TMO nanomaterials via open-cell in
situ TEM configuration. (a) In situ observation of two-phase lithiation
in Fe;0, nanocrystal. Scale bar: 20 nm. Reproduced with permission
from ref 165. Copyright 2016 The Authors. (b) Nanostructural
changes in Co;0, nanoplates during lithiation and the corresponding
schematic. Reproduced with permission from ref 166. Copyright 2014
Elsevier Ltd. (c) Crack-driven lithiation process in ZnO NWs by
HRTEM images. Reproduced with permission from ref 167.
Copyright 2011 American Chemical Society.

analogue. A good understanding of their lithiation mechanism
was needed to address such size-dependent performance.
Figure 19¢ shows the lithiation process of single-crystal ZnO
nanowires using open-cell in situ TEM. Similar to the
observation of SnQ,, solid-state amorphization was observed
during the lithiation of ZnO nanowires. ¢’ However, nano-
cracks with a length of about 70 nm were observed ahead of
the lithiation front and were proposed to be precursors of
electrochemically driven solid-state amorphization, calling for
engineering efforts to reduce the particle sizes for improved
kinetics.

More research efforts on TMO anodes include MoO; and
WO,, and RuO, materials.'”*~"*! Figure 20a demonstrates the
lithiation and delithiation mechanisms of MoO; nanobelt.
Upon lithiation, metallic Mo and Li,O were formed as the
lithiated products. During delithiation, crystalline
Li; ¢sMo0g 66O, was first formed, after which amorphous
Li,MoO; was formed as the final delithiated product.'”®
Despite the irreversible phase conversion during the first cycle,
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Figure 20. Lithiation process of TMO nanomaterials via open-cell in situ TEM configuration. (a) Morphological and structural changes of MoO,
during lithiation and delithiation. Reproduced with permission from ref 176. Copyright 2016 American Chemical Society. (b) Reaction front
migration during WOj lithiation. Reproduced with permission from ref 177. Copyright 2023 American Chemical Society. (c) Nanostructural
evolution of HEO NPs upon lithiation. EDS mapping shows the presence of various metal elements. Scale bars: SO nm (except for those for
magnified HRTEM images: S nm). Reproduced with permission from ref 45. Copyright 2023 Wiley-VCH GmbH.

the subsequent phase transformations between Mo and
Li,MoO; appear reversible. Figure 20b shows the lithiation
process of WO; film using open-cell in situ TEM. Planar
defects were observed at the reaction front during lithiation."””
DFT calculation indicates that such defects tremendously
increased the migration barrier for lithium ions and thereby led
to nonuniform lithiation speed and uneven reaction front,
emphasizing the importance of eliminating nanodefects for
improved lithium-ion transportation.

As an emerging trending topic, high-entropy alloy synthesis
obtained fast advancement recently. High-entropy metal oxides
(HEOs) have also caught research attention due to the
possibility of combining the merits of different metal oxides as
anode materials. Figure 20c demonstrates the lithiation
mechanism observed in an HEO that consists of Co, Ni,
Mn, Zn, and Fe elements using open-cell in situ TEM. As
expected, single-phase HEO particles transformed into metallic
particles embedded in a Li;O-rich amorphous matrix at the

end of the first lithiation.** Surprisingly, the polyphase metallic
species could be recovered to the original single-phase HEO
after delithiation. Repeated cycling was achieved due to the
reversible reaction between single-phase HEO and polyphase
metallic products. Note that other metal species mainly
underwent conversion reactions, while Zn species went
through both conversion and alloying reactions, providing
extra capacity. Such efforts call for more attention to HEOs
that could potentially be used as practical anode materials.

In a word, metal oxides are one of the most popular anode
materials investigated besides graphite, Si, and Li anodes. Their
high theoretical capacities undoubtedly attract significant
research attention. Nanosized metal oxides were widely used
to avoid the shortcomings of low electronic conductivities.
However, severe volume changes still pose challenges to their
cyclability. Additionally, the use of transition metal brings extra
concerns regarding the gravimetric energy density and cost.
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Figure 21. Lithiation process of metal chalcogenides via in situ TEM using (a—c) open-cell and (d) closed-cell configurations. (a) Nanostructural
evolution of SnS, during lithiation. Reproduced with permission from ref 186. Copyright 2017 American Chemical Society. (b) HRTEM and
SAED showing the structural change of MoS, upon lithiation. Reproduced with permission from ref 187. Copyright 2020 Elsevier Ltd. (c)
Morphological changes of Co,Sg inside CNT during lithiation. Reproduced with permission from ref 189. Copyright 2013 American Chemical
Society. (d) Low-magnification TEM images of microstructures of MoS, nanosheets inside SiN,, liquid cell. Reproduced with permission from ref

190. Copyright 2015 American Chemical Society.

Future research ought to focus on improving the cyclability of
metal oxides while harvesting their high theoretical capacity.

3.6. Metal Chalcogenides

Owing to their unique electronic and catalytic properties, metal
chalcogenides (MCs) have drawn tremendous attention and
exhibited promises for next-generation electronics, electro-
chemical energy storage, chemical sensing devices, etc.!8#183
Regarding the battery applications, MCs show high theoretical
capacity due to the combination of intercalation, conversion,
and alloying reactions which in total yield extra capacity
compared with the state-of-the-art anode materials.'*"**
Common MCs such as MoS,, MoSe,, VS,, and SnS, have
been widely studied as battery anodes or host materials.'*

However, due to the intrinsically low electronic conductivity
and low cyclability, a better understanding of their lithiation
process was needed for the structure optimization of MCs,
where in situ TEM comes in play. Some of the in situ TEM
works on MCs are summarized below.

Yin et al. utilized a tip-based open-cell configuration to study
the lithiation mechanism of SnS, as shown in Figure 2la.
Detailed analysis captured the lithiation process as follows: 1)
lithium intercalation into the SnS, layers to form the Li SnS,
phase; 2) with further lithiation, Li,SnS, transitions to an
amorphous state with metallic Sn nucleation inside a Li,S-rich
amorphous matrix; 3) subsequently, lithium alloys with Sn to
form Li,Sn in the presence of Li,S.'*" It was proposed that the
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Figure 22. Open-cell in situ TEM studies on LCO cathodes and associated interfaces. (a) A schematic of open-cell configuration and electrical
potential mapping of an LCO-based microbattery by electron holography. Reproduced with permission from ref 38. Copyright 2010 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (b) Electrical tests on Si-LCO microbattery in an open-cell design. Scale bar: 10 ym. Reproduced with
permission from ref 39. Copyright 2010 American Chemical Society. (c) Cross-sectional examination on an LCO-based nanobattery by HRTEM,
EELS mapping, and SAED. Reproduced with permission from ref 191. Copyright 2016 American Chemical Society.

alloying step was the limiting step due to the low electronic
conductivity of the Li,S matrix. Most of the capacity loss
occurred during the conversion reaction to form Li,S, because
Li,S is a rather stable component in an electrochemical system.
Another work focused on the lithiation process of MoS,, which
exhibits faster lithium kinetics due to its larger interlayer
spacing (Figure 21b). In situ TEM was able to capture a
multiple-step intercalation-conversion reaction as lithiation
proceeds. The final lithiated products turned out to be Mo and
Li,S, mixed with the LiMoS, phase.'®’ Large volume
expansion was observed during lithiation. Su et al. investigated
the lithiation process of CoySg material in the presence of a
carbon nanotube encapsulation. Figure 21c illustrates the
confined lithiation inside a carbon nanotube, where axial
elongation is effectively suppressed and radial expansion is
measured to be ~32.4%. The excellent electronic properties of
carbon nanotubes facilitated facile lithiation in CoySg. In
particular, the lithiated Co,Sg nanowire showed severe axial

AA

elongation and even extruded through the wall of the open
carbon nanotube, stressing the essence of host materials in
mitigating large volume expansion while providing sufficient
electronic conductivity.'**'*’

The SiN,-based liquid cell has also been employed to study
the lithiation process of MoS, nanosheets inside a liquid
electrolyte (Figure 21d). MoS, decomposition into nano-
particles was captured in the early stage of lithiation, followed
by volume shrinkage of individual particles. Such phenomena
stand in direct contrast to the findings of the open-cell study,
where volume expansion was observed.'®” It was proposed that
due to the presence of the liquid electrolyte, severe formation
of lithium polysulfides and their dissolution into the electrolyte
led to the loss of MoS, material."”® Such a process is likely to
occur within the liquid electrolyte especially when electron
beam serves as extra stimuli besides electrical current.

In summary, MCs demonstrate their great potential as
battery anode materials while their intrinsically low electronic
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conductivity and the formation of Li,S solid/polysulfides materials and the use of solid electrolytes call for more research
remain as obstacles for future development. Conductive host efforts to address the existing issues for MCs.
AB https://doi.org/10.1021/acs.chemrev.4c00507
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4. IN SITU TEM STUDY OF CATHODE MATERIALS FOR
LITHIUM BATTERIES

Early development in the lithium battery field focused on
expanding cathode chemistry to obtain materials with higher
capacity, better cyclability, and good thermal and structural
stability. Lithium transition metal oxides (LTMOs) are one of
the major families in the lithium cathode category, including
well-known materials such as lithium cobalt oxide (LCO),
lithium manganese oxide (LMO), lithium nickel cobalt
manganese oxide (NCM), lithium nickel manganese oxide
(LNMO), and lithium nickel cobalt aluminum oxide (NCA).
Additionally, lithium iron phosphate (LFP), though belonging
to the phosphate family, is widely used due to its exceptional
cyclability and thermal stability.

Characterizations such as X-ray diffraction (XRD) have been
employed to determine the crystal structures of these LTMO
cathodes, revealing the lithium diffusion pathways within
different structures. For instance, layered structures provide
two-dimensional diffusion pathways, while spinel structures
offer three-dimensional pathways, and olivine structures allow
for one-dimensional lithium conduction. Lithium ions
intercalate through these cathodes during battery operation
without significantly altering their crystal structures. The
distinct crystal structures and compositions result in sharply
varying electrochemical properties among these intercalation
cathodes.

Despite these differences, most LTMO cathodes experience
similar degradation mechanisms during repeated cycling, such
as crystal structural changes, interphase formation, and
mechanical failure. A thorough understanding of these
degradation events during operation is crucial for engineering
the next-generation cathode materials.

Beyond intercalation cathodes, there are also promising
cathode candidates from other chemistries, such as fluoride
cathodes, sulfide cathodes, lithium—sulfur (Li—S), lithium—
oxygen (Li—0O,), and lithium—carbon dioxide (Li—CO,).
Many of these cathodes fall under the category of conversion-
type materials, which involve different electrochemical reaction
mechanisms compared to traditional intercalation cathodes.
Instead of retaining their crystal structures during lithiation/
delithiation, conversion cathodes undergo drastic structural
changes, often along with irreversible processes that lead to
capacity loss. However, due to the high theoretical capacities of
conversion cathodes, countless research efforts have been
devoted to this field. In situ TEM is one of the most useful
tools to study the lithiation mechanism and structural changes
at the nanoscale, providing insights that can be directly applied
to cathode structural modifications or cell optimization. Below
we summarize some major progress on in situ TEM that
probed on both intercalation and conversion cathodes in the
past decades.

4.1. Lithium Transition Metal Oxides

Since structural transformations in LTMO cathodes are
relatively subtle during cycling, a high-resolution imaging
capability is commonly needed to capture the corresponding
changes, where the conventional liquid-phase TEM setup falls
short of spatial resolution. Therefore, the majority of in situ
TEM studies on LTMO cathodes employed open-cell
configurations, including both tip-based and chip-based setups.
Due to the micrometer size of common LTMO cathode
particles, cathode lamella or thin films are more suitable for in
situ TEM works where the focused ion beam is frequently used
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for sample preparation. For better compatibility with cathode
lamella and thin films, solid electrolytes instead of ionic liquids
are preferred for this type of study.

Figure 22a shows one of the first open-cell in situ TEM
studies on an LCO cathode and its interface with a
Li,_,,ALTi, ,Si,P;_ Oy, solid electrolyte using a sample
setup similar to the chip-based configuration. This planar all-
solid-state battery allows for TEM observation at the sampling
region indicated by the red box, which was thinned down to
~60 nm in thickness by the focused ion beam. Current
collectors on two ends of the battery are used for electrical
control. Electron holography was employed to demonstrate the
electrical potential change across the battery lamella during
charging and discharging.”® A gradual decrease of electrical
potential was observed in the LCO cathode toward the
electrolyte direction. However, a drastic potential drop was
captured between LCO and solid electrolyte, indicating high
interfacial impedance at the cathode/electrolyte interface.”®
This is the first visualization of the interfacial resistance inside
a solid-state battery via electron microscopy. Figure 22b
demonstrates a chip-based open-cell design where LCO serves
as the cathode, lithium phosphorus oxynitride (LiPON) as the
solid electrolyte, and a Si nanowire as the anode. Such sample
configuration was able to charge and discharge inside the
microscope and unveil a diminished electrode reversibility due
to the decreased electronic conductivity of the electrode.”
However, due to the planar layout of the deposited samples,
this setup was not able to perform high-resolution imaging.

Another noteworthy work utilized a solid-state battery
sample lamella and a piezo-controlled tip for electrical control
(Figure 22c). The sample also consists of an LCO cathode, an
LiPON electrolyte, and an Si anode, while this lamella was
thinned down to below 100 nm in thickness for electron
transparency. Precise potential control was achieved in this
setup. Electron diffraction uncovered a disordering of LCO
cathode at the interface between LiPON and bulk LCO for the
first time, which was composed of CoO and lithium oxide
species.'”’ EELS mapping afterward suggests a lithium
accumulation at the LCO/LiPON interface, which might be
the cause of forming lithium oxide species and low-valence Co
species, and be the source of a high interfacial impedance. This
open-cell setup is similar to the sample configuration in chip-
based open cells, except for the electrical stimuli via a piezo-
controlled probe. Such setup appears easier to fabricate while it
lacks sufficient structural stability due to the use of the tip,
compared to the chip-based open cells. Regardless, these three
works have directly visualized the interfacial phenomena
between cathode and electrolyte and inspired the chip-based
sample design in the later stage for in situ TEM studies.”

Figure 23a shows a chip-based open cell that consists of an
LCO cathode and a lithium lanthanum zirconium oxide
(LLZO) solid electrolyte. Geographical phase analysis clearly
labeled the orientation and size of individual grains of the LCO
cathode.'”” By using aberration-corrected STEM imaging, the
presence of twin boundaries and antiphase domain boundaries
inside the LCO layer was found after delithiation, which might
be a source of impedance inside the cathode. Another work
using LCO and an argyrodite LigPS;Cl (LPSCl) solid
electrolyte demonstrated a lithium accumulation at the
cathode/electrolyte interface. However, after coating the
LCO cathode with a thin layer of BaTiO; (BTO), the
interface exhibits much-reduced charge accumulation (Figure
23b). It was proposed that this dielectric BTO layer can
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effectively mediate the lithium diffusion at the interface,
thereby reducing the charge nonuniformity and interfacial
impedance.'”® The direct evidence of charge redistribution
suggests the essence of the dielectric oxide coating layer, which
has been widely applied in solid-state batteries afterward.
Figure 23c illustrates the electron holography mapping of a
nanobattery made of LCO cathode and LiPON solid
electrolyte. Similar to the previous study, an LCO transition
layer was present at the LCO/LiPON interface. A nanocrystal-
line region was observed between the transition layer and the
LiPON layer.'”* Electron holography was able to capture the
positive charge distribution along the interface, indicating
lithium accumulation at the nanocrystalline region and
transition layer. The nanocrystalline region lacks sufficient
lithium conductivity and turns out to be the source of
interfacial impendence.

Later, Nomura et al. combined an in situ open-cell sample
configuration and advanced hyperspectral image analysis to
analyze lithium kinetics inside solid-state batteries. Figure 23d
shows a cross-section of a battery consisting of LCO cathode
and an Linﬂ,Alx(Ti, Ge)z_xSin3_yOlz (LASGTP) solid
electrolyte. By applying non-negative matrix factorization
(NMF) analysis, STEM-EELS mapping directly captured the
lithium concentration change at the LCO/LASGTP interface
during charging and discharging.'”> An inactive interface layer
consisting of Co;0, was also found at the cathode/electrolyte
interface, regarded as the origin of interface resistance due to
its low ionic conductivity. A lithium-rich region was observed
at the grain boundaries inside the LCO cathode. Surprisingly,
lithium activity appears higher in the lithium-rich region at the
pristine state, namely grain boundaries in LCO. This
phenomenon was further confirmed in their later study by
applying a similar sample configuration and an advanced image
denoising method via sparse coding.'”® High-resolution EELS
mapping was able to capture the lithium redistribution at open-
circuit conditions (Figure 23e). Lithium migrated along the
concentration gradient to the lithium-poor region at the resting
state, successfully capturing the lithium activities to achieve an
equilibrium state.'”® The direct evidence of lithium redis-
tribution highlights the importance of the resting step during
battery operation to achieve a more uniform lithium
distribution and lower battery polarization.

Besides LCO, NCA and NCM cathodes have also been
studied for in situ TEM.'”” Nomura et al. applied the chip-
based open cell to investigate lithium kinetics inside an NCA
cathode that is paired with a sulfide solid electrolyte (Figure
23f). STEM-EELS mapping illustrates the lithium diffusion
inside NCA grains and in between. It was clearly shown that
particles far away from the solid electrolyte exhibit a delayed
lithium extraction during charging.'”” The inactive particles
highlighted in the NCM region stress the importance of
reducing electrode porosity and using grains with larger sizes
to reduce inactive portions and lithium diffusion barriers.

Figure 23g demonstrates a nanobattery that consists of an
Li; ,Niy,Mny 4O, cathode and an LiPON electrolyte. The
HADDEF-STEM image at the interface indicated the formation
of rock-salt and spinel structures that are commonly
considered as a degradation phase of layered LTMO cathodes.
Intriguingly, nanopores were observed inside such a Li-rich
cathode during the charging process, as indicated by the
bright-contrast regions in HAADF-STEM images.'”® This
observation was proposed to be the result of the formation and
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movement of defects inside cathodes during the lithium
extraction process.

Apart from common LTMO cathode materials, including
those not highlighted here,”*’~*** V,05 was also investigated
using in situ TEM to unveil their unique lithium storage
mechanisms.”***°> Numerous research efforts including ex situ
and in situ characterizations were put into LTMO materials;
however, in situ TEM shows its unique capability to visualize
lithium transport and interfacial kinetics at the nanoscale and
during battery operation. Such an approach has provided
unprecedented and refreshing insights regarding the metastable
states of LTMO cathodes.

4.2. Transition Metal Phosphates

LFP is a well-known lithium phosphate cathode that consists of
an olivine crystal structure and one-dimensional lithium
pathways. Its unique composition and structure render LFP
a stable cathode that delivers long cycle life and has been
widely used in practical commercial batteries. At the early age
of exploration, in situ TEM was also applied to study its
lithiation mechanism.

Figure 24a shows an open-cell in situ TEM setup using
FePO, (FP) particles as the cathode in order to study the

p _ LFP-(01012a 3V delithiation

4065
LFP phase

e LiFePO, LigsFePO,

Figure 24. Lithiation and delithiation process in LFP cathodes using
open-cell in situ TEM. (a) Reaction front probed by HRTEM images
when lithiating FP particles. Reproduced with permission from ref
206. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (b) HRTEM images showing a solid-solution zone in LFP
during high-rate delithiation. Reproduced with permission from ref
207. Copyright 2014 American Chemical Society.

lithiation process. Atomic resolution imaging uncovered that
the phase boundary between FP and LFP migrates along the
[001] crystal orientation, same as the lithium diffusion
direction.””® It was proposed that relaxation of the elastic
strain at the interface is the major driving force for such
lithiation direction. In another study employing open-cell in
situ TEM, a solid-solution zone was found between FP and
LFP regions during the high-rate delithiation process,
exhibiting no dislocations and appearing stable at room
temperature (Figure 24b). Such a solid-solution transition
layer is proposed to enhance lithium kinetics and the rate
capability of LFP cathodes.”®” This observation aligns with the
approaches to reduce LFP particle size to alleviate issues
related to low electronic and lithium conductivity.

Liquid cell TEM has also been applied to study LFP particle
behaviors during charging and discharging. Holtz et al.
combined an SiN_ based closed cell and advanced valence
EELS to uncover the delithiation process of LFP particles. By
using a monochromated electron source, the energy resolution
of EELS was able to achieve 0.2 eV and could be used to probe
the plasmon region. EELS displayed in Figure 25a captured an
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Figure 25. Microstructure changes of LFP nanomaterials during charging and discharging in liquid cell TEM. (a) Competing delithiation of LFP
NPs observed by EFTEM imaging. Scale bars: 200 nm. Reproduced with permission from ref 208. Copyright 2014 American Chemical Society. (b)
Electron diffraction tomography probing structural evolution in single LFP crystal. Reproduced with permission from ref 209. Copyright 2018
American Chemical Society. (c) Microstructure evolution during LFP particle dissolution in sulfuric acid. Reproduced with permission from ref

210. Copyright 2022 The Authors.

extra peak at around S eV in the FP sample while not in the
LFP sample. When imaging with a S eV energy filter, one can
distinguish delithiated LFP particles from pristine ones in
TEM images.”*® By leveraging energy-filtered TEM (EFTEM),
it was shown that a competing delithiation mechanism is
present among LFP particles, along with anisotropic particle
growth.

Besides valence EELS, electron diffraction tomography
(EDT) was utilized in the liquid cell study of LFP particles
(Figure 25b). Based on the well-documented crystal structure
of charged LFP particle, Karakulina et al. applied EDT on
single crystals of LFP inside a SiN,-based liquid cell during
delithiation. Crystal structure analysis at the unit cell level was
achieved, with spatial identification of specific particles.209
These techniques demonstrated their unique capability to
determine crystal structure information in three dimensions,
even when the spatial resolution is limited by the liquid
environment. Another work in 2023 focused on the cathode
recycling process using liquid cell TEM. Figure 25c illustrates
the dissolution of LFP particles in sulfuric acid to mimic the
recycling procedure for battery cathodes. It was shown that the
initial dissolution of LFP particles appeared slow but
accelerated after one-third of the entire dissolution process.
This work demonstrated the advantage of combining liquid
cell TEM and ultramicrotomy to prepare cathode samples with
designated sizes and thickness, and investigate their dissolution
kinetics in real-time.”'® Such a dissolution process ties in with
the battery recycling aspect, which is one of the popular topics
in the battery field for ensuring a sustainable material supply in
the long run.

4.3. Transition Metal Fluorides

Conversion reactions of most transition metal compounds
occur at low potentials (vs. Li/Li*), suitable for use as
anodes.”'"?'> Nevertheless, several transition metal com-
pounds, MX, (where M = Fe, Co, Nj, Cu, etc, and X = S,
F, etc.), exhibit high electrode potentials that are appropriate as
cathodes.”"? Although conversion cathodes suffer from poor
reversibility due to sluggish reaction kinetics, aggregation of
transition metal nanoparticles, and significant voltage hyste-
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resis, the high theoretical capacity makes them attractive
candidates for extensive investigations.

Wang et al. monitored the lithiation process of FeF,
nanoparticles during the conversion reaction and reported
the gradual phase transformation from the surface to bulk.* By
modifying the conventional tip-based open-cell configuration,
the nanoparticles were dispersed on a carbon-film-supported
TEM mesh grid, making contact between the carbon film and
the Li/Li,O tip, as shown in Figure 26a. This design allowed
lithium ions to reach the active materials through the carbon
film when an appropriate voltage bias was applied. Two
different time scales for inter- and intraparticle lithium-ion
transport were observed. Lithium ions moved quickly to
initiate a surface reaction, leading to the formation of
subnanometer Fe particles, and then extended to the bulk
region at a much slower rate (Figure 26a). It showed a large
volume expansion of about 41—57% after the conversion
reaction. Although LiF did not exhibit a visible diffraction
pattern, its formation was confirmed through EELS, suggesting
the possible formation of amorphous LiF as the lithiated
product. It was suggested that fast dynamics is possible for
FeF, conversion when particle sizes are reduced to nanome-
ters. Karki et al. observed that Fe domains grew within the
FeF, lattice through a conversion-driven topotactic trans-
formation, resulting in a checkerboard-like structure (Figure
26b).>'* The conversion process was initiated from the surface
and propagated layer-by-layer into the bulk. During lithiation,
FeF, transformed into well-arranged Fe nanodomains with a
preferential orientation along the [110] direction of the parent
FeF,. Lithiation occurred predominantly through the [001]
lithium-ion channel, pushing Fe atoms out along the [010] or
[100] direction to create space for Li ions. Intriguingly,
molecular dynamics simulations showed that Fe’ atoms have
higher mobility compared to Fe®. Therefore, the authors
suggested that the movement of Fe allowed for the formation
of Fe—Fe bonds and contraction of the Fe layer, resulting in a
topotactic transformation where Fe adopted a new crystallo-
graphic orientation within the FeF, lattice.

A partial substitution of fluorine with oxygen in iron fluoride
(FeO,F,_,, where 0.4 < x < 0.7) has been found to enhance
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Figure 26. Lithiation/delithiation and failure mechanisms of conversion-type cathode materials. (a) Schematic illustration of the open-cell in situ
TEM experimental design for investigating lithiation/delithiation of FeF, nanoparticles and corresponding time-lapse images. Scale bar: 10 nm.
Reproduced with permission from ref 48. Copyright 2012 Springer Nature Limited. (b) Conversion-driven topotactic transformation of FeF,
cathodes into Fe resulting in a checkerboard-like structure. Scale bars: S nm. Reproduced with permission from ref 214. Copyright 2018 American
Chemical Society. (c) Comparison of conversion reaction mechanisms of Fe;,Co,;OF and FeOF nanorod cathodes. Scale bars for HRTEM and
ADF-STEM images: 20 and 10 nm, respectively. Reproduced with permission from ref 215. Copyright 2018 The Authors.

the electrochemical performance of iron fluoride cathodes, by
transforming the less-reversible conversion reaction into a
highly reversible extrusion reaction.”’>~*"” Fan et al. developed
a high-performance Co/O doped iron fluoride (FeyoCo,,OF)
cathode with an energy density of ~1000 Wh kg™' and a long
cycle life of 1000 cycles. The origin of this high performance
was investigated using various characterization techniques,
including in situ TEM.”"® X-ray pair distribution function
(PDF) and ex situ TEM analysis revealed different phase
distributions of FeyoCo,,OF compared to FeOF at the
discharged (lithiated) state (Figure 26c). FeyyCoq,OF
exhibited a dominant rock-salt phase (86.9%) over the metallic
phase (13.1%), while the FeOF showed a 39.4% metallic phase
and a 60.6% rock-salt phase. Moreover, the metallic nano-
particles of Fe (Co) were smaller than the Fe nanoparticles in
FeOF. Those findings supported that the Fe;4Co,OF cathode
operates via reaction mechanisms different from the FeOF
cathode, where the conversion reaction is suppressed and the
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reversibility of the extrusion reaction is enhanced. Open-cell in
situ TEM experiments unveiled a much faster reaction rate of
Fey9Coy OF compared to FeOF, forming a ~2 nm-thick
oxygen-rich layer after lithiation, which was absent in FeOF.
This oxygen-rich rock salt layer was proposed to prevent
electrolyte reactions with metal nanoparticles and their
subsequent dissolution. In addition to the partial substitution
in iron fluoride cathodes, the effects of substituting nickel with
copper in NiF, cathodes were investigated using in situ TEM
by Villa et al.>"® This work compared the lithiation process of
NiF,, CugNiyoF,, and Cuy,sNiy,sF,, and identified phase
transitions using SAED patterns. It was observed that the
degree of areal expansion during the first lithiation decreases
when Cu is substituted. This was attributed to the formation of
metallic Cu, which was previously demonstrated to effectively
accommodate lithiation products such as LiF by the
authors.”"” It was also found that the reversibility of the
conversion reaction remarkably increases in the Cuy,sNij-sF,
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cathode, which explains the benefit of Cu substitutions for
enhancing electrochemical performances.

4.4, Li-S Chemistry

The exploration of advanced battery systems, such as lithium—
sulfur (Li—S) and lithium—selenium (Li—Se) batteries, has
garnered significant attention in recent years due to their high
theoretical energy densities and potential for addressing the
growing demand for energy storage solutions. In particular,
Li—S batteries have emerged as promising candidates owing to
the high specific capacity of sulfur cathodes, while Li—Se
batteries offer advantages including higher electrical con-
ductivity and theoretical capacity compared to Li—S systems.
However, the practical implementation of these battery
technologies has been hindered by various challenges,
including poor cycling stability, capacity fading, and electrode
degradation.47 To overcome these obstacles, methods such as
electrolyte optimization, a]gplication of CNTs, and passivation
layer have been studied.””"~*** In situ TEM has been utilized
to gain a deeper understanding of these processes by leveraging
its advantages for real-time visualization. This section presents
an overview of recent studies utilizing in situ TEM to
investigate the behavior of Li—S batteries, highlighting key
findings and contributions to the fundamental insights and
development of these next-generation energy storage systems.

Using solid-electrolyte open-cell configuration, Kim et al.
reported the first in situ TEM study on the lithiation process of
S cathode that was confined in cylindrical CNTs.””* To
prepare sulfur-filled hollow CNTs, a 15 nm layer of carbon was
deposited onto an alumina template. The template was then
immersed in molten sulfur at 160 °C, allowing the sulfur to fill
the hollow interior of the CNTs. Finally, the alumina template
was dissolved using hydrofluoric acid, leaving behind sulfur
inside the hollow CNTs. The presence of the CNTSs prevented
sulfur evaporation during electron beam irradiation, enabling in
situ TEM observation of the lithiation process. Under a voltage
bias of —2.0 V, sulfur inside a hollow CNT exhibited a contrast
change, and the light contrast indicated a phase transition to
polycrystalline Li,S, as confirmed by the SAED patterns shown
in Figure 27a. EELS analysis showed an intensity increase of
the Li K-edge and a peak shift of the S L-edge, suggesting the
formation of Li,S. Several noteworthy observations were made,
including a flat reaction front propagation, a constant reaction
rate, no volume expansion, no fracturing of the CNT, and the
absence of intermediate phases such as polysulfides and LiS.
The flat reaction front and constant reaction rate were
explained by the high ionic conductivity at the grain boundary
of nanocrystalline Li,S. The absence of polysulfides and the
phase separation of S/Li,S in a solid-state battery were also
observed via in situ TEM studies by Yang et al.”** Concerning
the in situ TEM experiment with the open-cell configuration,
they opted to make contact between the Li/Li,O tip and a
carbon supporting film on a TEM grid, instead of directly with
the sulfur particle. This setup allowed lithium ions to reach the
electroactive materials through the carbon film that serves as a
medium. The sulfur powder was dispersed on a TEM grid and
then further coated with carbon to shield it from the high-
energy electron beam and the high vacuum environment. By
coupling TEM imaging, ADF-STEM imaging, SAED, and
EELS techniques, the phase transition of sulfur into Li,S
without the evolution of intermediate lithium polysulfides in
the solid-state condition was demonstrated (Figure 27b).
Moreover, the coexistence of sulfur and Li,S nanoparticles
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Figure 27. In situ TEM studies on sulfur cathodes using the open-cell
configuration. (a) Lithiation of sulfur in cylindrical CNTs, showing
the formation of polycrystalline Li,S. Reproduced with permission
from ref 223. Copyright 2015 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (b) Phase transition of sulfur into Li,S without
intermediate lithium polysulfides during lithiation of sulfur particles
under solid-state conditions, and nanophase separation of S and Li,S
nanoparticles. Reproduced with permission from ref 224. Copyright
2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) In situ
lithiation/delithiation of S@CNT at different voltage biases and
temperatures, demonstrating sluggish lithium-ion diffusion as the
limiting factor for Li,S reversibility. Reproduced with permission from
ref 225. Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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implied the nanophase separation during the reactions. The
aforementioned two studies suggested that the formation of
nanocrystalline Li,S forms a medium for ions and electrons to
the Li,S/S interface, providing insights into the reaction
kinetics of sulfur cathodes.

Additionally, Wang et al. reported the precipitation and
decomposition of Li,S at high temperatures using a MEMS
heating device in the in situ open-cell TEM configuration.**®
Sulfur was prepared inside a carbon nanotube (S@CNT) to
prevent electron beam damage and to provide electrical
conductivity to the insulating sulfur. When a negative voltage
bias of —2.0 V was applied at room temperature, the nucleation
of the amorphous/nanocrystalline Li,S phase and its transition
to polycrystalline Li,S was observed. However, the as-formed
Li,S phase remained electrochemically inactive even under a
high positive voltage bias of 8.0 V. Further experiments on
samples with enhanced electrical conductivity did not trigger
Li,S decomposition, indicating that the electrical conductivity
is not the primary limiting factor in Li,S decomposition during
charging. Delithiation from Li,S was accomplished under a 3-V
bias at 150 °C and a more thorough delithiation was observed
at 300 °C, which demonstrated that sluggish lithium-ion
diftusion is the limiting step determining the reversibility of
Li,S (Figure 27c). This work also illustrated that Li,S with
high crystallinity was produced at a temperature as high as 800
°C but remained undecomposed even under an 8.0 V bias,
which suggests that high crystallinity is another factor
responsible for Li,S irreversibility.

Although polysulfides were not observed in solid-state
batteries, the long-chain polysulfides and their dissolution
into the ionic liquid (IL) electrolyte were observed by Wang et
al.**® 1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfon-
yl)imide (Py,, TFSI) with 1.0 M LiTFSI was prepared as an IL
electrolyte and a drop of IL was placed on the lithium metal
surface in the in situ TEM sample setup (Figure 28a). Upon
establishing contact between the IL and a partially empty S@
CNT using the in situ open-cell TEM holder, the IL infiltrated
the hollow CNT and intimately contacted the sulfur, resulting
in the formation of a LillLIS@CNT (Li—S) nanobattery.
During the in situ lithiation by the potential sweep method, the
S/IL interface migrated from the IL to S, indicating the
lithiated product dissolving into the IL. The electron
diffraction pattern at the reaction front was indexed into the
lithium polysulfide and the phase far from the reaction front
was revealed to be polycrystalline Li,S, demonstrating the
formation of polysulfides and further transition to Li,S as the
final product during the lithiation. After the potential was
swept back to open-circuit voltage, some semispherical sulfur
was observed at the CNT wall. This work further compared
the electrochemical reaction behavior using pure IL without a
lithium salt. A CV scan illustrated the Sg reduction peak at a
higher potential (2.25 V (vs. Li/Li*) in the IL with salt
compared to 2.5 V (vs. Li/Li*) in the IL without salt).
Meanwhile, more precipitated Sy species were observed after
delithiation in the IL without lithium salt, together suggesting
the presence of longer-chain polysulfides. This inference is
based on their equilibrium potential and their characteristic
propensity for easy transformation into Sg.

Later, Zhou et al. observed the liquid—solid conversion of
lithium polysulfides and the collective reaction induced by
metallic active centers in Li—S batteries.”” The in situ liquid-
phase TEM setup consists of Ti electrodes and a Li,S4-
containing electrolyte. A negative voltage bias of —0.5 V was
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Figure 28. In situ TEM investigations of sulfur cathodes under liquid
electrolyte environments. (a) Schematic illustrations of lithiation
mechanisms of S@CNT involving lithium polysulfide formation
under ionic liquid electrolyte. Reproduced with permission from ref
226. Copyright 2020 American Chemical Society. (b) Liquid—solid
conversion of lithium polysulfides and collective reaction induced by
metallic active centers in Li—S batteries with liquid electrolyte. Scale
bars for top and bottom rows: 200 and S0 nm, respectively.
Reproduced with permission from ref 47. Copyright 2023 UChicago
Argonne, LLC, Operator of Argonne National Laboratory. (c) A polar
TiO,—TiN host for anchoring lithium polysulfides investigated by
carbon membrane-based liquid-phase TEM. Reproduced with
permission from ref 68. Copyright 2018 Royal Society of Chemistry.

applied to the working electrode to induce the liquid—solid
transformation of lithium polysulfides. Two types of
nucleation—growth behavior were observed: a two-step
deposition and a single-step deposition. In the two-step
deposition process, the formation of granular Li,S, (tetragonal,
P4,/mnm) and the subsequent transitioning into rod-like Li,S
(cubic, Fm3m) were identified, while only rod-like or plate-like
Li,S particles were observed in the single-step deposition. In
addition, it was found that the concentration of Li,S4 in the
electrolyte did not affect the nucleation—growth behavior but
the applied voltage had a pronouncing effect. At —0.1 V, only
two-step deposition was observed, while at —0.5 V, granular
and rod-like structures formed simultaneously, indicating a
charge-transfer-limited reaction. The authors also prepared Mo
nanoclusters in N-doped graphene (Mo NCs/N-G) as metallic
active centers to compare lithium sulfide formation behavior
with that on the bare Ti electrodes (Figure 28b). With the
active center, contrast changes indicate Li,S deposition without
rod-like Li,S formation, which was identified as both face-
centered cubic nanocrystalline and amorphous Li,S by SAED
patterns and HRTEM images. Additionally, lithium poly-
sulfides aggregated on the working electrode and formed Li,S,
that eventually precipitated as Li,S during discharging. In the
subsequent charging step, Li,S was able to reversibly dissolute
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Figure 29. Open-cell in situ TEM studies on Li—O, chemistry. (a) Morphological changes of Li,O, particles during delithiation process.
Reproduced with permission from ref 232. Copyright 2013 American Chemical Society. (b) HRTEM and SAED analysis of metastable LiO, phase
during lithiation process. Reproduced with permission from ref 233. Copyright 2021 Royal Society of Chemistry.

into the electrolyte in the form of soluble lithium polysulfides.
Such gathering-induced collective charge transfer process
provided new insights into the reaction mechanism in the
Li—S system, guiding electrode optimization and system
engineering to promote more reversible processes during Li—
S battery operation.

Another work reported the electron-beam-induced nuclea-
tion and growth behaviors of lithium sulfides, using a carbon-
membrane-based liquid cell, similar to a graphene liquid cell.®®
The authors demonstrated that polar hosts can effectively
anchor polysulfides in Li—S battery systems. To explore the
impact of surface chemistry on host materials in this system, a
series of hollow spheres were prepared with inner and outer
walls made of either nonpolar carbon or polar TiO,—TiN.
Sulfur was mixed with the hollow spheres and heated to 300
°C for 6 h under an Ar ambient for integration. During
lithiation of the nonpolar C/S composite, small Li,S particles
were observed both inside and outside the sphere, indicating
that polysulfides can diffuse through the hollow carbon.
However, the diffusion of lithium sulfides was not observed
when adopting TiO,—TiN binary composites (Figure 28c),
which suggests that the polar TiO,—TiN layer may act as both
a physical barrier and a chemical anchor wall. This is further
supported by DFT calculations showing that the adsorption
energies of polysulfides on TiN and TiO, surfaces are
significantly higher than on carbon, attributed to the strong
binding of Li,S, monomers to Ti—S and Li—S/O bonds. In
addition, the radial expansion of lithium sulfides showed
diffusion-limited kinetics initially, which later shifted to
reaction-limited kinetics. Although such observation is contra-
dictory to the diffusion-controlled growth of lithium sulfides
found via in situ open-cell TEM by Tang et al, the authors
suggested that the reasons might lie in the differences in the
host materials or the electrolyte.””” In Xu’s work, the cause for
the mechanism change was attributed to the transition from
more conductive TiN to less conductive TiO,.°® Based on the
findings, they proposed an optimal polar (inner) and nonpolar
(outer) dual-walled sphere host structure for sulfur, e.g, C/
TiO,—TiN/S, and its excellent electrochemical performance
was demonstrated, exhibiting a capacity of 4.3 mAh cm™2 over

400 cycles at a low electrolyte/sulfur ratio of 6.8 mL g™'. Tan
et al. also developed a high-performing Li,S@graphene
nanocapsule cathode by burning lithium foils in a CS,
vapor.”*® Li,S@graphene nanocapsules were synthesized by
reacting lithium metal foil with CS, vapor under argon at 650
°C for S h, simultaneously producing Li,S nanocrystals
encapsulated by graphene layers. Their structural stability
was examined using open-cell in situ TEM. The Li,S
nanocrystals encapsulated with a few graphene layers showed
small volume variations of 10—20% during cycles, which is
much smaller than bare Li,S. Moreover, the Li,S@graphene
particle maintained good structural integrity even under a large
bias condition (6.0 V) for tens of cycles. Cracking was
observed in the later cycles, gradually increasing and leading to
the formation of inactive sulfur.

Selenium (Se), akin to sulfur in its chemical properties, has
also been explored as a potential cathode material. Se cathode
has a higher electrical conductivity compared to sulfur and a
high theoretical capacity of 675 mAh g™, leading to substantial
research in Li—Se batteries. Li et al. conducted in situ TEM
studies with the open-cell configuration to investigate the
kinetics and lithiation mechanism of Se nanotubes.””” The
authors observed a single-step lithiation reaction, transforming
single-crystalline Se into polycrystalline Li,Se with approx-
imately 88% volume expansion. Guo et al. also investigated the
behaviors of Se nanowires at high temperatures.””’ The
polycrystalline face-centered cubic (FCC) Li,Se phase was
confirmed by a SAED pattern, indicating a direct conversion
reaction from Se to Li,Se without intermediate phases such as
polyselenides, which is consistent with the results performed
by Li et al.”*’ Interestingly, Li,Se decomposition was only
accomplished during in situ charging at high temperature of
300 °C, which implies that ionic conductivity dictates the
reversibility of Li,Se in solid-state batteries. These findings
resemble earlier in situ TEM results for Li,S,** indicating
potential similarities in the lithiation/delithiation behaviors of
sulfur and selenium.
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4.5. Li—Air Chemistry

The Li—air battery mainly refers to Li—O, chemistry, with O,
gas serving as the active material in the cathode, while Li—CO,
chemistry is another branch under this category.”’' The major
development of the Li—air battery occurred in the mid-2010s
and it is still under extensive study. The driving force for
researching in Li—air battery is its extremely high theoretical
capacity and high gravimetric energy density due to the
lightweight of the O, cathode. However, the poor cycle life
caused by the irreversibility of the O, cathode and the
challenges in managing air to avoid side reactions between Li
and other air components have posed significant hurdles to
realizing this battery chemistry in practical use. As cathode
reaction involves gas—solid interaction that occurs at the
nanoscale, in situ TEM is a perfect tool to study the reaction
mechanism of the O, cathode, and how catalysts can facilitate
the delithiation process.

4.5.1. Lithiation Mechanisms. As lithium oxide (LiO)
species are formed as the lithiated products in Li—O, batteries,
it is crucial to understand the formation process of Li,O under
battery operating conditions. Zhong et al. employed a solid-
electrolyte open-cell sample configuration that consists of a Si
nanowire anode coated with a LiAlSiO, solid electrolyte and
lithium peroxide (Li,O,) cathode particles loaded on multiwall
carbon nanotubes (MWCNTs) to study the delithiation
process (Figure 29a). It was found that under high over-
potential, Li,O, likes to be oxidized near the interface between
Li,O, particles and MWCNT instead of at the interface
between the cathode and electrolyte.”*” The direct observation
strongly suggested that the limiting factor for the reversibility
of the O, cathode is electronic conductivity but not ionic
conductivity at a high driving force.

Another work focused on the formation process of a lithium
superoxide (LiO,) using a solid-electrolyte open-cell setup in
an environmental TEM setup (Figure 29b). An Au-coated
CNT was used as the counter electrode while Li,O/Li was
used as the electrolyte and anode. Upon discharging in the O,
environment, the Au layer was first alloyed with Li and
experienced radial expansion. Afterward, a light-contrast
particle formed near the Au alloy particle. Electron diffraction
identified the presence of LiO, with a mixture of Li,O as the
lithitated products. The LiO, phase was observed to be stable
for several minutes during the reaction, as opposed to the
general belief of its metastability.”*> It was proposed to be the
result of the weakened electron donation capability of Li due
to the interaction between Li and Au/O species. Regardless,
the observation of LiO, has provided direct evidence of LiO,
as a possible lithiated product in the Li—O, battery.

Liquid-cell TEM also proved its effectiveness in monitoring
the lithiation mechanism of Li—O, chemistry. Kushima et al.
used Au as the cathode current collector in a SiN,-based liquid
cell to study the charging/discharging process of Li,O,. The
liquid electrolyte was saturated with O, before the test.

Figure 30a shows that different Li,O, nucleation modes
were found when applying different overpotentials. Under low
overpotential, thin film growth of Li,O, was observed, whereas
particle §r0wth was observed when applying high over-
potential.”** Such phenomena suggested the lithiation process
is ion-diffusion-limited. On the contrary, delithiation was
found to occur at the interface between gold and Li,O,,
indicating that electron transport is the limiting step for
delithiation, in consistence with previous observations in open
cells.”** Similar morphology of Li,O, nuclei was observed in
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Figure 30. Li,O formation mechanism probed using closed-cell in situ
TEM. (a) Morphological evolution during Li,O, formation through
potential control. Reproduced with permission from ref 234.
Copyright 2015 American Chemical Society. (b) Li,O, growth
mode by HRTEM image under constant current control. The blue
region represents the electrolyte and white region represents Li,O,.
Scale bar: 100 nm. Reproduced with permission from ref 235.
Copyright 2018 The Authors.

several other studies with SiN,-liquid cells.”*>**° Figure 30b
illustrates the Li,O, growth mechanism under a constant
current instead of constant voltage. Liu et al. observed porous
Li,O, nucleation and growth around the Au electrode. The
reverse delithiation surprisingly took nearly the same amount
of time as lithiation, indicating a low current density was
essential to balance the impacts of electrical conductivity and
ionic conductivity of Li,0,.”*

The Li, O formation mechanism has been extensively studied
using both open-cell and closed-cell configurations. Open-cell
TEM owns the merits of O, atmosphere that provides
sufficient O, supply during electrochemical process compared
with closed-cell tests, where O, solubility is usually in the
liquid. Nevertheless, in both environments, the formation of
Li, O, namely the discharge process, was found as the ion-
diffusion-limiting reaction, while the decomposition of Li,O
was found to be an electron-conduction-limiting process. Such
nanoscale insights would guide cell engineering in practical
batteries so that suitable strategies can be applied to selectively
resolve the issues during different processes.

4.5.2. Effects of Reaction Mediators and Catalysts.
Due to the strong binding between Li and O and low
electronic conductivity, Li—O, batteries always suffer from
large cell polarization and sluggish reaction kinetics. One way
to accelerate the reaction kinetics is to add a catalyst or
reaction mediator (RM) to lower the energy barrier for Li,O
decomposition. Numerous works have been performed on
studying the reaction kinetics in the presence of various
catalysts/RMs. In situ TEM provides an ideal platform to
observe the catalysis process and help find the best catalyst
from a nanoscale perspective.

Yang et al. monitored the charging/discharging of a Li—O,
battery inside a SiN,-based liquid cell, where a redox mediator
tetrathiafulvalene (TTF) was used in LiClO,-dissolved DMSO
electrolyte. The reactions between the mediator and Li,O, are
as follows (eqs 3 and 4):

)
(4)

TTF —» TTF" + &~
2TTEY + Li,0, — 2Li* + O, + 2TTF
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The soluble TTF component did not show an impact on the
formation of Li,O, during the discharging process, while it
tremendously helped the charging process. Figure 3la
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Figure 31. Li,O decomposition process activated by the reaction
mediator and catalyst probed using closed-cell in situ TEM. (a)
HRTEM images showing Li,O, decomposition aided by TFF reaction
mediator. The yellow region represents dissolving Li,O, and the red
region represents electrolyte. Reproduced with permission from ref
237. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (b) Micromorphology examination indicating the growth
of toroidal Li,O, aided by DBBQ reaction mediator. Scale bar: 500
nm. Reproduced with permission from ref 239. Copyright 2019
American Chemical Society. (c) RuO, catalyst promoted the
formation and decomposition of Li,O, by HRTEM imaging. Yellow,
red, and blue regions represent dissolving Li,O,, electrolyte, and
RuO, catalyst, respectively. Reproduced with permission from ref 238.
Copyright 2018 Elsevier Ltd.

demonstrates the dissolution of Li,O, on the Au electrode,
where the dissolution took place at the Li,O,/electrolyte
interface, and no residual Li,O, was observed after the
delithiation process. A much lower charging voltage was also
obtained using TTF when compared with the process without
TTE.* In situ TEM results provided direct evidence that TTF
was able to mediate the dissolution process of Li,O, and
facilitate the reaction kinetics in the Li—O, system.

Another work by Lee et al. used 2,5-ditert-butyl-1,4-
benzoquinone (DBBQ) as the reaction mediator to promote
the formation of Li,O, (Figure 31b). Detailed analysis
demonstrated that Li,O, first follows lateral growth into
disk-like morphology and then grows vertically to form a
toroidal structure in the presence of DBBQ.”*® The altered
growth kinetics provide insight into mediating the controllable
lithiation process of Li,O, for Li—O, batteries.

Besides the reaction mediator, the catalyst is another
common chemical to promote the reaction kinetics. Figure
31c shows the effects of the catalyst on Li,O,-associated
reaction in the Li—O, battery. An Au electrode was used as the
counter electrode and RuO, served as the catalyst for both the
lithiation and delithiation processes. A reduced cell polar-
ization was obtained when using RuO, in the system. In situ
TEM was able to capture the Li,O, dissolution catalyzed by
RuO,, where delithiation occurred at the electrolyte—RuO,—
Li,O, triple phase interface. RuO, further promoted the
dissolution of Li, O, isolated particles that already lost electrical
connection to the electrode, indicating its positive impact on
many aspects inside the Li—O, battery.””” However, a general
question regarding adding a catalyst into the electrochemical
system is whether the heavy-metal-containing catalyst sig-
nificantly decreases the gravimetric energy density of the
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battery, compromising its lightweight advantage. As promising
as catalysts are in promoting the desired electrochemical
reactions, further optimization will be required to balance the
extended cycle life and gravimetric energy density of Li—O,
batteries. Later, a combination of reaction mediator and
catalyst were applied in the Li—O, system and proven
effective.”*” Nevertheless, the question regarding the balance
between cyclability and energy density stands.

5. IN SITU TEM STUDY OF ELECTROLYTES FOR
LITHIUM BATTERIES

Electrolytes play a crucial role in the electrochemical behaviors
of lithium batteries, while there is a lack of studies focused on
electrolytes via in situ TEM, especially in the case of liquid
electrolytes, due to low crystallinity and susceptibility to
electron beams. Most in situ TEM studies related to
electrolytes primarily concentrated on how different electro-
lytes affect the behavior of each active component in lithium
batteries, which have been covered in previous sections. In this
section, we listed in situ TEM efforts with a focus on the
electrolyte materials.

5.1. Liquid Electrolytes

Abellan et al. examined the degradation mechanisms of liquid
electrolytes under in situ liquid-phase TEM.”*' Several
electrolytes with different salts and solvents were compared
to identify the individual effects of these components on
electrolyte stability (Figure 32a). The formation of nano-
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Figure 32. Liquid-phase TEM investigations on liquid electrolytes.
(a) Comparison of liquid electrolyte degradation between different
solvents under electron beam irradiation. Reproduced with
permission from ref 241. Copyright 2014 American Chemical Society.
(b) Investigation of structural order of 1 M LiPF in 1:1 EC/DEC at
—30 °C using integrated techniques including liquid-phase TEM,
cryo-TEM, 4D-STEM, and deep learning data analysis. Reproduced
with permission from ref 29. Copyright 2023 The Authors.

particles by radicals after electron beam irradiation was
confirmed in electrolytes consisting of a LiAsF, salt dissolved
in DOL, DMC, and EC/DMC solvents. Particularly in the
DOL solvent, nanoparticles were observed since the first
imaging frame, which later grew into nanorods. The formation
of nanorods suggested unidirectional growth due to the
continued reaction of organic components. In addition, faster
degradation was observed in DMC compared to EC/DMC. In
DMC, the nanoparticles stabilized at approximately 200 nm in
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Figure 33. Interfacial stability of LLZO against Li metal probed by open-cell in situ TEM. (a) HRTEM and EELS analysis showing tetragonal
LLZO interphase formation upon contacting Li metal. Reproduced with permission from ref 50. Copyright 2016 American Chemical Society. (b)
Bandgap measurements at LLZO grain boundaries by valence EELS. Li metal nucleation at LLZO grain boundary observed by HRTEM images.
Reproduced with permission from ref 44. Copyright 2021 The Authors, under exclusive license to Springer Nature Limited.

size, after which secondary larger particles grew rapidly. Based
on HAADF-STEM images, it was indicated that large
secondary particles could be the polymerized organic materials
(with low atomic number), while the small primary particles
could be the inorganic materials (with high atomic number).
Their growth rate follows a power law function, with the
primary particles exhibiting diffusion-limited growth and the
secondary particles exhibiting reaction-limited growth accord-
ing to the Lifshitz—Slyozov—Wagner (LSW) growth model.
Moreover, this study demonstrated that LiPF, salts are more
stable than LiAsF; in EC/DMC solvent environments.

By leveraging cryo-TEM, 4D-STEM, and deep learning
methods, Xie et al. utilized in situ liquid-phase TEM to resolve
the structural ordering of an organic liquid electrolyte at a low
temperature.”” At —30 °C, a partial region of the electrolyte
composed of 1 M LiPF4 in EC/DEC solvent retained the
liquid form and exhibited phase separations. Three phases were
identified using 4D-STEM measurement based on contrast
differences (Figure 32b). Notably, in the bright region, a long-
range ordered poly crystalline structure (Phase 1) was
embedded in the dense liquid phase (Phase 2). In the dark
region (Phase 3), a diffraction pattern similar to Phase 2 was
observed, except for the scattering signature at the peak around
0.23 A™! in Phase 2. The distinct peak at 0.23 A™" indicates the
presence of short-range order with a length of 4.34 A, as it
matched well with the mean distance of the first peak in the
P—F radial distribution function (RDF) in the high-
concentration electrolytes, indicated by molecular dynamics
simulation. Consequently, the authors proposed the presence
of a dense liquid phase with short-range ordering, which likely
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represents the state before LiPF4 precipitation upon cooling.
EELS mapping data also supported this hypothesis by showing
a high concentration of LiPFy in this region.

5.2. Solid Electrolytes

Solid electrolyte materials generally include lithium-containing
oxides, sulfides, halides, polymers, etc., each of which exhibits
its unique advantages and drawbacks. Common oxide-based
electrolytes include LLZO (garnet-type), LLTO (perovskite-
type), and LATP (NASICON-type), while sulfide-based
electrolytes consist of LigPS;Cl (argyrodite-type),
Liy »sGegasPg7sSs (thio-LISICON), and Li,S—P,S¢ systems
(glass and glass—ceramic sulfides). PEO-based solid polymer
electrolytes (SPEs) and gel polymer electrolytes (GPEs) are
the popular polymer electrolytes. Another category falls into
glassy electrolytes, i.e,, LIPON and lithium borate chemistries,
etc.

Solid electrolytes present promising attributes for lithium
batteries for enhanced safety, higher energy density, and
extended cycling life. However, many of them suffer from
issues such as insufficient ionic conductivity, narrow electro-
chemical windows, high processing costs, or air sensitivity.
Interfacial degradation including continuous interphase for-
mation and lithium dendrite formation has been a crucial
concern for many of these solid electrolytes. Although
numerous strategies have been applied to mitigate interfacial
reactions between solid electrolytes against electrodes, where
certain solid electrolytes have delivered benchmarking electro-
chemical performance,'’ more research efforts are pressingly
needed to address existing interfacial problems. In situ TEM
serves as an ideal tool to study the degradation mechanism
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Figure 34. Mechanical properties of LLZO investigated by open-cell in situ TEM. (a) Low-magnification TEM images of LLZO cracking due to Li
dendrite penetration. Reproduced with permission from ref 242. Copyright 2022 The Authors. (b) Dead Li formation on Ta-doped LLZO by low-
magnification TEM images and corresponding schematics. Reproduced with permission from ref 243. Copyright 2021 American Chemical Society.

between solid electrolytes and electrodes since it probes 5.2.1.1. Interfacial Stability. Figure 33a shows an in situ
reaction dynamics and can emulate practical operation formation of the interphase between LLZO and Li metal inside
conditions. Many in situ TEM works documented in literature TEM using solid-electrolyte open-cell configuration. Li metal
have provided useful insights for interface engineering in piece coated on the W tip was moved toward crystalline LLZO

and triggered a chemical reaction with LLZO. EELS analysis
along the reacted region unveiled an interface with a thickness
of ~6 nm, where the LLZO structure transformed from the
cubic to the tetragonal phase.”® Although the interphase was
formed as soon as they were in contact, it did not continuously
grow and stopped at a length of about S unit cells of LLZO,
manifesting a passivation effect against reductive Li metal.
Interphase as such will be expected to help stabilize solid
electrolytes when in contact with the Li anode.

practical solid-state batteries.

Nevertheless, due to either air sensitivity or electron beam
susceptibility, a large portion of solid electrolytes are not
suitable for in situ TEM examinations. Herein, we summarized
some exemplary in situ TEM works particularly performed on
LLZO and LiPON material systems below.

5.2.1. LLZO. Garnet-type LLZO is one of the most widely
studied solid electrolytes owing to its high ionic conductivity,

mechanical strength, and compatibility with common electro- Another work performed by Ma et al. utilized a similar
des. However, it has been reported that dendrite growth could sample Conﬁguration and examined the electrochemical
occur within the LLZO pellet, which requires a nanoscale stability of LLZO at its grain boundaries. As shown in Figure
understanding of its stability against Li metal. 33D, valence EELS suggests that the electronic conductivity at
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Figure 35. Evolution of interphase between LiPON and electrodes via open-cell in situ TEM. (a) HRTEM images and EELS mapping of charged
Si/LiPON interface showing lithium accumulation. Reproduced with permission from ref 73. Copyright 2014 American Chemical Society. (b) In
situ formed Li/LiPON interphase analyzed by HRTEM and EELS. The proposed interphase model is depicted in the schematic. Reproduced with
permission from ref 246. Copyright 2021 American Chemical Society.

the grain boundaries within LLZO is generally higher than that
of bulk grains. Such characteristics render the grain boundaries
susceptible to more active electron conduction and then
metallic Li formation inside the LLZO electrolyte. In situ open-
cell TEM successfully captured the formation of Li metal at a
triple junction point within LLZO lamella when a negative bias
was applied to it. EELS further confirmed the presence of Li
metal and suggests that grain boundaries indeed can induce
local current hotspots and promote dendrite growth.** Such
findings stress the grain boundary engineering and current
density control especially for crystalline solid electrolytes so
that internal short-circuiting can be avoided in solid electro-
lytes.

5.2.1.2. Mechanical Considerations. Owing to the nature
of oxide materials, LLZO generally shows high yield strength
and good mechanical rigidity. It has been speculated that
LLZO can suppress the growth of Li metal dendrite because it
is mechanically strong. Gao et al. tested this hypothesis by
growing Li metal dendrite with an in situ solid-electrolyte open
cell, which consists of an LLZO solid electrolyte, a Li metal
piece as anode, and a Cu tip as the counter electrode. Figure
34a demonstrates a fractured single-crystal LLZO particle with
the stress generated by Li dendrite growth, corresponding to
the sudden current spike observed in the I-t plot. In the other
two cases demonstrated in this work, LLZO was able to retain
its structure when Li-growth-generated stress can be released
via either counter electrode deformation or dendrite
deformation.”*” Direct observation here confirmed that such
built-up stress is able to crack single-crystal LLZO particle
without apparent defects. Chemo-mechanical simulation
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suggested that the stress generated locally by Li dendrite at
high current densities of 2 A/cm? could reach up to GPa levels,
sufficient to cause fracture of LLZO particles. This provides
critical insights regarding cell engineering using the LLZO
solid electrolyte, and likely any other types of crystalline solid
electrolytes. Proper measures need to be employed to ensure
that stress can be effectively released during Li metal growth,
thereby preventing particle fracture and short-circuiting in
solid electrolytes.

In another work, Sun et al. applied an in situ sample setup
similar to the solid-electrolyte open cell to examine Li dendrite
growth from a Ta-doped LLZO (LLZTO) solid electrolyte.
Repeated Li metal plating and stripping were monitored,
during which dead Li formed on the surface of LLZTO due to
the loss of electrical connection (Figure 34b).”*’ The Li metal
growth on the LLZTO surface was proposed to be a result of
dendrite penetration through the electrolyte, which might also
be Li extraction from LLZTO itself since Li plating on top of
the LLZO pellet has been observed elsewhere before.”**
Regardless, due to the different nucleation sites for each cycle,
dead Li formation and SEI accumulation occurred on the
LLZTO surface, which can be regarded as one of the major
reasons for Li inventory loss in practical solid-state batteries.

5.2.2. LiPON. LiPON is essentially nitrogen-doped lithium
phosphate and a glassy thin film solid electrolyte. The
sputtering process during LiPON synthesis amorphized its
structure and granted it a fully dense feature that is ideal for
solid-state electrolytes. Over the last 30 years, LiIPON has been
extensively studied owing to its well-known electrochemical
stability against Li metal, although the root cause of the
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stability remains in debate. A cryogenic TEM study unveiled a
multilayer interphase formed between Li metal and LiPON
that passivates and protects the interface.”** Nanoscale insights
of the interphase have been probed via in situ TEM.

Santhanagopalan et al. captured the interphase formation
between LiPON and the Si anode using a probe-assisted chip-
based open-cell configuration. Figure 35a illustrates the clear
evidence of extra layers formed at the Si/LiPON interface.
STEM-EELS analysis uncovered a Lirich layer at the Si/
LiPON interface, indicating the presence of lithium accumu-
lation.”> Such lithium accumulation was proposed to be the
cause of increased cell impedance during repeated cycling.

In another work employing a solid-electrolyte open-cell
configuration, Li metal was precisely controlled to make
contact with the LiPON electrolyte that was deposited on a
half Cu grid (Figure 35b). When a negative bias was applied,
the interphase between Li and LiPON started to form and kept
growing for ~40 s under 5-V external stimuli.”** A 60 nm-thick
interphase was found to be rich in P and O signals, in line with
the ex situ observation using cryo-TEM. The direct evidence
confirmed the root cause of the electrochemical stability at the
Li/LiPON interface, where interfacial decomposition appears
self-passivating. Such a formed interphase serves as a good
ionic conductor and electronic insulator, which are the
attributes for an ideal good SEL

Solid-state battery research took off in the mid-2010s, with
numerous research and industrial efforts dedicated to the field.
It turns out now that further optimization of solid-state
batteries really ties in with the nanoscale phenomena, which is
related to the solid electrolyte itself but also closely related to
its interfaces with electrodes. In situ TEM presents the ultimate
advantage of observing dynamic changes with high spatial/
temporal resolution, pushing forward the global commercial-
ization of solid-state batteries.

6. BEYOND LITHIUM BATTERIES

Lithium battery technology is currently the dominant branch
in the battery industry owing to its intrinsic advantages over
other chemistries and its long development history. Decades of
efforts have successfully transformed research results into
portable electronics and electrical vehicles. Nevertheless, as
lithium sources are not geologically infinite and the transition
metal species become increasingly pricy, there is an urgent
need to find alternatives besides lithium batteries, namely those
containing Na, K, Mg, Ca, and Al, etc. These battery
chemistries have all shown promise toward different specific
applications. Except for Na batteries that have been
commercialized in some countries, most of the rest are still
in the research phase. In situ TEM provides a powerful tool to
look at metal nucleation, lithiation mechanism, degradation
pathways, and interface formation, etc. in these batteries. As in
situ TEM has greatly expanded our understanding in the field
of lithium batteries, now it is also playing a critical role in
advancing battery technologies beyond lithium chemistries.

6.1. Sodium Batteries

Sodium batteries use Na ions as the conducting species, which
have seen remarkably fast market growth over the past years.
Sodium batteries are considered the best alternatives to lithium
batteries due to merits such as the earth’s abundance of Na
elements, low cost of raw materials, less environmental impact,
etc. Along with extensive research efforts, commercialization of
Na-ion batteries has been realized in certain countries. In order
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to further enhance the energy density, cyclability, and safety of
sodium batteries, the use of Na metal and solid-state
electrolytes are considered as the major directions. In this
section, we summarize the research efforts via in situ TEM in
various branches of sodium batteries, including Na metal, Na
ion, Na—S, and Na—air batteries.

6.1.1. Na Metal Batteries. As the Li metal anode is
regarded as the “holy grail”, Na metal also appears as a
promising anode for sodium batteries due to its high
theoretical capacity of 1165 mAh g~'. However, continuous
SEI formation and Na dendrite growth lead to severe capacity
loss and safety concerns for Na metal batteries. Numerous
research has been focused on understanding the nucleation
and growth mechanism of Na metal in various environments
that include different media (i.e., liquid or solid), different
compositions (i.e,, solvents, additives, etc.), and different
external controls (i.e., pressure control), etc. In situ TEM was
able to help capture the growth mechanisms of Na metal.

Geng et al. applied a solid-electrolyte open-cell configuration
to study Na metal growth patterns in CO,-containing
environmental TEM. The sample setup consists of an
MWCNT as the counter electrode and Na,CO;-coated Na
metal as the solid electrolyte and anode. Figure 36a

Figure 36. Na metal plating and stripping processes monitored via
open-cell in situ TEM. (a) HRTEM images of Na metal evolution
during plating. Reproduced with permission from ref 247. Copyright
2021 Tsinghua University Press and Springer-Verlag GmbH
Germany, part of Springer Nature. (b) Wulff-structured Na nucleation
and layer-by-layer Na metal stripping process observed by HRTEM.
Reproduced with permission from ref 248. Copyright 2021 Royal
Society of Chemistry.

demonstrates that in the early stage of Na metal growth,
adjacent Na metal deposits or small Na metal particles tend to
merge together through Ostwald ripening. The smaller
particles experienced mass loss and eventually disappeared.”*’
In the meantime, the adjacent larger particles kept growing and
eventually remained as the only particles in the original local
position. Such an intriguing phenomenon is important to
understand the microscale growth patterns of Na metal, which
might be caused by the electrochemical potential difference
between adjacent particles.

In another case, Na metal stripping was performed at a
relatively low rate. Figure 36b demonstrates that Na metal
crystallizes with the Wulff structure and appears single-
crystalline after plating. Upon stripping, a layer-by-layer
removal of Na atoms along the (101) crystal planes, after
which stripping along the (112) planes occurred once the Na
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extraction reached the corner of the Wulff structure. DFT
results suggest that this stripping manner follows the minimum
energy barrier during Na removal.”** Such fascinating results
suggest that uniform stripping can be realized when the
stripping is slow and the SEI layer is strong and rigid, in this
case, as Na,COj;. Although the plated Na particles showed a
discrepancy with the ones in Figure 36a, possible reasons for
the difference include growth rate and CO, pressure in the
chamber.”*” Regardless, observed phenomena provide im-
portant insights regarding the growth behaviors of Na metal in
a vacuum and can have profound impacts on Na metal
engineering in solid-state Na batteries.

SiN,-based liquid cells have also been applied to monitor the
Na metal nucleation in a liquid environment. Figure 37a shows

Figure 37. Na metal plating and stripping processes monitored via
closed-cell in situ TEM. (a) HRTEM images showing different growth
modes of Na metal on varying surfaces. Reproduced with permission
from ref 249. Copyright 2020 Elsevier Ltd. (b) Gas bubble generation
in carbonate electrolyte by HRTEM imaging during Na metal plating
and stripping. Reproduced with permission from ref 250. Copyright
2023 Royal Society of Chemistry.

the growth mechanism of Na metal using a liquid electrolyte
with 1 M NaPF, dissolved in PC. Na metal nucleation on a
flatter electrode surface appeared more uniform than the
nucleation occurring at the curved locations. Na metal at the
curved surface experienced much faster growth compared with
that on the flat surface. The SEI thickness also appears
relatively more uniform in the Na metal grown on flat
surface.”*” A model was proposed for these two different
modes where electrode roughness plays an important role in
regulating grain morphology. Nevertheless, on another note,
such drastic differences in growth modes might also be caused
by varying local electric fields. The sharp surface tends to
generate a stronger electric field that leads to “dendrite-like”
nucleation and growth. This work suggests the importance of
using a flat current collector for the metal anode.

Gong et al. employed both carbonate-based and ether-based
electrolytes in SiN,-liquid cells to investigate the impact of SEI
on Na metal nucleation. Figure 37b demonstrates severe gas
bubble formation in carbonate electrolyte. In contrast, no
obvious bubbling was observed in the ether electrolyte system.
It was further found that a nonuniform SEI formed in a
carbonate electrolyte tends to allow gas to enter the empty SEI
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shell during stripping, which could further lead to the
deformation of the SEI in the following cycles. In combination
with results from AFM, an ether-based electrolyte produces the
SEI with improved uniformity and elasticity, rendering the SEI
capable of regulating a uniform Na deposition. Intriguingly,
experiments in Figure 37a did not observe as much bubble
formation as in this study even though a carbonate electrolyte
was used there.””” The reasons might come from the beam
sensitivity of certain solvents and electrical control during the
in situ experiments. However, both of these have shed light on
the growth mechanism of Na metal with various electrode
roughness and solvent types in liquid environments, complet-
ing the findings in open-cell in situ TEM to form a more
complete picture of Na metal growth mechanics at the
nanoscale.

6.1.2. Na lon Batteries. Due to the unresolved issues with
the Na metal anode, many other anode materials were studied
for Na-ion batteries, including hard carbon, alloys, metal
oxides, and metal chalcogenides, etc.”>! Here we summarize in
situ TEM efforts performed on metal alloys, oxides, and
chalcogenides for Na-ion batteries in the recent years.

6.1.2.1. Metal Alloy Anodes. Like lithium analogues, Na
alloy anodes can theoretically deliver high capacity while most
of the alloy anodes go through a drastic volumetric change that
reduces cyclability. In situ TEM has been employed to study
the sodiation mechanism at the nanoscale, enablin§ the
application of proper strategies in electrode engineering.”"*>*

Figure 38a shows the sodiation process of Sn metal using a
solid-electrolyte open-cell configuration. The crystalline Sn
nanoparticles first form an amorphous Na,Sn phase that is
poor in Na content. The amorphous Na,Sn phase was then
sodiated to the amorphous Na-rich phase, which eventually
formed crystalline Na,sSn,.”>” The final product experienced a
volume expansion of 420%, stressingthat essential measures are
needed to deal with stress building-up during sodiation of the
Na—Sn alloy anode. Another work investigated the sodiation
mechanism in amorphous Ge nanowires using open-cell in situ
TEM (Figure 38b). Amorphous Ge nanowires experienced a
volume expansion of 300% and formed an amorphous Li,Ge
phase. Intriguingly, during the repeated cycling, pores were
found in the desodiated nanowires, which could be then filled
up in the subsequent sodiation process.”>* No drastic
structural damage was observed after several cycles, high-
lighting the merits of using amorphous metal alloys to store Na
without compromising the structural stability.

Figure 38c demonstrates the discharging process of Bi
nanosheets that underwent a multistep sodiation. Pristine
hexagonal Bi metal transformed to tetragonal NaBi in the early
stage and then became the cubic Na;Bi phase. Note that the
cubic phase is a metastable phase, which turns into a hexagonal
Na;Bi phase as the final product.”> In situ HRTEM clearly
captured the step-by-step sodiation of Bi metal and suggested a
cubic phase as a buffer phase to mitigate the drastic volume
change of the final hexagonal phase.

6.1.2.2. Chalcogenide and Oxide Anodes. Sodium
chalcogenides and oxides are also attractive candidates for
sodium anode materials. Most of them follow the conversion
reaction mechanisms while undergoing large volumetric
changes. In situ TEM has been applied to understand the
detailed sodiation mechanism in these conversion materi-
als 256260

Figure 39a shows the sodiation process of FeS, nanoparticles
using open-cell configuration. Like most conversion materials,
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Figure 38. Sodiation process of metal alloy anode materials monitored by open-cell in situ TEM. (a) Multiphase sodiation of Na—Sn alloys via
HRTEM imaging. Reproduced with permission from ref 253. Copyright 2012 American Chemical Society. (b) Morphological evolution of
amorphous Ge NW via HRTEM and SAED analysis. Reproduced with permission from ref 254. Copyright 2016 American Chemical Society. (c)
Multistep sodiation process of Na—Bi alloying anodes. Scale bars: 2 nm. Reproduced with permission from ref 255. Copyright 2019 American

Chemical Society.

FeS, became Na,S+Fe at the end of the sodiation step along
with volume expansion, while NaFeS, was found as the
intermediate phase. Note that a reversible conversion reaction
between NaFeS, and Na,S+Fe was established in the following
cycles.”®" Such direct evidence demonstrates the source for the
capacity loss of FeS, conversion anode while NaFeS, can be
potentially used as a conversion anode directly. Figure 39b
shows an open-cell in situ TEM study focusing on Sb,Se;
nanowire anode material. Besides volume expansion of the
nanowires, Na intercalation occurred first into Sb,Se; nano-
wires and formed the Na,Sb,Se; phase. The conversion
reaction then produced Na,Se and Sb species, after which
metallic Sb continued to alloy with Na and eventually formed
the Na,Sb phase.”®> However, Na,Se+Sb was not desodiated,
which was attributed to the major reason for the capacity loss.
In another work using BiSbS; nanorods, a bimetallic sulfide, Fu
et al. observed a rather complex sodiation process (Figure
39¢). Intercalation first occurred to form BiSb+Na,S, after
which BiSb alloyed further with Na to form Na,BiSb and then
NagBiSb as the final product. Surprlsmgly, NaBiSb was
recovered to BiSbS; upon desodiation.”®” Although this
bimetallic anode contains heavy transition metal elements, it
still delivers a capacity over 700 mAh g~".

Besides chalcogenides, oxides have also been regarded as
candidates for Na-ion battery anodes. Figure 39d illustrates the
lithiation process of a-MoQOj; nanobelts. Upon sodiation, a-
MoO; first forms an amorphous Na,MoO; phase and
intermediate crystalline NaMoO,. The final products con-
tained nanocrystalline Mo embedded within a Na,O matrix,
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commonly seen in lithium-containing oxide anodes.”** During
subsequent cycles, a reversible transformation between Mo and
amorphous Na,MoO; was observed, though with capacity loss
due to the irreversible conversion reactions.

In addition, the graphene liquid cell demonstrated a
complicated sodiation process of CuS nanoplates inside a
liquid electrolyte (Figure 39e). Before the conversion reaction
took place, CuS was first sodiated to form three intermediate
phases: Na(CuS),, Na,(CuS;),, and Naj(CuS),, whose
presence was caused by crystal strain generated during Na-
ion intercalation. Eventually, Na,S+Cu was formed at the end
of sodiation.”®> This direct observation of the complex
sodiation process highlighted the impact of Na intercalation
on crystal structure due to the large ionic radii of Na ions.

6.1.3. Na—S Batteries. Despite its high theoretical
capacity, Na—S batteries normally operate at high temper-
atures (over 300 °C) to keep Na and S at molten states. High-
temperature environment cast concerns not only on energy
efficiency but also on thermal management system and battery
safety. Lowering the operating temperature while delivering
high capacity is one of the focuses for Na—S batteries.”*’

By combining a solid-electrolyte open-cell with a heating
chip, Li et al. performed in situ TEM at 200 °C to investigate
the Na—S conversion reaction mechanism (Figure 40a). The S
cathode was found to convert to Na,S or a mixture of Na,S
with polysulfide. By introducing nanovoids inside the S
cathode, the integrity of the CNT was maintained during
discharging and charging. It was also observed that the S
cathode can be reversibly converted between S and Na,§,
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Figure 39. In situ TEM studies on the sodiation mechanism of Na chalcogenides and oxides via (a—d) open-cell and (e) closed-cell configurations.
(a) HRTEM and SAED analysis on the sodiation process of FeS, NW. Reproduced with permission from ref 261. Copyright 2019 Elsevier Ltd. (b)
HRTEM images showing the conversion reaction of Sb,Se;. Reproduced with permission from ref 262. Copyright 2020 Elsevier Ltd. (c) Multistep
sodiation of BiSbS; through intercalation and conversion reactions unraveled by HRTEM. Reproduced with permission from ref 263. Copyright
2023 American Chemical Society. (d) In situ electron diffraction tracking the sodiation process of MoO; NW. Reproduced with permission from
ref 264. Copyright 2016 Elsevier Ltd. (¢) HRTEM images showing a multistep sodiation process of Cu$S plates probed in liquid-phase TEM.
Reproduced with permission from ref 265. Copyright 2018 The Authors.

which can only form Na,S, in a conventional cell operating at
300 °C.*°° By combining the solid electrolyte, CNT, and
nanovoid, high utilization of the S cathode and its good
reversibility were achieved at a rather low temperature,
providing inspiring insights for practical Na—S battery design.
Another work employed SeS, to further lower the reaction
energy barrier of the Na—S battery. Figure 40b demonstrates
the sodiation mechanism of SeS, inside the CNT. Using a
temperature as low as 100 °C, SeS, converted to Na,S without
the formation of polysulfides, indicating a much-reduced
energy barrier due to the incorporation of Se into the S
cathode.”®” Such insights are invaluable for guiding battery
engineering at a large scale.

6.1.4. Na—O, Batteries. Na—O, chemistry takes advant-
age of elemental abundance, lightweight, and high theoretical
capacity, which have been extensively studied. However, it also
suffers from high irreversibility, sluggish kinetics, cathode
instability, and high polarization. In situ TEM was applied to
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investigate the reaction mechanism at the nanoscale, guiding
cell engineering at practical scales.

Figure 41a shows the reaction mechanism of the Na—O,
battery using a CuS nanowire as the cathode host and catalyst.
The detailed analysis demonstrated the formation of NaO, that
was then disproportionated into Na,O, at the end of
sodiation.”®® Another work performed using open-cell
configuration illustrates the catalytic effect of single-atom Co
(SG-Co) species on Na—O, reaction kinetics as shown in
Figure 41b. It was observed that a facile formation of Na,O,
occurred at SG-Co active sites on a reduced graphene oxide
sheet, after which decomposition of Na,O, could also be
realized with a low energy barrier.”®” These works stress the
essence of catalyst in lowering the reaction barriers for Na—0,
batteries.””!

Na—O, chemistry was also investigated in an aprotic liquid
electrolyte using a SiN,-based liquid cell. Figure 41c captured
the incubation and growth of NaO, as the sodiated product
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Figure 40. Sodiation mechanism of S cathode at elevated temperature. (a) Morphological and microstructural change during discharging and
charging of S cathode at 200 °C. Reproduced with permission from ref 266. Copyright 2021 Wiley-VCH GmbH. (b) Promoted reaction kinetics
using SeS, cathode for Na—S battery. Reproduced with permission from ref 267. Copyright 2022 The Authors.
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Figure 41. Reaction mechanism of O, cathode probed by in situ TEM in (a)b) open-cell and (c) closed-cell. (a) CuS-catalyzed Na,O, formation
probed by HRTEM images. Reproduced with permission from ref 268. Copyright 2020 American Chemical Society. (b) Facile Na,O,
decomposition aided by single-atom Co catalyst. Reproduced with permission from ref 269. Copyright 2021 Royal Society of Chemistry. (c)
Reaction pathways of NaO, in liquid electrolyte probed by HRTEM and SAED. Reproduced with permission from ref 270. Copyright 2018

American Chemical Society.

through a solution-mediated precipitation process. It was
further confirmed that existing NaO, particles were susceptible
to chemical reactions against the liquid electrolyte and would
form a parasitic outer shell, leading to capacity loss.””’
Important insights from this work suggest that the instability
between sodiated product and electrolyte is one of the major

reasons limiting the cyclability of Na—O, batteries.
6.2. Other Battery Chemistries (K, Zn, Mg, and Ca)
In light of the high cost and dwindling supply of lithium

resources, alternative metal-ion batteries, including potassium
(K), zinc (Zn), magnesium (Mg), and calcium (Ca) ion
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batteries, have garnered increasing attention as sustainable
energy storage solutions besides Na batteries.”’*~>"> Although
their overall operating principles are similar to those of Li/Na
batteries, the specific behaviors of these batteries vary
according to the physical and chemical properties of each
metal species. Therefore, a fundamental understanding of each
metal-ion battery is essential for performance optimization. In
situ TEM has greatly contributed to elucidating the character-
istic reaction mechanisms in these battery chemistries.
Arthur et al. studied SEI formation in Mg batteries by using
operando XAS and TEM analysis.””® In situ liquid-phase TEM
captured SEI layer formation on the surface of Mg metal under
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a magnesium borohydride. Combined with electrochemical
impedance spectroscopy (EIS) and in situ XAS analysis, this
work demonstrated that the active component responsible for
the deposition of Mg metal is a contact-ion pair [Mg(u-
H),BH,]*. Moreover, the formation of boron clusters and the
release of hydrogen gas were detected during the Mg
deposition process, which is crucial for the SEI formation on
the surface. The presence of Mg compounds at the interface
was also reported by Xu et al. through in situ liquid-phase
TEM.”’® The authors observed uniform electrodeposition of
Mg film without dendritic growth when a constant current of
0.06 mA was applied to a Ti electrode in a magnesium
aluminum chloride complex (MACC) electrolyte, as shown in
Figure 42a. A similar smooth Mg electrodeposition was also
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Figure 42. In situ liquid-phase TEM investigations of magnesium
(Mg) batteries. (a) Uniform Mg film electrodeposition observed in a
magnesium aluminum chloride complex (MACC) electrolyte.
Reproduced with permission from ref 276. Copyright 2017 The
Authors. (b) SEI formation and the subsequent deposition of Mg
nanoparticles in Mg monocarborane in tetraglyme (MMC/G4)
electrolyte. Reproduced with permission from ref 277. Copyright
2018 American Chemical Society.

observed on an Au electrode, supporting the intrinsic
nondendritic nature of Mg electrodeposition. However, the
Mg thin film was not electrochemically reversible. In situ
scanning transmission X-ray microscopy (STXM) and XAS
identified the Mg thin film as hexa-coordinated organometallic
Mg compounds, which are attributed to the observed
nonreversibility. The SEI formation under Mg monocarborane
in tetraglyme (MMC/G4) electrolyte and the reversible
deposition and dissolution of Mg were also reported by
Singh et al.””” Using ex situ and in situ liquid-phase TEM
experiments, they observed the SEI formation and the
subsequent deposition of Mg nanoparticles (Figure 42b).
XPS suggested that the SEI resulted from the decomposition of
the MMC/G4 electrolyte. In-depth interphase analysis using
SEM, XPS, and TEM indicated that the Mg-ion conductive
SEI and the subsequent formation of nanocrystalline Mg are
critical for the high reversibility of Mg plating and stripping in
the MMC/G4 electrolyte system.

In situ TEM research on Zn batteries has been reported by
several groups.”’”***** Sasaki et al. monitored Zn electro-
deposition on a Pt electrode in a 0.1 M ZnSO, aqueous
electrolyte using in situ liquid-phase TEM.”” This work
captured the rapid growth of Zn particles with {1010} facet
planes of hexagonal close-packed (HCP) structure, with only a
few seconds after applying a constant current of 4 yA (Figure
43a). Needle-like dendrites grew along the <1120> directions
at the hexagonal vertices of the Zn particles, attributed to the
higher Zn-ion concentration at these vertices. Additionally, this
study unraveled that Zn dendrite stripping proceeds from the
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Figure 43. In situ TEM investigations of zinc (Zn) and potassium (K)
ion batteries. (a) Observation of rapid growth of hexagonal Zn
particles followed by needle-like dendrite growth at the particle
vertices in Zn batteries with 0.1 M ZnSO, aqueous electrolyte.
Reproduced with permission from ref 279. Copyright 2020 Elsevier
B.V. (b) Comparative analysis of Zn plating/stripping behaviors in
various electrolytes including ZnSO,, Zn(CF;SO;),, and ZnSO,/
MnSO,. Reproduced with permission from ref 280. Copyright 2022
Elsevier B.V. (c) Two-step potassiation reactions of a small-sized FeSe
nanoflake anode for K-ion batteries. Reproduced with permission
from ref 281. Copyright 2022 The Authors.

root to the tip when the voltage was swept positively. Park et
al. investigated the impact of bismuth (Bi) additives on the
electrodeposition of a ZnAu alloy on the surface of an Au
electrode.”®” The authors observed a delay in Zn dendritic
growth and the suppression of hydrogen bubble formation
using an electrolyte composed of 0.5 M H,SO, and 0.1 M
ZnSO, with 0.25 mM Bi,O;. It was suggested that bismuth
could enhance surface diffusion and act as a screening layer,
contributing to the uniform deposition of Zn metal. Huang et
al. also demonstrated that adding Mn** or CF;SO;~ in aqueous
electrolytes can suppress Zn dendritic growth in Zn
batteries.”® In situ liquid-phase TEM was applied to
investigate Zn plating/stripping behaviors in various electro-
lytes, including ZnSO,, Zn(CF;SO;),, and ZnSO,/MnSO,
(Figure 43b). In both 2.0 M ZnSO, and 20 mM ZnSO,
solutions, Zn metal was electrodeposited with a dendritic
morphology on Pt substrates. Slow dendritic growth was
observed at low concentrations but was not fully suppressed.
During the stripping process, Zn did not completely dissolve,
leading to the generation of inactive Zn. However, the addition
of $ mM MnSO, to 20 mM ZnSO, resulted in the formation
of insoluble manganese-based compounds, likely Mn(OH),,
on the electrode surface and in the electrolyte. These particles
promoted Zn precipitation by slowing down dendrite
formation by mechanically regulating Zn** flow and creating
a uniform Zn-ion field around the electrode. In Zn(CF;SO;),
electrolyte, an electrolyte that exhibits excellent -electro-
chemical performance, Zn metal was plated uniformly with a
particle-like morphology, and no H, gas evolution was
observed. The deposited Zn fully dissolved at the end of the
stripping process. MD simulations suggested reduced solvation
effects of Zn** cations in Zn(CF;SO;), electrolyte, which
facilitated Zn?* transportation and charge transfer, leading to
dendrite-free Zn electrodeposition.

FeSe materials show promise as an electrode for K batteries.
Cai et al. investigated the size-dependent potassiation behavior
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of FeSe and its stepwise reactions involving intercalation and
conversion.”®' Various FeSe nanoflakes with a tetragonal phase
were prepared and the potassiation was then observed via in
situ open-cell TEM. For small (~25 nm) FeSe nanoflakes, two
distinct reaction fronts were observed: an initial intercalation
reaction and a subsequent conversion reaction. Potassium ion
intercalation caused slight contrast changes in the FeSe
structure, followed by volume expansion during the conversion
reaction as shown in Figure 43c. The intercalation reaction
proceeded twice as fast as the conversion reaction, but its rate
decreased due to the rapid consumption of potassium by the
conversion reaction. Notably, no cracks or pulverization
occurred during the volume expansion. In contrast, large
(~200 nm) FeSe nanoflakes developed cracks at the reaction
boundary along the K-ion diffusion direction. These cracks
were attributed to stress accumulation during potassiation,
leading to the extension of defects at the interface between
FeSe nanoflakes and the potassium source. Additionally, the
good electrochemical reversibility of the FeSe anode was
demonstrated by observing repetitive volume expansion and
contraction through in situ TEM.

7. SUMMARY AND OUTLOOK

7.1. Summary and Existing Concerns

By real-time observation of the structural and chemical changes
that occur in anodes, cathodes, at interfaces, or in electrolytes
during battery operation, in situ TEM studies provide critical
insights into battery material behaviors and degradation
mechanisms relevant to battery performance. As versatile and
powerful as in situ TEM is, there exist several aspects calling for
further attention in the field.

7.1.1. Sample Preparation. Most electrode materials are
known for high reactivity and air sensitivity. One of the main
tasks during sample preparation is to ensure that samples
represent real battery material conditions without introducing
artifacts. For in situ TEM experiments that utilize Li metal, Na
metal, or other reactive materials as electrodes, extra care is
needed to minimize the impact of ambient air and moisture
during sample preparation. A good practice is to employ
glovebox or customized argon-flowing glove bags when
mounting reactive materials onto the sample platform and
when transferring TEM holders into the microscope. Such
measures largely mitigate the side reactions that could alter
sample intrinsic properties.

7.1.2. Sample Configuration. There often exist concerns
from the battery community on in situ TEM results due to the
significant differences between TEM sample configuration and
actual battery cells/electrodes. For instance, during an open-
cell in situ TEM experiment, the reaction pathway of 1D
nanowires is confined along the longitudinal direction due to
limited contact between the nanowire and the electrolyte,
unlike the electrolyte-surrounding environment in real battery
cells. Similarly, in the closed-cell TEM configuration, the lack
of external pressure on the side-by-side electrodes on the chip
is in sharp contrast with pressurized practical batteries. The
discrepancies from in situ TEM setups may lead to unknown
impact in observed reaction behaviors that obscures data
interpretation. While such in situ TEM sample configurations
were designed to achieve electron transparency and electrical
control of battery materials, further research is needed to refine
sample configurations to better emulate actual battery
operating conditions.

AU

7.1.3. Electrical Control. As in situ TEM observation of
battery materials is driven by electrochemical stimuli, precise
electrical control is required. The observed dynamic
phenomena of battery materials should be correlated with
electrochemical responses on the potentiostat. In other words,
a good understanding of the electrochemistry in studying
battery system is needed to fully comprehend the as-seen
phenomena on samples. However, it has been found in the
literature that the electrical input signal may not be suitable for
their systems, or it is uncertain whether the output electrical
response corresponds to observed changes under TEM. It is
noted that for the same material system or sample setup,
constant current control or constant voltage control can
activate vastly different electrochemical behaviors in materials.
Especially when under electron beam irradiation, sample
behaviors tend to be unpredictable, where electrochemistry
ought to be a good reference to rationalize the observed
phenomena.

7.1.4. Beam Control. Except for being air-sensitive, most
battery materials are also extremely electron-beam-sensitive.
The electron beam irradiation may introduce beam-induced
structural or chemical changes that alter the intrinsic properties
of the battery materials. Controlling electron dose rate and
total dosage is essential for in situ TEM studies. It is always
good practice to find the electron beam intensity threshold for
the battery materials under investigation before diving into
actual measurements so that beam damage can be largely
minimized during analysis.

On the other hand, battery material synthesis efforts ought
to align with the nature of TEM studies. Since in situ TEM
serves as a localized characterization tool, the observed
phenomena usually require statistics for validation. The
conclusions drawn from in situ TEM measurement call for
improved material quality control, where more engineering
efforts might be needed from the battery community, along
with the continuous enhancement of in situ TEM techniques.

7.2. Outlook

Over the past decades, the demands for the challenging
characterization of battery materials have in turn promoted
renovations in TEM technologies. The noteworthy develop-
ments include cryogenic protection, 4D-STEM and iDPC, etc.
The cryo-TEM toolset was originally developed in the
structural biology field and was then incorporated by the
battery researchers to mitigate the beam damage on electrodes
and associated interfaces since 2017.”*%*** Cryogenic
protection helps to preserve the pristine state of reacted
battery samples.”® 4D-STEM utilizes a pixelated electron
detector to capture a two-dimensional convergent beam
electron diffraction pattern at each scan location as the beam
rasters across a two-dimensional image in real space. It has
demonstrated the unique capabilities in phase identification,
strain mapping, fast electron detection and charge density
mapping of battery materials.'””** iDPC is a STEM method
based on the measurement of the deflection of electron beam
using a segmented detector, which can not only simultaneously
image both light and heavy elements, such as lithium and
oxygen atoms in lithium cathode materials, but also enables
low-dose imaging.**°~**® All these attributes are essential for
characterizing battery materials.

Development of advanced in situ TEM techniques with both
open-cell and closed-cell configurations, coupling with
aforementioned cutting-edge TEM techniques, granted
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researcher powerful tools to access more invaluable informa-
tion hidden in the sample and data sets. A few future directions
for in situ TEM advancement are listed below.

7.2.1. Sample Platform. The common sample platforms
used in closed cells and open cells were initially developed 20
years ago. Over this period, variant cell designs have emerged,
but the research field is still open for future breakthroughs. For
closed cells, the key improvement will be achieving higher
spatial resolution. By engineering the SiN, liquid cell, it was
shown that high- resolution imaging of lithium polysulfide
precipitation could be captured;”” In a very recent work, a
customized liquid cell design leveraging thin polymer
membranes and interdigital electrodes was able to obtain
atomic resolution of Cu during electrocatalytic reactions with
in situ TEM.>® Such designs of sample platforms are inspiring
for battery research as they can potentially resolve the long-
lasting drawback of liquid cells and provide more detailed
information during electrochemical processes.

7.2.2. Data Interpretation. New TEM capabilities such as
fast electron detection helps capture the transient phenomena
during rapid chemical/electrochemical reactions. However,
huge data sets collected from such an imaging capability could
easily overwhelm researchers and lead to discrepancies during
analysis. Additionally, due to the need for low-dose imaging,
image contrast appears weak most of the time. Developing
robust methods for analyzing and interpreting the vast
amounts of data is urgently needed for the in situ TEM
studies. The machine-learning approach should be employed
to address large data set and potential biases or misinter-
pretations that can arise from the complexity of in situ
measurements.”*” Examples include the classification of
different diffraction patterns collected via 4D-STEM, where
unsupervised learning was used to cluster the intensity curves
with various characteristics and helped define the best way to
categorize the collected pattern or spectra.” With the
increased computing power nowadays, machine learning is
anticipated to be part of routine procedures during in situ TEM
data analysis.

7.2.3. Cryogenic Capability. The alternative good way to
alleviate beam damage on the sample during in situ operation is
to apply cryogenic protection. As cryogenic TEM has proven
effective in preserving beam-sensitive materials, the cryogenic
capability would be an invaluable attribute to add to the
current in situ TEM technologies. The TEM holder that is
capable of applying electrical stimuli and cooling down the
sample platform at the same time can be one of the priorities
for future development. Although lithium transport in low
temperature liquid electrolytes would be largely suppressed,
the cryogenic capability or variable subzero low temperature
control may slow down the sample kinetics and might provide
unprecedented insights that will be otherwise missed.

7.2.4. Correlative Characterization. Another future
direction ties in the integration of in situ TEM and other
characterization methods. The ability to analyze the same
sample location and observe electrochemical changes at
multiple length scales, from millimeters down to angstroms,
using multiple characterization methods through imaging and
spectroscopy will be the ultimate goal of failure analysis for
battery systems.

In situ TEM has undoubtedly accelerated the exploration of
battery materials in all branches of battery research, offering
unparalleled insights into the fundamental processes. In the
decades to come, mutual progress should be seen when the
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continuous innovation of in situ TEM techniques keeps
pushing the boundaries of battery research.
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