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Lithium-ion batteries (LIBs) have been widely used in electric vehicles and
energy storage industries. An understanding of the reaction processes and
degradation mechanism in LIBs is crucial for optimizing their performance. In
situ atomic force microscopy (AFM) as a surface-sensitive tool has been
applied in the real-time monitoring of the interfacial processes within lithium

UK. batteries. Here, we reviewed the recent progress of the application of in situ

Email: yunlong.zhao@surrey.ac.uk and
kai.yang@surrey.ac.uk

Funding information

EPSRC New Investigator Award,
Grant/Award Number: EP/V002260/1;
Faraday Institution—Battery Study and
Seed Research Project,

Grant/Award Number: FIRG052;
Metrology and Standards for the Battery
Value Chain of the National Measurement
System of the UK Department of Business,
Energy and Industrial Strategy; University
of Surrey Vice-Chancellor's Studentship

KEYWORDS

1 | INTRODUCTION

Lithium-ion batteries (LIBs) have attracted continuous
attention since their inception and have been widely
used in electronic devices, electric vehicles, energy
storage devices, and beyond."”’ Due to the limited
theoretical capacity of LIBs, new lithium battery

AFM for battery characterizations, including LIBs, lithium-sulfur batteries,
and lithium-oxygen batteries. We summarized advances in the in situ AFM
for recording electrode/electrolyte interface, mechanical properties, morpho-
logical changes, and surface evolution. Future directions of in situ AFM for the
development of lithium batteries were also discussed in this review.

electrode/electrolyte interface, in situ atomic force microscopy, lithium batteries,
mechanical properties, morphological and surface evolution

systems with high theoretical capacity (such as Li-air
batteries® ! and Li-sulfur batteries'*>>) have also been
extensively studied to meet the increasing energy
demand. To develop high-performance batteries with
high energy and power density, high Coulombic
efficiency, long cycle life, and improved safety, a
multiscale and multidimensional understanding of the
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battery materials, interfaces, and processes is of great
significance.

The performance of the lithium batteries depends on
a variety of interfacial processes and reactions within
them, including the morphological and volume changes
of electrode caused by ion intercalation/deintercalation,
the formation of solid—electrolyte interphase (SEI) and
cathode-electrolyte interphase (CEI) initiated by electro-
lyte decomposition, and the dendrite growth induced by
uneven lithium plating and stripping.'®™® Therefore,
combining advanced in situ characterization techniques
to observe the interfacial processes and reactions within
LIBs in real time could contribute to better investigation
of the battery operation and degradation mechanism,
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FIGURE 1

thus providing directions for
performance.

In the past decades, various advanced techniques have
been applied to investigate the material properties of LIBs
and interfacial processes. Among various in situ characteri-
zation techniques (X-ray-based microscopes, electron micro-
scopes, scanning probe microscopes [SPMs], etc.), in situ
atomic force microscopy (AFM) is a valuable technique for
battery research due to its high spatial resolution, ability to
directly image surface morphology and mechanical propert-
ies, and versatility in sample preparation and operating
conditions. In situ AFM can provide high-resolution
morphological, mechanical, and electrical information over
a large length scale (nanometers to tens of micrometers) and

optimizing battery
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Overview of the applications of in situ atomic force microscopy (AFM) for lithium batteries. Anode-electrolyte interface

characterization image. Reproduced with permissions.?® Copyright 2020, American Chemical Society. Cathode-electrolyte interface
characterization image. Reproduced with permission.>” Copyright 2022, Wiley-VCH GmbH. AFM indentation image. Reproduced with
permission.”® Copyright 2020, Elsevier Inc. Silicon electrode image. Reproduced with permission.”® Copyright 2014, Elsevier B.V. Li-S
battery characterization image. Reproduced with permission.*® Copyright 2017, Wiley-VCH GmbH. Li-O, battery characterization image.
Reproduced with permission.*" Copyright 2013, American Chemical Society. NMC deformation characterization image. Reproduced with
permission.** Copyright 2020, Elsevier Ltd. Anion intercalation characterization image. Reproduced with permission.*® Copyright 2020,
Tsinghua University Press and Springer-Verlag GmbH Germany, part of Springer Nature. CE, counter electrode; DMT, Derjaguin-Muller-
Toporov; HOPG, highly oriented pyrolytic graphite; PES, 1% prop-1-ene-1,3-sultone; RE, reference electrode; WE, working electrode.
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high adaptation in different atmospheres, enabling the
possibility to monitor the interfacial changes in nanoscale
resolution and in real time.”>** Directly imaging of surface
morphology and topography during electrochemical
reactions can also be achieved by in situ AFM, providing
insights into phenomena such as surface roughening,
dendrite growth, and phase transformation. In addition, in
situ AFM can be used to measure mechanical properties
such as adhesion and stiffness, which are important for
understanding the mechanical evolution of -electrodes.
Another advantage of in situ AFM is its versatility in terms
of sample preparation and operating conditions. Unlike X-
ray diffraction (XRD) or scanning electron microscope,
which often require specialized sample preparation and
vacuum environments, AFM can be used with a wide range
of electrode materials and electrolytes. Moreover, AFM can
operate in a variety of gas atmospheres (ambient air, inert
gas, or vacuum) as well as in liquid environments,> >
enabling studies of various electrochemical reactions and
interfaces.

In this review, we briefly review the applications of
the in situ AFM in LIBs and Li-sulfur batteries, as well as
in Li-air batteries. We mainly discuss the in situ AFM
techniques for investigating electrode-electrolyte inter-
faces, mechanical properties, morphological changes,
and surface evolution (Figure 1). We believe that the in
situ AFM would make great contributions to the in-depth
understanding of the operation, degradation, and failure
mechanism of batteries, promoting the development of
lithium batteries.

2 | ELECTRODE-ELECTROLYTE
INTERFACES

The properties of the electrode-electrolyte interface play a
key role in determining lithium battery performance.***
For example, the decomposition of the electrolyte leads to
the generation of SEI on the anode and CEI on the
cathode, whose physical and chemical properties (includ-
ing morphology, thickness, compactness, and composi-
tion) affect the cyclability, capacity, and safety of the
battery. The in situ AFM provides a direct visualization for
observing the interfacial processes at a high resolution and
in real time, contributing to the analysis of the structure
and properties of SEI and CEL

2.1 | Anode-electrolyte interface

SEI is an ionically conductive but electronically insulat-
ing layer, which is formed by the reductive decomposi-
tion of the electrolyte (lithium salt, solvent, and
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additives) during the initial battery formation process
and can prevent further electrolyte decomposition and
ensure stable interfacial lithium-ion diffusion. The
formation of the SEI involves three main steps: electro-
lyte solvent/anion reduction, reduction product growth,
and SEI layer deposition.*®*” In situ AFM, as an
advanced topographic characterization technique, has
been employed to visually observe the formation process
of SEI at a nanoscale resolution. For the better resolution
of SEI, early in situ AFM studies employed ideal
electrodes such as highly oriented pyrolytic graphite
(HOPG) and silicon electrodes assembled by chemical
vapor deposition, with surface roughness within tens
nanometer.**

HOPG has been widely used in AFM studies for
achieving atomic resolution due to its convenient
cleaving procedure, crystalline anisotropy, atomically
flat defect-free surface, and highest three-dimensional
(3D) ordering.>*° Combining the AFM techniques with
cyclic voltammetry (CV) could provide direct evidence
and detailed images of SEI formation processes. An early
study utilized the in situ electrochemical AFM approach
to understanding the SEI live formation (Figure 2A).
The HOPG surface with clear edge sites and basal planes
exposed was interface-free between the potential range
2.5and 2.1 V. As the potential decreased to below ~1.5V,
nanoparticles (NPs) gradually accumulated along the
edge sites of HOPG, which was attributed to the initial
intercalation of solvated lithium ion into the HOPG top
graphene layer and ethylene carbonate (EC) reduction.
At around 1.0V, the basal planes of HOPG were engulfed
by SEI, which correlated to the significant reduction of
carbonate.*

To improve the adaptability of SEI, an ideal electrolyte
composed of stable solvent and high ion conductivity
lithium salts is urgently needed.***® For instance, the effect
of lithium bis(fluorosulfonyl)imide (LiFSI) concentrations
to form SEI was studied via the in situ AFM, which
revealed that the LiFSI concentration in electrolytes greatly
influenced the modulus and thickness of the as-formed SEI
layer. The results showed that the SEI layer (~70nm)
formed in 2M LiFSI/1,2-dimethoxyethane (DME) was
thicker than the SEI formed in other electrolyte concentra-
tions. This thickest SEI layer possessed the highest rigid
lithium fluoride (LiF) content, which was generated from
the FSI” decomposition. Such strong SEI enabled fast
lithium diffusion and uniform lithium deposition and
protected the lithium anode from electrolyte corrosion.*’
Due to their incombustibility, excellent ionic conductivity,
and high electrochemical and good thermal stability, ionic
liquids (ILs) are regarded as promising electrolytes for
LIBs.*®* In situ AFM was applied to explore the whole SEI
generation process (nucleation, growth, and formation) on
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FIGURE 2 (A) Solid-electrolyte interphase (SEI) formation process on a highly oriented pyrolytic graphite (HOPG) surface in 1.5M
LiTFSI/ethylene carbonate (EC) electrolyte during cathodic cyclic voltammetry (CV) scan (scan rate: 5mV/s). Reproduced with
permission.*® Copyright 2014, American Chemical Society. (B) Cathodic CV curves (scan rate: 2 mV/s) of the HOPG electrode in 1M
LiPF¢/EC/dimethyl carbonate with no additive, 1% ethylene sulfite (ES) additive, and 1% prop-1-ene-1,3-sultone (PES) additive, and
corresponding in situ atomic force microscopy (AFM) images demonstrating the evolution of SEI. Reproduced with permission.*’ Copyright
2018, Royal Society of Chemistry. (C) Topological imaging of HOPG during the CV scan (scale bars, 1 um). (D) Correlation of morphology
and potential during the initial cathodic scan (scale bar, 1 um). (E) Height distribution of SEI along the blue line in (D). Reproduced with
permission.** Copyright 2019, Nature Publishing Group.
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HOPG substrate in IL-based electrolytes. The results
indicated that different types of anions in the IL electrolyte
significantly  influenced the SEI  structure. In
[BMP]*[TFSI| -containing LiTFSI, the formed SEI films
tended to be loose and rough with a 3D growth mode,
while thin and compact SEI films were formed with a two-
dimensional growth mode in [BMP]*[FSI] -containing
LiFSL>

The addition of electrolyte additives is regarded as an
effective and simplest method for optimizing SEI properties.
In situ electrochemical AFM has been employed to monitor
the formation process of SEI under different electrolyte
systems (with/without electrolyte additives), contributing to
analyzing the effect of electrolyte additives on the micro-
structure of the SEI layer. Since sulfur-containing species are
more easily reduced than other components in the
electrolyte, they have been reported to facilitate the
formation of a stable SEI layer.”>*> Two sulfur-containing
additives, ethylene sulfite (ES) and prop-1-ene-1,3-sultone
(PES), were investigated in our previous work.*' The results
suggested that both PES and ES facilitated the SEI formation,
in which ES possessed a higher reduction potential. It is
worth noting that ES can not only be reduced to form SEI
earlier than PES but also formed a denser and more stable
SEI to better protect the graphite electrode and improve the
stability of the battery (Figure 2B).

Combining in situ AFM with other characterization
methods, such as XRD, X-ray photoelectron spectroscopy
(XPS), scanning electrochemical microscopy (SECM), neu-
tron reflectometry (NR), Raman spectroscopy, and electro-
chemical quartz crystal microbalance (EQCM), can provide
more comprehensive information on SEI formation process,
structure, and composition. For instance, ex situ XPS has
been combined with in situ AFM to demonstrate the
formation of the hard and dense SEI layer composed of LiF
in the LiPF4/fluoroethylene carbonate/dimethyl carbonate
(LiPF¢/FEC/DMC) electrolyte.** SECM and in situ AFM
were combined in one platform for consecutive investigation
of the formation and electrochemical properties of SEI, in
which a small area was scratched away via AFM and clearly
visualized in the SECM mapping, proving the electronically
insulating properties owing to the partially removed SEL>*
The combination of in situ NR and in situ AFM precisely
monitored the morphology evolution and the heterogeneities
of individual SEI features, in which the scattering length
density recorded by NR further provided chemical nature
and structural evolution information of SEL>* Correlative
characterization techniques, including in situ AFM, in situ
XPS, and in situ Raman, were conducted on both planar and
sandwich model lithium batteries during operation to
investigate the electrolyte effect on the device performance.
The results show that a dense and flat SEI film can be readily
generated in a high-concentration electrolyte, demonstrating

good cycling stability and reversibility. The SEI composition
derived from the high-concentration electrolyte was further
analyzed, which was composed of LiF, Li,S, and Li;N and
mainly from the reduction process of FSI™.>

Since EQCM could provide mass change information
of electrodes during the discharge/charge process, the
combination of EQCM with in situ AFM contributes to a
deeper understanding of the complex structure of SEIL
Our previous work quantitatively monitored the mass
change of interfacial components and recorded real-time
topological images of HOPG and SEI height distribution
during CV scanning (Figure 2C-E) and confirmed the
following distinct stages for SEI formation in 1 M LiPFg/
EC/DMC electrolyte: formation of LiF (cathodic scan to
1.5V), Li* co-intercalation (cathodic scan to 0.88 V), the
initial reduction of EC (cathodic scan to 0.74 V), further
reduction of EC (cathodic scan to 0.6V), the final
reduction of EC (cathodic scan to 0V and then anodic
scan to 0.3V), and lithium alkylcarbonate reoxidation
(anodic scan above 0.3 V).**

Besides the graphite anodes, other different types of
anodes, such as alloy-type anodes (Si, Sn, SiO, etc.), lithium
metal anodes (LMAs), and metal oxide anodes, are widely
studied and considered promising LIB anodes.*®*

It was reported that in situ AFM was conducted to
investigate the effect of FEC additive on the SEI film
formation of the commercial SiO/C anode (Figure 3A-C).
According to the recorded potential-dependent morphology
AFM images and XPS chemical composition analysis results,
it was found that a compact, dense, and stiff SEI layer
(mainly composed of LiF) was formed on the SiO/C anode
surface with the FEC addition. In contrast, only a thin and
scattered SEI layer was formed in the EC-based electrolyte.”
The SEI formation at early stages on the Sn anode in the EC-
based electrolyte was studied via the in situ AFM. The results
revealed that SEI film was formed at ~2.8V and then
gradually changed in morphology between the potential of
0.7 and 2.5V. In the following CV cycles, the SEI was not
stable and continuously reformed, which could not effec-
tively protect the Sn anode from electrolyte reduction. The
interfacial chemistry of the Sn anode and/or the electrolyte
needed further optimization.®®

Overlithiated organosulfides can form robust SEI and
are regarded as promising candidates for LMA protection
for stable lithium metal batteries. In situ techniques,
including in situ AFM and in situ Raman, were combined
to visualize the interfacial evolution (Figure 3D,E) and
chemical transformation during the overlithiation process
in sulfurized polyacrylonitrile (SPAN). The results showed
that the C-S bond broke and the C-Li bond formed during
the overlithiation process. The newly formed nucleophilic
C-Li further triggered the electrolyte decomposition and
hybrid inorganic-organic SEI formation on the SPAN
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FIGURE 3 (A) Cyclic voltammetry (CV) curve of the SiO/C anode in fluoroethylene carbonate (FEC)-based electrolyte during the in
situ atomic force microscopy (AFM) measurement (scan rate: 0.25 mVs™'). (B) AFM image of the anode in the selected area before
cycling (orange frame: SiO; green frame: graphite). (C) Line profiles of SiO (top) and graphite (bottom) in selected areas. Reproduced with
permission.®® Copyright 2021, American Chemical Society. (D) In situ AFM monitoring of sulfurized polyacrylonitrile (SPAN) at the lithium
deposition stage. (E) Schematic of the mechanism of SPAN during the overlithiation process. Reproduced with permission.®’ Copyright

2021, American Chemical Society.

surface, which contributes to the construction of stable
LMAs.*!

The direct visualization of SEI layer formation on a
Li,TisO;, (LTO) anode was realized via the in situ AFM
technique under potential control. It was found that no
SEI was formed on the LTO surface in the EC/DME-based
electrolyte between the potential range of 2.5 and 1.0V.
Notably, when the potential was decreased to 0V, an SEI
layer was formed. The effect of different electrolyte
additives on the SEI formation was also studied in this

work. The results indicated that a dense SEI layer formed
with the ES additive and the electrode possessed the
smallest polarization with the FEC additive.®® The in situ
AFM also provided visual evidence of SEI formation on a
Fe;04 anode during the discharge/charge process. The
recorded AFM images demonstrated that the as-formed
SEI layer in the FEC-based electrolyte was more compact
and stable than that as-formed in the EC-based electrolyte.
This dense film could efficiently prevent the Fe ion
migration and further improve the battery performance.®*
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22 | CEI

CEI is generally considered to be a heterogeneous
multicomponent film formed due to the decomposition
of electrolytes on the cathode surface. However, com-
pared with the extensive study of SEI, the investigation of
CEI is comparatively insufficient. The complexity of CEI
structure brings great challenges to developing stable CEI
layers, so the study of the formation mechanism and
properties of CEI plays a key role in improving the
capacity, cycle life, and overall safety of batteries.®

In situ AFM has been applied to observe the
evolution of CEI on LiCoO, cathode during electroche-
mical cycling. The results suggested that CEI films only
formed on the edge plane of the LiCoO, cathode with
loose fibrillar structures, which were unstable and
decomposed at low voltage (Figure 4A). This loose
structure could not completely coat the edge plane or
block further oxidation of the electrolyte or protect the
LiCoO, from a trace amount of HF in the electrolyte,
which was detrimental to the battery cycling and
performance. To enhance the stability in high-voltage
cycling, a thin layer of Al,0; was coated on the cathode
surface, which successfully suppressed the formation of
CEI at the LiCoO, edge plane and demonstrated
significantly improved cycle stability at high voltage.®

The surface regulation and dynamic degradation of
single-crystalline Ni-rich cathode (SC-NCM) within solid-
state lithium batteries (SSLBs) was investigated via the in situ
AFM. Unstable and inhomogeneous CEI film with surface
defects was observed on SC-NCM electrodes during the
cycling process. To solve this issue, the Li;PO, coating layer
was introduced to the SC-NCM electrodes to mediate their
surface structure and CEI evolution process. First, the cell
with Li;PO4-coated SC-NCM electrodes (L-NCM) was held
at ~4.08V for 1h, and some amorphous products were
gradually formed on the L-NCM surface. As the charging
process proceeded, these amorphous products accumulated
and evolved into the planar amorphous film. When the
potential increased to 4.2 'V, the homogenized film ultimately
formed on the L-NCM surface. After cycling, this film
became denser and smoother and covered the entire L-NCM
surface (Figure 4B-D). Notably, this amorphous LiF-rich
CEI well maintained its structure during the subsequent
cycling process, which suppressed undesired side reactions
and enhanced the interfacial stability, further contributing to
the cycle life stability and rate capability enhancing.”’

A facile protocol was developed to in situ observe and
characterize a single-particle electrode via in situ AFM.
It was discovered that the formation of CEI on the
LiNiy sMn; sO, particle cathode surface was highly related
to the exposed planes. The CEI film with a thickness of
4-5nm was formed on the (111) surface at ~4.78V and

maintained stable when the potential decreased. In contrast,
no detectable CEI film was generated on the (100) surface
during the first cycle. This work suggested that the interfacial
catalytic activity of electrolyte oxidation is closely related to
the facet properties.®’

The in situ AFM was applied to investigate the
CEI changes in high-energy-density lithium- and
manganese-rich (LMR) materials. It was found that a
dense and uniform passivation CEI film was formed on
the LMR material surface at high voltage. Further, XPS
characterization confirmed that the CEI was composed
of LiF. The as-formed stable LiF-rich CEI film inhibited
the electrolyte oxidation, thus suppressing the genera-
tion and accumulation of CO, on the LMR material
surface. The battery (LMRI|Li) test demonstrated that
the formed CEI film significantly improved the battery
rate and cycling performance in the commercial
carbonate electrolyte.®®

3 | MECHANICAL PROPERTIES

The mechanical degradation process of electrode materials
plays an important role in limiting the lifetime of advanced
LIBs. For instance, the repetitive intercalation and deinter-
calation of ions during discharge/charge induced the volume
expansion and contraction of electrodes under fatigue
loading conditions, which leads to electrode fracture/
breakage and further affects the battery energy storage
capacity and cycle life.®*”° Therefore, measuring and
understanding the mechanical properties and evolution of
electrode materials during the discharge/charge process,
such as fracture strength and Young's modulus (YM), is of
great significance for achieving long-cycle-life batteries. Due
to the convenience of measuring force and displacement
using an AFM tip, AFM has been widely applied to study
and measure the mechanical properties of electrode
materials, such as YM, fracture strength, stiffness, and
adhesion.””* Combining with electrochemical testing, the
mechanical behaviors of electrode materials upon the battery
cycling process can be investigated via the in situ AFM
techniques.

The mechanical changes of the SEI layer at the HOPG
and graphite anodes were investigated by in situ AFM.
HOPG was first studied as a model system to explore
the SEI formation and corresponding mechanical property
evolution. Then industry-relevant graphite sheet was further
investigated (Figure 5A). It was found that two types of SEI
simultaneously formed at the basal and edge planes of
graphite; meanwhile, the thickness of SEI in the edge site
was bigger than that in the basal plane. The addition of
FEC and vinylene carbonate in 1 M LiPFs/EC/ethylmethyl
carbonate (EC/EMC) electrolyte increased YM and reduced
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FIGURE 4 (A) In situ atomic force microscopy (AFM) images of the cathode-electrolyte interphase (CEI) film formation and
decomposition on the edge plane of LiCoO, crystal. Reproduced with permission.®® Copyright 2017, American Chemical Society. (B)
Schematic illustration of the surface degradation and interfacial regulation mechanism of the Li;PO,-coated single-crystalline LiNig sCoy,
2Mng 30, (NCM523) (L-NCM) electrodes. (C) The first cycle of cyclic voltammetry (CV) curves (scan rate: 0.1 mV/s) and (D) corresponding
in situ AFM images demonstrate the surface evolution of CEI film on the L-NCM cathode electrode in a solid-state lithium battery.
Reproduced with permission.?” Copyright 2022, John Wiley and Sons.
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SEI thickness and roughness, thus further enhancing the
battery performance. Due to its high edge-to-basal ratio, the
individual graphite anode showed a lower SEI modulus and
more SEI covering, compared to the HOPG. The different
material structures (strain behavior, the density of step edges,
etc.) of HOPG and graphite further lead to different device
performances.*®

Due to its natural abundance, high specific capacity, and
relatively low working potential, silicon has been considered
a promising anode material for LIBs.”””® Huge volume
change during cycling and derived mechanical stress bring
great troubles to maintaining electrode and SEI structure
integrity, which leads to undesirable fast performance
degradation.””®® The studies that focused on the interfacial
behavior and electrochemical reactions of silicon anode are
of great importance for improving battery performance and
stability. In situ AFM was used to investigate the SEI growth
and mechanical properties of a silicon nanowire electrode,
which quantitatively tracked YM and morphology changes
during the SEI growth process.”” Three distinct stages were
observed during the SEI growth process. Figure 5B shows
the recorded in situ YM mapping of the Si nanowire. At the
initial discharge stage, the YM of the Si nanowire surface
was around 700 MPa. When the voltage was reduced to
0.6V, the YM decreased to ~150 MPa, which was attributed
to the newly formed primary SEI film during discharge. The
YM and morphology remained unchanged when discharged
to 0.4 V. In the second stage (discharged to 0.15V), a thick
and particle-like SEI formed with slightly increased and
inhomogeneous YM. In the final stage (further discharged to
0.01V), the YM became more inhomogeneous. Furthermore,
the YM of the selected position was analyzed to study its
distribution and trend during the SEI growth process
(Figure 5C). During the growth process, the YM increased
obviously and became more inhomogeneous. Meanwhile,
the statistical mean value and distribution of YM during the
growth process showed a slight increase, suggesting the
composition evolution of SEI films. The mechanical evolu-
tion on the cross-section of microsized silicon anode was
successfully visualized via the in situ AFM, including initial
pulverization, irreversible volumetric changes, the onset of
particle crack formation and its patterns, fresh SEI formation

at cracked surfaces, and particle isolations. The results
indicated that the upper cutoff voltage could suppress the
mechanical failure of the microsized silicon anode and
subsequently improve capacity retention with a reduced cell
impedance.®

In situ AFM has also been utilized to disclose the
mechanical properties and interface evolution of CEIL For
instance, the dynamic formation of CEI on LiNiysCoy,M-
ny30, (NCM523) electrode in an SSLB was monitored via
the in situ AFM.” The average Derjaguin-Muller-Toporov
(DMT) modulus of the NCMS523 electrode surface was
0.5GPa at the open-circuit potential (2.85V). No evident
morphology and DMT modulus changes were observed
when charged to 4.08 V. Then, the SSLB was held at 4.08 V
for 1.2 h, in which some filamentous products first appeared
accompanied by the DMT modulus increase to 3 GPa, and
then some flocculent products deposited accompanied by
DMT modulus decrease to 0.5 GPa. As the charging process
proceeded, the products evolved into a flocculent film with a
low DMT modulus (0.3 GPa). At the following charging
process (to 4.2V), no significant changes were observed in
terms of DMT modulus and morphology. Then, the SSLB
discharged to 3.4V, and the film became denser and
smoother with a slight increase in DMT modulus (to
0.4 GPa). Furthermore, the film thickness was measured
from the analysis of the recorded AFM images (Figure 5D).
The results showed that the film thickness was around
11.18 nm. The DMT modulus evolution of the selected
position is demonstrated in Figure 5E. Notably, the DMT
modulus was stable during the SSLB cycling process,
suggesting the mechanical property of this film turned stable
after the first cycle. The real-time visualization of the CEI
growth via in situ AFM provides more details and evidence
of the interfacial behavior and mechanical properties, further
contributing to the development of SSLB.

4 | MORPHOLOGICAL CHANGES

The studies of electrode morphological changes in LIBs,
including dimensional changes (height and volume), mor-
phological evolution, and topography changes, play a vital

FIGURE 5 (A) In situ atomic force microscopy (AFM) of an individual graphite sheet on the highly oriented pyrolytic graphite (HOPG)
substrate in the electrolyte of ethylene carbonate/ethylmethyl carbonate (EC/EMC). Height and modulus information of four potential steps
(open-circuit potential [OCP], 0.75-0.5, 0.25-0.0, and 0.75-1.0 V). Reproduced with permission.?® Copyright 2020, American Chemical
Society. (B) The AFM images of Young's modulus mapping of a single silicon nanowire (SiNW) anode in the first discharge process. (C) The
distribution of Young's modulus along the location marked with a dashed yellow line (left), and the statistic values of Young's modulus of
the area marked with a dashed white box (right). Reproduced with permission.””> Copyright 2014, American Chemical Society. In situ AFM
of the LiNij sCop,Mng 30, (NCM523) electrode surface during charge and discharge. (D) The Gauss statistic distribution histograms of the
film thickness and (E) quantitatively measured average Derjaguin-Muller-Toporov (DMT) modulus of the selected position during charge/
discharge. Reproduced with permission.”® Copyright 2020, American Chemical Society. OCP, open-circuit potential.
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role in a deep understanding of the battery mechanism. In
this section, we mainly discussed the morphological changes
for different types of anodes and cathodes of LIBs, which
were obtained through in situ AFM.

Due to their high theoretical capacity, alloy anode
materials that can be alloyed with lithium ions, such as Si
and Sn, are considered promising LIBs anode. However,
the volume changes (expansion/contraction) of alloy
anodes during the lithiation/delithiation process led to
electrode structural degradation, further degrading the
battery performance. Therefore, investigating the morpho-
logical changes of alloy anodes is of great importance for
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developing effective methods to stabilize the alloy
anodes.®> ¢

For instance, in situ AFM was applied to quantitatively
and qualitatively monitor the morphological evolution of
different nanosized amorphous Si (a-Si) nanopillars (height:
100 nm; diameters: 100-1000 nm) during the lithiation and
delithiation processes (Figure 6A,B). The nanopillars with a
diameter of 100 nm had a volume expansion smaller than
200%. The nanopillars with a diameter bigger than 100 nm
all reached a large volume expansion of around 300%. All the
nanopillars were roughened with no crack after five cycles.
As the cycling process proceeded, the nanopillars with a
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In situ atomic force microscopy (AFM) of lithiation and delithiation of amorphous Si (a-Si) nanopillars: (A) AFM images of

the growth of the a-Si nanopillars (100 and 1000 nm) during the electrochemical cycling (scan rate: 1 mV/s). (B) Height and volume changes
of five cycles. Reproduced with permission.®” Copyright 2013, American Chemical Society. (C) Crack evolution of a patterned a-Si electrode
at the edge (left) and corner (right) during the third cycle. Reproduced with permission.®® Copyright 2016, American Chemical Society.
(D) In situ AFM images of the interfacial morphologies evolution on a multilayer triangular molybdenum disulfide (MoS,) electrode.
Reproduced with permission.®® Copyright 2019, Nature Publishing Group.
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diameter of 100 and 200 nm were kept intact, while the
nanopillars with a diameter of 300nm cracked after 27
cycles. This real-time qualitative examination of the
morphological (height and volume) changes of the a-Si
nanopillars motivates future studies to quantify the structural
integrity changes of Si nanopillars.*’” In situ AFM has also
been utilized to observe the influence of volume expansion/
contraction of Si electrodes in the mechanical degradation of
SEI (Figure 6C). It was found that the SEI was tensed when
the Si electrode expanded, which induced crack formation in
the surface layer. Then, the cracks were not fully filled in at
the low potential and further reopened and closed in the
next cycles. This work directly monitored the SEI fracture
process, which contributes to the chemical-mechanical
degradation studies and capacity fade predictions of LIBs.*®

In addition to the Si materials, molybdenum disulfide
(MoS,) is also considered a promising LIBs anode
material due to its high theoretical specific capacity.
However, the SEI of the MoS, anode is unstable;
therefore, the study of the structural evolution of the
MoS, anode is crucial for battery performance improve-
ment. It was reported that in situ AFM has been
employed to monitor the dynamic lithiation/delithiation
and SEI film formation on the large-area ultra-flat
monolayer MoS, electrode. As shown in Figure 6D, the
triangular MoS, had a layer spacing of ~0.7 nm at open
circuit potential. When the potential decreased to 1.29'V,
the electrode/electrolyte interface remained unchanged.
Notably, when the potential decreased from 1.09 to
1.01V, the triangular MoS, suddenly wrinkled, indicat-
ing the flexibility of the MoS, anode. As the lithiation
proceeded, the bottom side of the triangular MoS, also
wrinkled and then spread from the defect sites to the
surrounding places. However, during the following
discharging process, the as-formed wrinkles did not
completely return to the original flat shape and the
volume expansion was irreversible either. This work
revealed the influence of surface defects on reaction
kinetics, which contributes to a deeper understanding of
structure-reactivity relationships.®’

The morphological evolution and dynamic mecha-
nism (dynamic pathway and degradation mechanism) of
the lithium and lithium-indium alloy anodes in the
Li,;oGeP,S,,-based all-solid-state Li metal batteries were
investigated via the in situ AFM techniques (Figure 7A).
Due to the low ionic migration barrier and fast ionic
diffusion coefficient of the lithium-indium alloy anode, a
homogeneous SEI shell was formed on this alloy anode,
which further induced the uniform growth of Li,In
lamellae during the lithiation process. Furthermore, the
volume and surface area of the wrinkling structure were
quantitatively analyzed, which suggested the breathing
phenomena of the cycling behavior during the

lithium-indium dealloying/alloying processes, enabling
favorable inner lithium accommodation.”

Besides the real-time monitoring of lithium-ion
intercalation behavior in LIBs, the real-time observation
of intercalation/deintercalation processes in dual ion
batteries (DIBs) was also achieved via the in situ AFM
(Figure 7B,C). Through measuring the distance changes
between graphene layers during the intercalation pro-
cess, it was found that PF6™ intercalated in one of every
three graphite layers with a speed of ~2um-min~'. At
high voltages, the graphite wrinkled and suffered
structural damage with electrolyte decomposed on its
surface, leading to the cycling performance degradation
of DIBs.*

5 | SURFACE EVOLUTION

In situ AFM has also been applied to directly visualize the
surface evolution of electrodes with high spatial resolu-
tion, such as the dendrite formation during lithium anode
plating and stripping processes,”’** and the deposition
and dissolution/decomposition of intermediates/reaction
products on the cathode surface of the lithium-sulfur
batteries’>?™® and lithium-oxygen batteries.*"*'%

The ununiform lithium stripping and plating upon
cycling induced the dendrite formation on the lithium
anodes, which reduced the battery performance and even
potentially caused the short circuit, further leading to
safety problems. Therefore, studying the dendrite forma-
tion process on the lithium anode surface is crucial for
improving battery design and safety. In situ AFM
measurements have been conducted to directly visualize
the lithium stripping and plating process on the pristine
lithium anode and lithium polyacrylic acid (LiPAA) SEI
layer-modified lithium anode (Figure 8A). The SEI on
the pristine lithium anode surface was not stable and was
destroyed by the dynamic lithium stripping/plating
behavior, further causing the side reactions and dendrite
formation. Notably, after applying a smart LiPAA SEI
with good stability and high bonding ability, the uneven
stripping/plating behavior was markedly reduced, and
the side reactions were greatly reduced with significantly
improved battery safety.”® In situ AFM has also been
reported to provide insights into the lithium nitrate-
regulated lithium stripping/plating process in gel poly-
mer electrolyte (GPE)-based lithium metal batteries at
the nanoscale. Amorphous nitride SEI was formed due to
the addition of lithium nitrate, which facilitated lithium-
ion diffusion, stabilized a compatible interface, and
regulated the lithium nucleation/growth. The deposited
lithium was compact. The lithium dissolution exhibited
good reversibility, ensuring the cycling performance of
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FIGURE 7 (A) Atomic force microscopy (AFM) images of Li,In lamellae at lithiation and delithiation states and schematic of the
interfacial mechanism of lithium electrode (top) and indium electrode (bottom). Reproduced with permission.”® Copyright 2021, American
Chemical Society. (B) Description of parameters related to the PFs~ anion intercalation process of highly oriented pyrolytic graphite (HOPG)
in carbonate electrolyte. (C) In situ AFM images of HOPG anode in carbonate electrolyte at different voltages. Reproduced with
permission.>* Copyright 2020, Tsinghua University Press and Springer-Verlag GmbH Germany, part of Springer Nature. LGPS, Li;oGeP,S15.

lithium metal batteries.”® In situ AFM was also applied in
the monitoring of initial lithium deposition in FEC-based
and EC-based electrolytes on graphite anodes for under-
standing the lithium dendrites growth evolution pro-
cesses at the nanoscale. The results showed that a
denser and harder LiF-rich SEI layer was formed in the
FEC-based electrolyte, which sufficiently impeded the
lithium ion reduction and deposition on the anode

surface and suppressed dendrite growth.'°®> The dynamic
Li plating/stripping behaviors upon cycling at the gel
polymer electrolytes/lithium metal electrode interface in
the quasi-solid-state lithium metal batteries were mon-
itored by in situ AFM. Uneven lithium deposition with
cavity-shaped defects and partial dissolution was
observed at the lithium metal and gel polymer electrolyte
interface. Furthermore, the addition of LiNO; induced
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FIGURE 8 (A) Schematic and atomic force microscopy (AFM) images of pristine Li anode (left) and lithium polyacrylic acid-Li
(LiPAA-Li) anode (right) after the lithium stripping process. Reproduced with permission.”? Copyright 2017, John Wiley and Sons. (B) In
situ AFM monitoring of the Li anode surface evolution in a quasi-solid-state lithium-sulfur (QSSLS) cell containing 5 wt% LiNOs.
Reproduced with permission.”® Copyright 2022, John Wiley and Sons. (C) In situ AFM images on the Pt/Au nanoparticle electrode surface
upon the discharge/charge process in a Li-O, model cell. Reproduced with permission.'®® Copyright 2021, American Chemical Society.
OCP, open-circuit potential; SEI, solid—electrolyte interphase.

the formation of SEI film and homogeneous lithium The back and forward diffusion of polysulfide
deposition/dissolution. It also demonstrated good revers- between the anode and cathode of lithium-sulfur
ibility of lithium metal upon the lithium plating/ batteries is called the shuttle effect, which can lead to
stripping process.” severe corrosion of the lithium anode and irreversible
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capacity loss of batteries. Thus, direct characterization of
the deposition and dissolution processes of the lithium
sulfide intermediates is of great significance in under-
standing polysulfide shuttle mechanisms and facilitating
its improvement. For instance, in situ AFM was utilized
to monitor dynamic processes and interfacial properties
on the additive-mediated lithium anode surface at the
nanoscale. After adding lithium nitrate to the electrolyte,
two SEI formation stages were detected. First, loose NPs
(~102nm) were formed at the OCP. Then, dense NPs
(~74nm) were formed during the discharge process,
caused by the synergistic effect of lithium nitrate and
lithium polysulfides (Figure 8B). The as-formed dense
SEI film can not only prevent the erosion of lithium
polysulfides but also homogenize the lithium deposition
behavior, thereby improving the electrochemical per-
formance of lithium-sulfur batteries.”® The investigation
of the interfacial behavior at a high temperature (60°C)
in lithium-sulfur batteries, including the dynamic
evolution of insoluble Li,S and Li,S,, was realized via
the in situ AFM. An in situ-formed functional film was
detected after Li,S nucleation upon discharge at 60°C.
This as-formed film reduced the lithium-ion transport
distance between the higher order sulfides and lower
order sulfides, promoted the oxidation of Li,S, and Li,S
upon the charge, and facilitated the interfacial morphol-
ogy maintenance after cycling, which provides insights
into the benign interface conservation and the perform-
ance optimization of lithium-sulfur batteries.*

For lithium-oxygen batteries, the sluggish decompo-
sition of discharge products (Li,O,) led to large over-
potential and poor cycling stability. The side reactions
and instability of the aprotic electrolyte further degraded
the battery performance. Monitoring the generation
and decomposition of reaction products during the
oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) is crucial for understanding the correla-
tions between the products’ morphology and catalytic
activity. In situ AFM has been applied to record the
dynamic surface evolution of the Pt NP electrode in
lithium-oxygen batteries (Figure 8C). The pristine
platinum NPs promoted the nucleation and growth of
Li,O, nanosheets with reduced overpotential. As the
cycling proceeded, the platinum particle size gradually
increased and induced cracks on the electrode surface.
Meanwhile, the morphology of Li,O, evolved into a
larger toroidal structure with degraded reversibility and
capacity. After modifying the Pt electrode with a certain
amount of gold NPs, the stability of the electrode
increased. No obvious particle accumulation and cracks
were observed on this gold-modified Pt electrode after
250 cycles, indicating that gold inhibited the morpholog-
ical evolution of platinum and improved the stability of

platinum without catalytic activity degradation.'® In situ
AFM has also been employed to record the real-time
images of surface evolution on a gold electrode in the
lithium-oxygen batteries, which revealed the correla-
tions between ORR and OER catalytic activity and the
nanostructure of the gold electrode. The results indicated
that nanoporous gold facilitated the nucleation and
growth of Li,O, discharge products, while the densely
packed gold NPs promoted the full decomposition of
Li,O,. These observations shed light on the mechanism
of nanostructure catalyst-based lithium-oxygen batteries
and provide strategies for improving lithium-oxygen
batteries.'”!

6 | SUMMARY AND OUTLOOK

Developing advanced high spatial and temporal resolu-
tion in situ characterization techniques is crucial for
understanding the operation, degradation, and failure
mechanism of lithium-based batteries. In this paper, we
reviewed the application of in situ AFM in LIBEs,
lithium-sulfur batteries, and lithium-oxygen batteries,
including the studies of electrode-electrolyte interfaces,
mechanical properties, morphological changes, and
surface evolution, which contributes to the electrode
and electrolyte optimization and battery performance
improvement. Future perspectives of the in situ atomic
force techniques in battery characterization are demon-
strated as follows:

(1) Developing in situ electrical properties characteriza-
tion: In addition to the as-mentioned progress of in
situ AFM, other SPM techniques are also considered
promising methods to explore the interfacial process
and operation mechanism of lithium-based batteries.
For example, electrochemical strain microscopy can
measure the localized, electrochemically induced
volumetric strain, which provides real space map-
ping of lithium-ion diffusion and contributes to
understanding the role of grain defects/orientation
in lithium-ion transport.'®*'°® Scanning ion con-
ductance microscopy can simultaneously and fast
scan the topography and map the variation in
electrochemical activity.'””'®® Kelvin probe force
microscopy could obtain a high-resolution mapping
of electrochemical surface potentials.''*' Due to
the advantages and limitations of each SPM tech-
nique, it is significant that various SPM methods can
be combined to investigate the materials, interfaces,
and processes of lithium-based batteries.

(2) Integration of multidimensional characterization:
Considering the complicated physical-chemical
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reactions in battery systems, the other future
direction is combining other advanced characteriza-
tion methods to acquire the real-time composition
changes during the electrochemical process of
lithium batteries, such as XRD, XPS, and Raman,
which is beneficial for systematically understanding
the underlying mechanism of batteries and guiding
its design and performance improvement. These
developed novel in situ SPM techniques could also
be applied beyond the lithium system, such as
sodium-ion batteries, potassium-ion batteries, and
magnesium-ion batteries, providing a useful tool to
realize the development of high-performance battery
systems and meet the increasing energy demand.

Operando characterization under various opera-
tion conditions: AFM observation on real electro-
des should be further carried out to reveal the
practical reaction mechanism. Besides, multi-
functional in situ cells should be designed to
enable the testing under different operation
conditions of LIBs (such as under high/low
temperatures, under different working gas and
liquid, electrolyte and gas circulation systems,
and electrical and mechanical abuse conditions).

(4) Advanced electrode manufacturing techniques: Micro-

(5

and nanofabrication technologies (such as photoetch-
ing, electron beam evaporation, and 3D printing)
should be further introduced to develop various
electrode structures that simulate the reaction process
in different battery systems. Besides, interface pretreat-
ment techniques (such as ion beam etching and plasma
etching) should also be widely employed to create an
optimized interface for AFM characterizations.
Artificial intelligence-assisted AFM analysis: Advanced
computational and algorithmic techniques should be
introduced for high-fidelity AFM characterization and
analysis. Meanwhile, the characterization data from
AFM observation should be used in machine-learning
models for a better understanding of the reaction
mechanism.
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