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ABSTRACT: As a promising alternative to the market-leading lithium-
ion batteries, low-cost sodium-ion batteries (SIBs) are attractive for
applications such as large-scale electrical energy storage systems. The
energy density, cycling life, and rate performance of SIBs are
fundamentally dependent on dynamic physiochemical reactions, struc-
tural change, and morphological evolution. Therefore, it is essential to
holistically understand SIBs reaction processes, degradation mechanisms,
and thermal/mechanical behaviors in complex working environments.
The recent developments of advanced in situ and operando character-
ization enable the establishment of the structure—processing—property—
performance relationship in SIBs under operating conditions. This
Review summarizes significant recent progress in SIBs exploiting in situ
and operando techniques based on X-ray and electron analyses at
different time and length scales. Through the combination of spectros-
copy, imaging, and diffraction, local and global changes in SIBs can be elucidated for improving materials design. The
fundamental principles and state-of-the-art capabilities of different techniques are presented, followed by elaborative
discussions of major challenges and perspectives.
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storage solutions in portable electronics and electrified

transportation. However, risks related to the supply
chain of key elements of LIBs have intensified the search for
more sustainable alternatives toward decarbonization. Sodium-
ion batteries (SIBs) have been considered as an appealing
candidate owing to the low cost of raw materials, high natural
abundance, and environmental benignity compared to LIBs.
Historically, research on LIBs and SIBs began around the same
time in the 1970s and early 1980s.'”*
alization of LIBs by Sony in 1991, research and development in
LIBs skyrocketed; meanwhile, progress on SIBs slowed down
because of their inferior energy density and capacity retention
compared to LIBs. In the past decade, we witnessed the
renaissance of SIBs with improved electrochemical perform-
ance and retained economic advantages. Despite advancements
of many other beyond-Li technologies, including K-ion
batteries, Mg-ion batteries, etc., SIBs best satisfy performance,
cost, and scaling targets, approaching a commercialization
stage recently. The revival of SIBs is also catalyzed by demands
for reliable and cost-effective grid-scale energy storage systems
for intermittent renewable energy sources (e.g, wind and
solar).

l ithium-ion batteries (LIBs) are dominant energy

Since the commerci-

© 2021 The Authors. Published by
American Chemical Society

WACS Publications

4023

The advantages and disadvantages of SIBs are often
highlighted in open literature.>™’ Concerning the former,
first, it is acknowledged that the raw materials, e.g., sodium
salts, are more abundant in the Earth’s crust and more widely
distributed geographically than LIBs counterparts.” SIB
cathodes may rely less on scarce minerals containing Ni and
Co. Second, sodium is free of alloy reaction with aluminum at
room temperature, allowing for the use of cheaper and lighter
aluminum rather than copper as the current collector for
anodes to further reduce cost.® Third, the safety issue of SIBs is
less severe: the thermal runaway during the electrode and
electrolyte decomposition is much less than for the LIB
counterparts.” Fourth, although Na* has a larger size than Li*,
sodium ion transport is faster in electrolytes because it is less
polarizing and has smaller solvation energy.'” The lower
desolvation energy penalty is conducive to the capacity
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retention at low temperature. Additionally, because of the
similar working principles and cell configurations, the
manufacturing infrastructure of LIBs can be readily adapted
to SIBs. Last but not least, Na metal is softer than Li, and
formation of dendrites may be restrained by mechanical
pressure or by employing appropriate separators with higher
shear modulus.'' Considerating the aforementioned merits

depicted in Figure 1, SIBs can be complementary to LIBs,
catering to grid storage, industrial/household power, low-speed
electric cars, etc.
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Figure 1. Schematic of major advantages of SIBs. “EC” in the
bottom-left panel represents ethylene carbonate (indispensible
solvent in LIBs) that hampers low-temperature performances. The
figure in the top-right panel is reprinted with permission from ref
9. Copyright 2016 Elsevier.

Regarding the disadvantages, the standard electrode
potential of Na (—2.70 V) is higher than that of Li (—3.04
V) with respect to the standard hydrogen electrode (SHE). In
addition, Na is heavier than Li. Hence, generally speaking, the
theoretical specific energy of a SIB is lower than its LIB
counterpart.'”"” Nevertheless, it has been shown that the
difference in theoretical energy of LIBs and SIBs with similar
electrode materials (Li: C||LiysLiy sC00O,; Na:
C||NagsLigsCo0O,) is only ~10%, excluding the consideration
of the weight of other battery components such as electrolyte,
current collector, additives, and packaging.'*"®

Over the past decade, enormous efforts have been devoted
to the design of new active materials as well as improvement of
existing ones for SIBs. However, the majority of the candidates
to date cannot meet the stringent performance requirements
for practical applications, urging fundamental understandings
toward pertinent battery degradation mechanisms.

In principle, the analysis of a battery can be categorized on
different spatial scales from atomic scale, primary particle scale,
secondary particle scale, and electrode scale, as illustrated in
Figure 2. Global information includes the phase evolution,
valence change, and coordination of cations and anions,
representing the averaged behaviors from all particles. Local
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From the standpoint of materials
science and chemistry, it is equally
important to fundamentally interpret
the working mechanisms of new
materials involved in sodium-ion bat-
teries, including those with seemingly
limited practical value.

information includes disorder, defects, orientation, and
heterogeneity, representing individual behaviors within and
between particles.'® Various processes occurring at the meso-
scale involve charge distribution, phase propagation, micro-
structure evolution, transition metal (TM) migration, and
changes in geometric/mechanical properties.'”'® It should be
mentioned that multi-scale charge heterogeneity is universal,
tremendously affecting material degradation, cycling perform-
ances, and safety. This phenomenon is modulated by reaction
mechanism/grain orientation at the particle level and
tortuosity/porosity at the electrode level. At the nanoscale,
atomic arrangement, surface reconstruction, and solid—electro-
lytes interphase (SEI) formation/growth are key points of
information. During cycling, all of these physical, chemical, and
structural properties can potentially undergo changes.

A battery can be either an open or a closed system, which is
a collection of dynamic bulks as well as interfaces. Most
commonly, active materials are analyzed using different ex situ
characterization methods at specific states of charge (SOCs)
and cycles. Ex situ characterizations require disassembling
batteries and post-treatments of battery materials, leading to
potential contamination of the samples. If the tested materials
are sensitive to air/moisture, they need additional protection.
More importantly, during the storage and transfer, the real
chemical and structural information might have altered. Ex situ
analysis can be preliminary steps, but only the equilibrium state
is probed. Therefore, to gain sufficient understanding of
aforementioned dynamic changes, it is essential to apply
higher-level in situ or real-time (operando) characterizations.

The advances of various in situ/operando characterization
tools in LIBs serve as a cornerstone for the development of SIB
characterizations. There has been phenomenal progress toward
developing in situ/operando electron- and X-ray-based
methods in LIBs, which have been summarized in many
reviews.”"">* These developments paved the way for various in
situ and operando investigations in SIBs, including trans-
mission electron microscopy (TEM), X-ray diffraction (XRD),
X-ray absorption spectroscopy (XAS), X-ray imaging and
tomography, and pair distribution function (PDF). Never-
theless, compared to LIBs, SIBs offer ample opportunities to
broaden the horizon to investigate dynamic processes such as
those associated with ion—ion or ion—Ilattice interactions,
defect evolution, and interfacial chemistry. It should be noted
that properties and processes such as thermodynamic/kinetic
properties and phase transitions can be distinctly different for
SIBs and LIBs for similar compounds. For example, electro-
chemical cycling of olivine NaFePO, is accompanied by
different reaction mechanisms and partial amorphization as
compared to the LiFePO, counterpart.”> The reaction
intermediates of electrodes cycled in SIBs (e.g, TiO,, Sn)
are often found to be metastable or amorphous, making them
challenging to probe using post mortem analysis. Many of the
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Figure 2. Scheme of a battery at different scales and underlying scientific information correlated with electrochemical properties. The image
at atomic scale is from Wikipedia, while the image at the macroscopic scale is adapted from ref 19, copyright 2020 Springer Nature.

reaction pathways in electrodes used in SIBs remain elusive.
Hence, it is critical to focus on the in situ/operando
investigations that elucidate charge storage and transport
mechanisms, phase transitions, crystalline-to-amorphous trans-
formations, and morphological and mechanical responses of
electrodes in SIBs during operation. Besides the hardware and
protocol compatibility, the remarkable advantage of in situ/
operando characterization of Na-based system lies in the
imaging: Li in LIBs is of low Z number (3), which makes the
direct measurement of spatial Li propagation under operation
almost impossible. In SIBs, the increased Z (11) of Na enables
the direct observation of the Na* mi§ration pathway and
distribution at the primary particle level.”® These fundamental
understandings will not only inspire future design of battery
materials for SIBs but also provide valuable insights into the
development of other battery systems.

In this Review, recent advances in in situ and operando
characterizations for SIBs studies are summarized. The focus
will be on how state-of-the-art analytical techniques facilitate
the elucidation of the reaction mechanisms and degradation
mechanisms in SIBs under operation. Pertinent establishment
of structure—property—processing—performance relationship
is based on distinct diagnosis methods that can unravel
materials chemistry information, including global/local crystal
structure, overall/heterogeneous electronic states, the evolu-
tion of morphology, dissolution or redistribution, thermal and
mechanical dynamics of electrode materials, etc. We present
research case studies organized by the class of different
reaction mechanisms and discuss how complementary probing
tools can be integrated. In addition, we outline the pitfalls,
limitations, and perspectives for each characterization.

1. IN SITU TEM

TEM has been widely applied in diagnosis of battery systems.
A wide range of secondary signals are produced when the
incident electrons interact with a thin specimen.”” These
signals are categorized according to their corresponding
analytical information: (1) imaging modes in real space, (2)
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diffraction modes in reciprocal space, (3) spectroscopy mode
in energy space, and (4) in temporal domains. As a result,
TEM benefits from the strong interactions between electrons
and materials to provide localized structural and chemical
information. A typical TEM has a resolving power of ~0.2 nm,
establishing a direct communication between the lattice image
and the projected crystal structure. More recently, the
development of aberration-corrected (cs-corrected) TEM
and cryo-TEM instrumentation has achieved higher resolution
down to 0.5 A and lower dose environment, which is
particularly suitable for studies of radiation-sensitive materials.
The pnCCD TEM camera employs a direct monitor which has
a minimum readout speed of 1000 full frames per second with
a size of 264 X 264 pixels, providing the ability to capture
transient structural changes.”® In situ TEM analysis at the
atomic scale and nanoscale is an ideal tool for understanding
reactions and phase transitions of battery materials during
synthesis or insertion/extraction of Na* during electrochemical
cycling—morphological evolution (especially volume changes
of electrode materials along with Na* insertion/extraction),
phase transformations upon charging/discharging processes,
degradation mechanisms of active materials during cycling, SEI
formation, and thermal stability and mechanical behaviors of
electrodes.””’

Primary performance metrics of SIBs include capacity, cycle
life, rate capability, and safety. The electrochemical reactions of
electrode materials are generally categorized into three types
according to the Na* storage mechanism: intercalation reaction,
alloying reaction, and conversion reaction. In order to elucidate
the underlying mechanisms of these reactions, comprehensive
in situ TEM studies have been conducted. Various in situ TEM
designs have been successfully applied for the LIB studies.”"**
Considering the high vacuum operation condition in the TEM,
two types of configurations are commonly used for in situ TEM
investigation: open-cell and sealed liquid-cell configurations
(Figure 3). In the case of an open-cell platform (Figure 3a),
working electrode directly contacts with non-volatile electro-
Iytes (Li,O or ionic liquid) to form a micro-cell system. Here,
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Figure 3. Schematic of in situ TEM experimental configurations:
(a) open-cell setup and (b) sealed liquid-cell setup.

Li,O is a product from surface oxidation of Li metal when a
TEM holder is inserted into the column. Due to the direct
irradiation of the electron beam onto samples, the open-cell
setup allows high-resolution imaging and accurate chemical
composition analysis. However, this configuration has intrinsic
limitations including the electrolytes adopted being different
from those in real batteries, insufficient contact area between
the electrolyte and electrode, and inability to decipher the
critical SEI formation process. To emulate the operation
conditions in a real battery, the sealed liquid-cell configuration
is designed for in situ TEM investigations employing a SiN,
membrane as the electron transparent windows and common
electrolytes (Figure 3b). However, the resolution is down-
graded, governed by the thickness of the view windows and
electrolytes. To date, due to the ease of fabrication, the primary
in situ TEM setup used in SIBs studies is the open-cell
platform. Although the processes at the electrodes in the open-
cell platform are not strictly electrochemical due to the absence
of common electrolytes, visualization of the microstructural/
mechanical evolution accompanied by phase transformation
and tracking of ion diffusion deem in situ TEM a useful tool to
obtain critical localized information upon sodiation/desodia-
tion and failure mechanism. This section will focus on recent
progress of in situ TEM in investigations of reaction
mechanisms of electrode materials in SIBs and highlights the
science accomplished by in situ TEM, discussing challenges
and potential future directions.

1. Intercalation Reactions. Carbonaceous materials are
the most studied intercalation anodes for SIBs due to their
highly abundant resources, decent capacity, and stability.
Various carbon materials including hard carbon, soft carbon,
graphite, and graphene have been studied for Na storage. Na
storage mechanisms in these materials remain elusive due to
the limitations of the characterization techniques and their
complicated structure. First, poor crystallinity in disordered
carbons (e.g, hard carbon) indicates that diffraction cannot
uncover sufficient information regarding disorder. Second,
various types of defects and micropores present different
reaction behaviors, and to identify the contribution of these
factors individually to battery performance is difficult. Third,
the performance of disordered carbon materials is also highly
influenced by the electrolyte and SEIL Finally, microstructure
variations of disordered carbon materials are closely related to
the pyrolysis process, which is complex and challenging to
characterize.

To date, a desirable route to characterize the evolution of
the host structure and Na ions diffusion is by tracking volume
change and formation processes of Na and Na,O in the host
structure during reactions.”” >’ For example, hard carbon is
the most popular anode, which has an amorphous structure
with multiple types of storage sites for Na ions. Three Na
storage mechanisms have been proposed in hard carbon:
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adsorption, nanopore filling, and intercalation.”**” However,
the exact voltage ranges for different storage processes are still
under debate due to the challenges in characterization. Based
on the smaller volume expansion due to Na adsorption
compared to that by Na intercalation, Wang et al.*
determined that the sodium storage process in hard carbon
undergoes two steps (Figure 4). The first step is Na*
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Figure 4. Sodiation of hard carbon studied by in situ TEM. (a, c)
TEM image of the pristine and sodiated hard carbon. (b, d)
Corresponding electron diffraction patterns. (e) Ilustration of Na
absorption and intercalation; the curves show the volume change
of the hard carbon during sodiation. Adapted with permission
from ref 40. Copyright 2019 Royal Society of Chemistry.

adsorption at high-energy surface sites and defect sites
(corresponding to the voltage slope from ~2 to 0.15 V vs
Na/Na*), and the second step is the intercalation process at
the curved graphene platelets (~5% expansion of the average
graphene interlayer distance, corresponding to the voltage
plateau near 0.1 V). The real-time visualization of volume
expansion in hard carbon anode helps to unveil its charge
storage mechanisms.

Apart from carbonaceous anodes, most cathode materials
also possess layered structures. Various phase transformations
and volume changes of cathode materials will occur during Na
insertion/extraction, which might lead to battery degradation.
To our knowledge, there is lack of in situ TEM studies on
cathode materials, and it is hoped that such studies could be
conducted in the future to provide in-depth understanding and
references for cathode design.

1.2. Alloying Reactions. Alloying type electrodes are
sodiated by forming intermetallic compounds between inserted
Na ions and host elements, which present high capacity and
low sodiation potential. However, a well-known issue
associated with alloy-type electrodes is that they usually suffer
from serious volume changes during cycling leading to capacity
fading.

In situ TEM can provide direct information of electrode
morphology change, including volume change and appearance
of cracks. The direct imaging of morphological changes is
significant to understand the degradation mechanisms of alloy
electrodes. Some fure element anodes in the IV and V groups,
such as Sn,*' Sb,"*** Ge,** and Bi,** have been studied by in
situ TEM, where dlstmct Na (de)alloying behaviors are

https://doi.org/10.1021/acsenergylett.1c01868
ACS Energy Lett. 2021, 6, 4023—4054
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Figure S. In situ TEM studies for alloying electrode materials in sodiation/desodiation cycles. Microstructural evolution of the (a) Sn
nanoparticles. Reprinted with permission from ref 41. Copyright 2012 American Chemical Society. (b) Microstructure evolution during
sodiation in SnSb thin-film anodes. Adapted with permission from ref 47. Copyright 2019 American Chemical Society.

elucidated. Meanwhile, complex phase transformation also
occurs in alloy electrode materials during electrochemical
cycling. Microcosmic information of phase transformation can
be identified by in situ electron diffraction, which is extremely
useful when reactions involve multiple intermediates and
sometimes amorphorization. For example, Sn undergoes
reversible two-step phase transformations during sodiation/
desodiation, involving the formation of an amorphous
intermediate Na,Sn and the fully crystallized Na,sSn, phase
(Figure 5a).*' From these in situ investigations, the phase
transformation is accompanied by large volume changes during
electrochemical cycling, which results in quick capacity fading.
These findings indicate that the application of pure alloying-
type elements as electrodes may not be promising, and
optimizations of electrode and electrolyte need to be
considered.

One approach to mitigate volume expansion of pure element
alloying-type electrodes is to add (in)active elements forming
intermetallic compounds. However, when alloying/dealloying
with Na, different elements have different electrochemical
reaction kinetics, leading to a more complex reaction process
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than that of a pure element electrode. For instance, in the
binary $-SnSb intermetallic electrode, Sn and Sb are sodiated
sequentially rather than simultaneously, leading to discontin-
uous increases in the diameter of the nanowire.*® In addition,
Unocic and co-workers investigated the sodiation kinetics of
nanocrystalline SnSb thin film and observed during in situ
sodiation the electrode initially underwent amorphorization.*’
They further quantitatively analyzed the sodiation kinetics
using time-lapsed bright-field TEM images to extract Na*
diffusion coefficient and suggested that microstructural
changes play a critical role in Na* transport (Figure Sb).

1.3. Conversion Reactions. Materials such as TM oxides,
sulfides, and fluorides, which are based on conversion
mechanism, are another prospective class of electrode
candidate for SIBs owing to their high specific capacity.
However, conversion-type electrodes normally suffer from
severe capacity decay, low ionic/electronic conductivity, poor
initial Coulombic efficiency, and relatively large volume
change.*® Understanding of fundamental reaction mechanisms
in this family of electrode materials is still challenging due to
reasons such as formation of amorphous intermediates. The

https://doi.org/10.1021/acsenergylett.1c01868
ACS Energy Lett. 2021, 6, 4023—4054
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volume expansion and corresponding cycling performance in
conversion electrodes are related to their complex phase
transformations. These changes can be directly visualized by in
situ TEM during Na* insertion/extraction. Especially, detailed
local crystallographic information, heterogeneous reaction
processes, and subtle structural changes can be probed by
electron diffraction and fast Fourier transform (FFT).

In situ TEM can capture the reversible metallic phase
formation in some conversion metal oxide electrodes, such as
C03O4,49’50 NiO,”! and ZnO.**** It is found that metal
nanoparticles after oxide reduction are interconnected to form
a metallic network and disperse within Na,O matrix, providing
a good electron pathway. However, the Na,O that formed
during sodiation can block further transport of Na®, and the
quantity of Na,O will gradually accumulate as the cycle
progresses, leading to deteriorated diffusion kinetics. Irrever-
sible volume change also occurs during Na® insertion/
extraction, further degrading host materials. In addition,
crystallographic defects, including point defects, line defects,
and planar defects, are usually generated during electro-
chemical process, which may change the mechanical and
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electronic properties of host materials. Compared to other
characterizations, in situ high-resolution TEM (HRTEM) can
capture these defects directly. Defects in crystal lattice are
often considered to reduce battery performance, but in situ
TEM studies found that defects are somehow conducive to
improving SIBs reaction kinetics. For instance, high-density
dislocations in polycrystalline ZnO nanowires enable improved
ductility and thus the cycling performance of the ZnO/Na
cell.** Performance optimizations are expected to benefit from
these findings by utilizing crystal defects (vacancies,
dislocations, stacking faults, interfaces, etc.) produced during
cycling and material synthesis.

In situ TEM is powerful to track microstructural changes of
chemically identical electrode materials upon sodiation. Xu et
al.>® investigated the sodiation behaviors of single-crystalline
(sc) and polycrystalline (pc) ZnO nanowires (ZNWs). In situ
TEM distinctly showed that while the non-uniform sodiation
in sc-ZNWs manifested a slow step-by-step propagating
displacement reaction front as well as the generation of
heterogeneous interfaces, pc-ZNWs underwent ultrafast
sodiation which possibly was associated with unobstructed

https://doi.org/10.1021/acsenergylett.1c01868
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ionic transport pathways among ZnO nanograins. The results
highlight the benefit of in situ TEM to probe different
microstructural responses in chemical identical electrode
materials under operation.

In situ TEM can be used to probe reaction intermediates of
complex reactions and monitor the reversibility of conversion
electrodes. Xia et al.>* studied the chemo-mechanical dynamics
of @-MoO; nanobelts which undergo multi-step phase
transitions and volume changes during electrochemical cycling
(Figure 6). During the first sodiation, the orthorhombic a-
MoO; transforms to amorphous Na,MoO;, followed by the
formation of the crystalline NaMoO, phase, then further
transformed to the final mixture of crystalline Mo nanograins
and Na,O. By tracking the swelling of the nanobelt at different
time, the conversion reaction rates are measured in the range
of 1-30 nm s™'. Upon the next desodiation, the sodiated
products are consumed but not fully transformed back to the
pristine state, indicating that an irreversible phase trans-
formation occurred in the first cycle. The phase transformation
afterward is reversible between crystalline Mo and amorphous
Na,MoO;. The volume expansion is 27% after the first
sodiation and 16—19.5% during subsequent cycles, giving rise
to the different Coulombic efficiencies during cycling. Such
first-cycle irreversible phase transformations have also been
observed by in situ TEM in the NiCoZO4,55 Cu0,”% and
Mn02,59’60 as well as some metal sulfides/selenides, like
Ni;S,,°" FeSe,”” Cu,S,** and CoySs.**

1.4. Mixed Reactions. In addition to single-reaction
mechanisms, certain electrode materials exhibit more than
one reaction mechanism. As discussed above, reaction
mechanisms of different types of materials can be revealed
by in situ TEM (either imaging mode in real space or
diffraction mode in reciprocal space) and at various length
scales (from micron scale to nanoscale). Meanwhile, ultra-fast
acquisition time ensures temporal resolution to monitor the
dynamic reaction processes; thus, in situ TEM analysis is
expected to empower researchers to elucidate complex and
heterogeneous electrochemical reactions with more than one
type of charge storage mechanisms.

Phosphorus-based materials are intercalation-alloying-type
electrodes, possessing high theoretical capacity (e.g, 2596
mAh g~! for P) and low redox potential.”> P-based materials
with open space in their crystal lattice allow the intercalation of
Na" prior to alloying reactions. Nevertheless, serious structural
changes and poor electronic conductivity of the electrodes
tend to induce electrode pulverization and thus rapid capacity
fade. Recently, Sun et al.’® revealed that intercalation and
alloying-type reactions dominate in black phosphorus for Na
storage. The in situ TEM observations before and after
sodiation show that intercalation is achieved by Na* insertion
into phosphorus layers along the x-axis-orientation channel.
The alloying reaction leads to high specific capacity but
reduces cycling performance due to anisotropic expansion
during sodiation. In other in situ TEM investigations, it is
found that this anisotropic expansion arises from anisotroopy of
Na diffusion and insertion strain in black phosphorus.””*®

Some conversion-type materials with open sites in their
crystal lattices, such as FeP,” TiS,, """ MoS,,”*”® FeS,,”* and
CaV,0,,” undergo an intercalation reaction prior to the
conversion reaction. Multi-step reaction behaviors are
observed in these materials by in situ TEM. For example, in
1D shape polycrystalline FeS, nanotubes, Na intercalation in
spinel FeS, results in the formation of crystalline NaFeS, in the
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early stages of sodiation while further Na interclation converts
NaFeS, into Fe and Na,S (Figure 7).7¢ Upon following
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Figure 7. Intercalation—conversion reaction: FeS,. Reprinted with
permission from ref 76. Copyright 2019 Elsevier.

desodiation, the as-formed Fe and Na,S transformed to
crystalline NaFeS, rather than pristine FeS,. This conversion
reaction between NaFeS, and Fe/Na,S is reversible after the
first cycle.

For some conversion-type electrodes, if the metal cation can
react with Na (e.g, Sn, Sb, and Bi), the sodiation process
usually undergoes an intercalation—conversion—alloying re-
action pathway and exhibits different reaction kinetics during
various reaction steps.”” °~ Such differences are probably
caused by the difference in mobility of Na* in different lattice
frames.*> Thus, it is necessary to further understand the
differences in various conversion-type materials by in situ
TEM. These in situ TEM findings, especially the localized
morphological and structural characteristics at nanoscale,
support structural engineering and surface modification on
the improvement of the cycling stability of the conversion-type
electrodes.

1.5. Thermal Stability and Mechanical Property. In
principle, structural changes might originate not only from the
Na® insertion into the host but also from the increase of
temperature, which might cause battery degrade. At high
temperature the material breakdown is normally accompanied
by remarkable oxygen evolution, resulting in thermal runaway
with flammable electrolytes.***> Thus, it is important to
understand the intrinsic thermal behaviors of electrodes during
operation. An in situ heating chip in the unique TEM holder
can precisely control the temperature and heating rate, which
can be applied to reveal the thermal degradation process of
electrodes.

Recently, Liu et al*® quantitatively analyzed the thermal
degradation processes of mechanically exfoliated 2D black
phosphorus by in situ (S)TEM and found that the crystal
structure of the black phosphorus flakes appear unchanged
when the annealing temperature is below 400 °C (Figure 8a).
Amorphization occurs after annealing above 400 °C, and the
flake remains amorphous after holding at 500 °C for 20 min.
Black phosphorus degradation proceeds by sublimation, which
occurs at edges/defects of flakes and propagates as eye-shaped
cracks, rather than melting.

https://doi.org/10.1021/acsenergylett.1c01868
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In situ mechanical testing in the TEM has been widely
applied in various bulk materials to study their deformation
behaviors and mechanical properties. Through delicate
experimental designs, mechanical properties of materials and
the corresponding structural evolution can be obtained
simultaneously, establishing the relationship between structural
and mechanical properties. Recently, this design has been
adopted to study the mechanical properties of dendrites in
sodium metal batteries. Like Li, Na metal can form dendrites
during deposition leading to safety issues. Liu et al.*’ reported
the in situ electro-chemo-mechanical response of Na dendrites
and SEI during cycling via an environmental TEM—atomic
force microscopy (ETEM-AFM) platform which allows
operation in a CO, atmosphere. During electrochemical
plating, nanostructured Na deposition, approximately Na
dendrites, appear but is stabilized by a SEI layer (<20 nm).
The surface is predominantly comprised of Na,CO; The
mechanical nature of Na dendrites is measured using in situ
compression and tension tests (Figure 8b,c). The compressive
and tensile strengths range from 36 to 203 MPa, and Young’s
modulus varies from 1.3 to 3.5 GPa. Such dendrites are distinct
from bulk Na metal (the stress varies from 0.1 to 0.25 MPa at
8% strain with Young’s modulus of ~ 3.9 GPa).*® The higher
strength in Na dendrites is considered to be a result of the
reinforcement of the Na,CO; SEI layer, which possesses a
compressive strength varying from 261 to 682 MPa. The
mechanical properties of other SEI components, such as NaF,
Na,O can be more focused, as a Na whisker is easier to
generate compared to its Li counterpart.

In this section, recent in situ TEM studies of SIB electrodes
during cycling are summarized in terms of dynamic phase
transformation, structural evolution, reaction kinetics, thermal
stabilities, and mechanical properties. While a fundamental
understanding can be provided by in situ TEM approach,
innovation is necessary for further study: (1) As the “pseudo”
electrolyte (i.e., Na,O) typically used in current in situ TEM
might not reflect the real circumstance in a SIB, it is necessary
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to use sealed liquid-cell configuration and design new in situ
TEM cells that can mimic the working conditions of practical
battery systems. (2) Only individual nanoparticle is observed
in most in situ TEM works, inviting questionable representa-
tiveness. It is also challenging to observe the effect of the
surrounding environment near the particle. Thus, it is
necessary to combine in situ TEM with other techniques to
gain a holistic perspective both locally and globally in multiple
modalities across a large range of length scales. (3) Current in
situ TEM setups can only run for a few cycles, which limits
investigations of the evolution of electrodes under long-term
cycling. (4) The electron beam and the TEM vacuum
condition will influence the materials and electrochemical
processes involved. Proper operation conditions are critical to
less artifacts. (5) The formation of SEI profoundly influences
the SIBs degradation, especially for full cell construction.
However, there is very limited understanding of the formation
and evolution of SEI in SIBs due to the lack of methods that
can be used to directly characterize SEL (6) Compared to Li,
Na can be directly imaged by STEM technique, which is a
great potential to track Na ion transport during electro-
chemical reactions. Cryo-TEM excels at characterizing SEI but
the low-temperature environment imposes grand challenges on
mimicking real cell operation. With the continuous develop-
ment of electron microscopy, including the application of
advanced new techniques in battery systems, such as 4D-
STEM, a comprehensive understanding of electrode materials
in SIBs could be achieved in the future.

2. IN SITU/OPERANDO XRD

XRD is a well-established technique essential to obtain
structural information to understand the electrochemical
reaction mechanisms of electrode materials. XRD character-
ization is based on the X-ray elastic scattering by periodically
ordered atoms inside a crystalline material, producing constant
diffraction patterns that provide average structural information
with length scales from angstroms to microns.*” XRD pattern

https://doi.org/10.1021/acsenergylett.1c01868
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Figure 9. In situ/operando XRD investigations in intercalation-type electrode materials. (a) In situ XRD mapping of hard carbon anode
during the first cycle at 200 mA g' at room temperature. Adapted permission from ref 97. Copyright 2017 Wiley. (b) Operando XRD of P2-
Na,;;MnO, (top panel) and P2-Na, ;;[Mn,3Coy,]O, (bottom panel). Reprinted with permission from ref 111. Copyright 2019 American
Chemical Society. (c) In situ XRD of Na, ,Nij,Mng,Ru,,0, (left panel) and the corresponding lattice parameters evolutions (right panel).
Adapted with permission from ref 120. Copyright 2018 Elsevier. (d) In situ XRD of the Na;MnTi(PO,), cathode cycled at 50 mA g~ and
schematic illustration showing Na* (de)intercalating from/into Na;MnTi(PO,); cathode upon electrochemical processes. Adapted with
permission from ref 122. Copyright 2019 Wiley. (e) 2D contour map of (012) reflection plan of Na, JFeFe(CN), (top-left panel), and
normalized volume during cycling obtained from in situ SXRD patterns (bottom-left panel), as well as (012), (110)/(104), and (024)
reflection planes of in situ SXRD patterns (right panel). Reprinted with permission from ref 123. Copyright 2020 Springer Nature.

is as unique as fingerprint, which enables routine qualitative positions, site occupancies, lattice parameters, etc.”””' In
analysis for crystalline materials. Detailed structural informa- situ/operando XRD is used to monitor the structural
tion on battery materials is obtained by performing refinement, evolutions including lattice and atomic occupation change of
including the symmetry, chemical composition, atomic materials during cycling. Specifically, compared to laboratory
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XRD and conventional emission spectroscopy, synchrotron-
based XRD (SXRD) with higher photon energies and
intensities provides stronger penetration power, better signal-
to-noise ratios, as well as higher spatial and temporal
resolution.”””® Thus, SXRD greatly shortens the acquisition
time (~10—30 min for laboratory XRD and ~10 s for SXRD)
and enable investigations close to real time (operando). In
general, for intercalation electrode materials, there are two
typical reaction characteristics: the single-phase solid reaction
without phase transformation, namely solid-solution reaction,
and the phase-transition reaction mechanisms. In the former
reaction, only the shift of initial diffraction peaks can be
observed without symmetry change during cycling. In phase
transition, the materials undergo symmetry changes leading to
new peak appearing or old peak disappearing, depending on
symmetry. Due to the popularity of this method, there are
several reviews with the focus on this topic in general.”>~"* For
distinction, this section is mainly focused on the important
development and perspectives of the in situ/operando XRD in
SIBs. The focus aims to deliver holistic overview of the
advancements and challenges of this method in various SIBs
operating conditions.

2.1. Intercalation Reactions. In contrast to TEM, XRD
can be performed in real battery configurations, allowing for in
situ/operando studies at larger length scales.” A variety of in
situ and operando XRD setups have been developed, such as
modified coin cell, pouch cell, Argonne’s multipurpose in situ
X-ray (Ampix) cell, radially accessible tubular in situ X-ray cell,
and capillary-type cell’® In situ/operando XRD has been
widely used to probe the structural change and phase
transformation of various intercalation-type electrodes. Com-
pared with alloying- and conversion-type electrodes, the
structural changes in intercalation-type electrodes are less
substantial. For example, adsorption—insertion mechanisms of
Na' into typical carbonaceous materials were studied by Qiu et
al.”” combining high-resolution in situ XRD and other
techniques, as well as simulations. Na* intercalates into the
regions of graphene layers with relatively wide spacing,
resulting in relatively large interlayer spacing, reflected by the
Bragg peak at lower angle (Figure 9a). Another part of graphite
layers with narrow spacing hardly allows Na' intercalation;
thus, the Bragg peak remains in its initial position. The split
reflections merge into a single peak during Na extraction,
indicating reversible structure change.

Ti-based compounds are widely studied as anode for SIBs,
which store Na through intercalation-type reaction. Recently,
from in situ (S)XRD findings, it is found that Ti oxides with
different polymorphs exhibit different reaction kinetics.
Anatase TiO, undergoes an irreversible amorphization upon
the first sodiation, and the amorphous phase vyields
pseudocapacitive sodium storage mechanisms upon subse-
quent cycles.”® However, TiO,-B electrode with monoclinic
structure undergoes a single-phase reaction upon sodiation/
desodiation cycles, yet a portion of the intercalated Na® is not
reversibly extracted from TiO,-B structure, resulting in an
unfavorable initial Coulombic efficiency.”

Layered transition metal oxides are another intercalation-
type electrode material for SIBs. According to the Na
coordination environment (prismatic and octahedral) and
the packing sequence of oxygen layers (ABBA and ABCABC),
layered transition metal oxides are usually categories following
the notation by Demas: P2-type and O3-type.'” It is well
known that there are often complex crystal structural changes
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and multi-phase transitions in various layered metal oxide
structures, which have considerable impacts on SIBs perform-
ance. In situ/operando XRD identifies crystal structure of bulk
electrode materials during cycling, including phase, lattice
parameter, atomic position, site occupancy, stacking faults,
strain, and texture, which reveals the effect of these evolutions
on SIBs performance.

P2-type cathode materials have large prismatic sites for Na*
which often undergo undesired P2- to O2- or P’2 (OP4)-type
phase transformation in high-voltage regions, causing rapid
capacity decay. This phase transformation reaction mechanism
has been elucidated by in situ/operando XRD in different P2-
type electrode materials, such as Na,/,;Ni;;;Mn, /302,101’102
Na0_44Mn02,]03 NaO.75Ni0.22C00.78021104 Nay ,Feq 4Mng 4-
Coo.zozylOS N32/3Mn0.sFeo.1Tio.102;10 Nag ;-
[Cuo.15Feo43Mno.55]021107 NaO.GGLiO.lSMn0.17Mg0421C0040802:108
etc. In order to mitigate this problem, other elements have
been adopted to substitute Na sites or TM sites and suppress
the P2-O2 phase transition for better electrochemical perform-
ance.'”” For instance, Xiong et al.'' recently investigated the
effect of Li doping on the electrochemical properties of P2-
Na, ¢,Nij 33Mny 4,0, cathode. It was found that Li occupancy
on different sites (Na sites and/or TM sites) in the P2
structure has different effects on the crystallographic stability
and electrochemical performance. According to the operando
SXRD measurements, these different effects lead to the
different structural stability (relates to lattice parameters
change) during cycling. Myung and co-workers studied the
influence on different content of Co dopant in P2-Na,,;MnO,
and probed the structural change of optimal P2-Na,;-
[Mny4Coy,]O, compound via operando XRD.''"''* The
whole cycling process of the P2-Na,;[Mn5Coq,]O, electrode
exhibits a typical single-phase reaction, which is accompanied
by only peak shifts and no new peaks appearance (Figure 9b).
Regarding the P2-Na,,;MnO, compound, besides the peaks
shift, a new phase arises around 37.5° during discharge, which
is recognized as the phase evolution from the P2 to P’2 phase.
Operando XRD results revealed that the Co-doped material
can maintain the initial P2 structure, leading to a small volume
change. Likewise, the substitution of Cu'" Zn,'* Mg,115 as
well as co-substitution of Cu and Mg''® for Ni in P2-
Na, ;3Ni; ;3Mn, 30, can also endows P2 phase by less severe
phase transformation, contributing to improve structural
reversibility.

Compared to the P2-type structure, the O3-type structure
has a higher Na content, and Na" ions reside at octahedral
sites. In situ/operando XRD studies show that there is often a
series of biphasic, triphasic, and solid-solution multi-phase
transformations from O3- to P3- and to O’3-type structures
which cause capacity fade."'” The addition of a certain amount
of dopants can also improve the O3-type structural
stability."®'"” Su et al."”*” reported a ruthenium substituted
sodium-excess O3-type Na, ,Ni,,Mn,,Ru,,0, cathode, which
shows enhanced cycling stability. The material undergoes the
sequential phase transitions of 03—03’ (a new hexagonal O3-
type phase with a larger (001) interplanar distance compared
to the pristine O3 structure)—P3 during charge and P3—03’
during discharge in the first cycle (Figure 9c). In the
subsequent cycles, the single reversible phase transformation
between P3 and O3’ dominates, leading to the smooth voltage
curve and cycle stability of the Na, ,Nij;,Mng,Ruy,O,.

Besides layered transition metal oxides, polyanionic
compounds (Na superionic conductor compounds (NASI-
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CON-type), pyrophosphates, mix-polyanion) and Prussian
blue analogues are also used for Na storage due to their open
framework structure which could easily accommodate sodium
ions. Recently, Mai’s group used high-resolution in situ XRD to
study the phase transformation behaviors in a NASICON-type
cathode material of Na,V,(PO,); at different scan rates and
different temperatures.'”" The materials form a one-phase solid
solution upon desodiation rather than common two-phase
reactions. They later designed another NASICON-structured
Na;MnTi(PO,); cathode for SIBs and found that both solid-
solution and two-phase transformation reactions occur in this
material during electrochemical cycling.'** As illustrated in
Figure 9d, the diffraction peaks (104), (113), (204), and (300)
exhibit reversible shifts during cycling, indicating a solid-
solution reaction. Meanwhile, presence/absence of (211) and
(116) peaks indicate a biphasic reaction. Wang et al'*’
fabricated a series of sodium-rich Prussian blue Na, FeFe-
(CN)j for SIBs and investigated their electrochemical reaction
mechanisms. Based on in situ SXRD investigations, the highly
reversible three-phase transformations between rhombohedral,
cubic, and tetragonal are observed during Na* (de)-
intercalations (Figure 9e).

2.2. Alloying and Conversion Reactions. In addition to
intercalation-type electrode materials, in situ/operando XRD
has also been used to study the electrochemical reaction
mechanisms of various electrode materials based on alloying
and conversion reactions, as well as complex mixed reactions
involving two or three reactions. Although in situ TEM has
revealed complex reaction mechanisms during sodiation/
desodiation, in situ and operando XRD studies provide more
realistic pictures of the reaction process on a global scale. For
example, in the case of alloying reactions, Palaniselvam et al.'**
studied the (de)sodiation reaction mechanisms of tin-carbon
composite anodes using in situ XRD. A gradual disappearance
of the Sn diffraction peaks along with the appearance of some
new broad reflections during discharging, indicating that
several Na-Sn intermediates with limited crystallinity are
formed during sodiation (Figure 10a). This behavior is in
agreement with their recent findings'>> and the results from
Obrovac and co-workers."*® The reaction partially reverses
during desodiation, as several unknown intermediates appear
again until the final Sn forms. These (de)alloying reaction
mechanisms were also demonstrated in other alloying-type
anode materials using in situ/operando XRD studies, such as
Bi,'*” Sb,'*® Pb,"*” SnSb,"*° Bi-Sb alloy,131 and Fe-Sb
intermetallic alloy."**

In the case of conversion-type electrode, some direct
conversion reactions observed by in situ TEM have been
supported by in situ XRD investigations.'”’ For example,
according to the in situ XRD patterns, the MoP anode
undergoes a typical conversion-type reaction (Figure 10b)."**
It is noted that minor peaks of Na;P and Mo are observed after
the first cycle, indicating incomplete reversibility of MoP
anode. In some electrode materials with mixed reactions, in
situ/operando XRD analysis also provides detailed information
in reaction pathways.'>>~"*” For example, the in situ XRD of
Sb,Se; nanorods anode shown by Ou et al."*® presents typical
initial intercalation and subsequent conversion and alloying
reactions. According to the reaction sequence (Figure 10c)
revealed by cyclic voltammetry, a six-stage reaction mechanism
can be derived. When the battery is discharged to 1.1 V (first
stage), the peaks of Sb,Se; shift to lower 20, suggesting the
Na' intercalation into host materials and the formation of
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Figure 10. In situ/operando XRD in alloying-type and conversion-
type electrode materials. (a) In situ XRD patterns of Sn and
corresponding voltage profiles. Reprinted with permission from ref
124. Copyright 2019 Wiley. (b) In situ XRD of MoP during the
first cycle at a voltage range between 0.01 and 3.0 V. The green
and red curves represent the charge and discharge process.
Reprinted with permission from ref 134. (c) In situ XRD of Sb,Se,
during the initial cycle and schematic of the reaction mechanism
during charge/discharge process. Adapted with permission from
ref 138. Copyright 2017 Wiley.

intermediate Na,Sb,Se;. When discharged to 0.6 V (second
stage), the peaks of Sb,Se; become gradually weakened in
intensity until complete disappear accompanying with the
appearance of new peaks of Na,Se and Sb, indicative of
conversion reaction from Na,Sb,Se; to Na,Se and Sb. When
the battery is fully discharged to 0.01 V (third stage), the new
peaks of NaSb and Na;Sb appear, implying that the alloying
reaction occurs between Na* and Sb. During the subsequent
charging process, the reverse phase transformations sequen-
tially occur, which are in agreement with the results of
electrochemical measurement.

2.3. Thermal Behaviors. In situ/operando XRD also
facilitates studying thermal behaviors of electrode materials
during synthesis and electrochemical processes. Unlike the
vacuum environment of TEM, in situ heating XRD can be
operated in ambient condition, thus providing more accurate
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Figure 11. In situ/operando XRD investigation during materials synthesis and for thermal stability of electrode materials. (a) Contour plot of
in situ XRD patterns collected during the solid-state synthesis and corresponding covariance analysis. Reprinted with permission from ref
139. Copyright 2017 Elsevier. (b) Contour plots of high-temperature in situ XRD patterns of charged state Na,Ni, 5Sb, 0, electrode and
corresponding selected diffraction patterns. Reprinted with permission from ref 140. Copyright 2017 Elsevier.

information during the synthesis process of electrode materials.
Ma et al."*” studied the formation mechanism of the P2-type
Na,;sMnO, phase during the solid-state synthesis by in situ
high-energy XRD. Before sintering, the pristine powder
consists of Na,CO;, MnCO;, and Mn;0, (Figure 11a). On
the basis of the in situ XRD results (top panel) and
corresponding covariance analysis (bottom panel), the solid-
state reaction occurs at two temperature ranges: 270—300 °C
and 550—710 °C. Multiple intermediates are formed during
the lower temperature range, and the P2-type Na,,;MnO,
phase appears at about 600 °C. At the end of the heating (900
°C), the diffraction peaks of the O’'3-type NaMnO, phase are
observed. The findings highlight the importance of elaborate
synthesis parameters modulation enabling high-performance
cathodes.

In addition, thermal stability is another important aspect to
consider in SIB applications. To understand the thermal
behaviors, Dai et al."** used high-temperature in situ XRD to
probe structural evolution of the desodiated NaNi,;;Sb, 30,
electrode as a function of temperature between 100 and 500
°C. The material exhibits no sign of phase transformation or
new phase formation, only gradual changes in diffraction peaks
to lower 26 angles during heating processes, indicating that this
structure is relatively stable within the high temperature range
(Figure 11b). Though thermal runaway issue in SIBs is less
severe compared to LIBs, stability in electrode materials under
extreme temperatures is still recommended.

Overall, in situ/operando (S)XRD technique has been used
in various aspects of SIBs, including elucidating electro-
chemical reaction mechanisms, degradation mechanisms,
thermal stability, and the solid-state synthetic process of
electrode materials (mostly cathodes). For lab-based XRD, the
acquisition rate or the temporal resolution is far inferior to that
of high-speed synchrotron-based XRD. Therefore, SXRD is
strongly recommended for accurate analysis. Following with
elaborate refinements, the information obtained from this
technique enables an atomic understanding of the structural
evolution. The power of X-ray diffraction is far beyond the
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aforementioned applications. In light of better spatial
resolution, Bragg coherent diffraction imaging (BCDI) of
much smaller beam size is capable of resolving the strain and
morphological information for isolated single crystals. For
sufficient temporal resolution, ultrafast SXRD can be
implemented in the case that the metastable phase cannot be
captured, especially for those multi-phasic reactions. Although
in situ/operando (S)XRD techniques previously designed for
LIBs can be readily applied for SIBs, there is still room for
improvement from different aspects. For example, to realize
interaction between active materials and X-rays, punched
hole(s) are often fabricated on in situ/operando cells. The
hole(s) covering with insulating materials may cause
precarious pressure and hamper the electrical connection. As
the photon energy is high (transmission mode), if applicable,
pouch cell can be performed for in situ XRD experiments. In a
word, the hardware design of in situ/operando configurations
should be stabler and more adaptable. As a diffraction-based
technique, the intrinsic disadvantage is apparent: it is knotty to
address materials of poor crystallinity; therefore, a combination
of other techniques that can probe local information and
materials’ lack of long-range order can provide more
comprehensive information, which will be introduced in the
following sections.

3. IN SITU/OPERANDO XAS

XAS is a synchrotron-associated characterization technique.
Unlike XRD, XAS does not require long-range order in
materials for characterization—that is, it works equally well in
amorphous materials, crystalline solids, and liquids. The basic
principle of XAS based on how strongly selected elements
within a material absorb X-rays as a function of X-ray energy.
This reduction is described by the absorption coefficient
according to Beer’s law, ie., I, = I e #®", where u(E) is the
absorption coeflicient that is related to the photon energy, I,
and I represent the intensities of transmitted and incident X-
rays, and t is the thickness of the sample."*' The XAS data
analysis usually falls into two regions: the X-ray absorption
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near-edge structure (XANES) and the extended X-ray
absorption fine structure (EXAFS)."*> The XANES region is
located in the range of 5—150 eV from the ionization edge,
which displays a sudden jump in the spectrum due to the
strong absorption of X-ray. It provides chemical and structural
information, such as the oxidation state, orbital occupancy, and
symmetry. The EXAFS region comprises the energy range
beyond the absorption edge, which reflects local atomic
structure. To be more specific, the bond distance, coordination
number, and type of neighboring atoms can be known. These
two regions are dependent on the incident X-ray energy and
the atomic number (Z) of elements; thus, a method called
fingerprinting is used to match the XANES spectrum of
unknown material to those of foregone species.'*’ In addition,
XAS is usually divided into hard XAS (hXAS) and soft XAS
(sXAS) according to the energy range of the synchrotron X-
ray. The hXAS energy is above 5 keV and covers the K-edges
of TM elements, while the sXAS energy is between 100 eV and
3 keV and covers the K-edges of light elements (include B, C,
N, O, and F) as well as the L-edges of TM elements.'** There
is also an intermediate region (2—7 keV), namely tender X-ray,
which can probe the narrow solid—liquid interface but by
exploiting photoelectron emission rather than measuring
absorption.** The following subsections discuss the applica-
tion of in situ/operando hard/soft XAS in the bulk and surface
chemistry, especially the charge compensation mechanisms of
SIB electrode materials.

3.1. In situ/Operando hXAS. hXAS is a bulk-sensitive
technique which can be used in transmission and fluorescence
modes. A synchrotron radiation source of high brightness can
penetrate materials with proper thickness to probe atoms,
molecules, and chemical bonds. For example, in the most
commonly used transmission mode, synchrotron light can well
probe a homogeneous sample when its total thickness is below
2—3 absorption lengths (the absorption length is proportional
to 1/u(E)). In addition, the hXAS does not need an ultra-high-
vacuum environment and has short characteristic time (a few
seconds to tens of seconds), which is suitable for operando
studies of SIBs.

3.1.1. Intercalation Reactions. Most electrochemical
reactions involve electron transfers, resulting in the change of
oxidation state and sometimes formation of intermediate
amorphous phases. Like other in situ/operando techniques, in
situ/operando hXAS has been successfully employed in various
SIB systems, which is focused on investigation of the dynamic
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charge compensation as well as electronic structure evolution
of materials during electrochemical processes.” %

The intercalation reaction mechanism in TiO, has been
confirmed in LIBs, but the Na storage mechanism in TiO,
remains controversial. Recently, Fehse et al.'*’ revealed that
the sodiation of anatase TiO, is primarily based on the Ti*"/3*
redox and accompanied by an irreversible change of the
pristine structure (Figure 12). The sodiation of anatase TiO,
proceeds through the following reaction mechanisms: upon the
first sodiation process, TiO, + xNa — “Na,TiO,”, and during
subsequent cycles, “Na, TiO,” < “TiO,” + “Na,TiO,” + Na,
where the quotation marks in the reactions refer to amorphous
or disordered phases or both. Siebert et al."*® further quantified
the amount of reversible and irreversible Na ions inserted into
a anatase TiO, electrode based on an analytical fit and
principal component analysis with a linear combination
analysis (LCA) of operando XANES data at the Ti K-edge.
The irreversible loss of the structural ordering are responsible
for the low Coulombic efficiency during the first cycle.

Most TM-based cathode materials of the SIBs also proceed
through the intercalation reaction mechanism. In general, TMs
are heterovalent elements, which occur in a wide range of
formal oxidation states during sodiation/desodiation. In order
to restrain the unfavorable phase transformation and stabilize
the structure, the multi-TM-cation substitution or doping
approach is employed. These TMs with special electronic
structures, especially their absorption energy close to each
other, are ideal targets for the in situ/operando hXAS
investigations. In addition, the distribution of elements at
multiple crystal sites in TM oxides may influence the batteries
performance. The structure fitting and analysis of EXAFS can
confirm the coordinated atoms, pertinent bond lengths, and
ratio of different atomic occupancies."*” These crystal site
occupancies require local or short-range information that are
difficult to be identified by XRD. In combination with in situ
EXAFS analysis and corresponding electrochemical experi-
ments, the roles of the metal elements at specific crystal sites
can be well understood.

The following discussion is restricted to the application of in
situ/operando hXAS characterization in TM-based cathode
materials. The exact valence can be readily calculated from the
reference based on the linearity between energy shift and
oxidation state. In most reports, Mn remains in the +4
oxidation state in the layered oxides during cyclin% showing
minor participation in the electrochemical reaction. *”">" The
main function of the Mn in layered oxides is to stabilize the
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host structure, which provides a negligible contribution to the
charge compensation. However, some recent studies found
that the redox pair of Mn*/Mn>** involves in the charge
compensation process with other TMs, and its activity depends
on the cutoff voltage."**"** Co exhibits typical redox behaviors
as a key contributor to the charge compensation mechanism
during Na insertion and extraction. For example, in P2-
Na,,,Co00, electrode, the sodium intercalation/deintercalation
proceeds with the Co®*/Co** redox reaction,">* and the Co’*/
Co®" redox pair is involved in the charge compensation process
of a P2-Na, ;Co,/3Mn, ;;0, electrode.™” Ni is also found to be
electrochemically active in layered oxide materials but is
electrochemically inactive in Prussian blue analogue materials.
The Ni**/Ni* redox couple is the main charge compensation
contributor at the TM sites during Na ions intercalation/
deintercalation in a P2-type Nag;sNij,3Mny0, cathode
(Figure 13a)""" but is electrochemically inactive in a Prussian
blue material Na,Ni(II)[ (Fe(II)CNg) (no remarkable changes
of Ni K-edge position in operando XANES data (Figure 13b),
indicating that the capacity contribution of Ni is negligible).">
Ni**/Ni*" redox couple is active in layered oxides with mixed
structures of P2/P3/03-Na,Mn,Ni,;Fe; Mg, ;0, materi-
als."*® Other Ni redox pairs, such as the Ni>~/Ni**'** and
the Ni**/Ni*,'>” were also proved to be active via in situ/
operando XANES. Likewise, the Fe**/Fe*" redox reaction is
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well established in iron phosphate cathodes,"*® where the
cationic/anionic redox reactions in iron-based layered oxides
are complex. For instance, the iron-based layered oxides are
inactive materials in LIBs but exhibit reversible capacity in
SIBs. From the in situ and ex situ XANES results, the charge
compensation of the layered NaFeO, material occurs through
the oxygen redox activity during Na insertion and extraction,
rather than through the Fe**/Fe*" redox reaction.”>” However,
it was reported that the Fe*"/Fe*" redox activity is responsible
for charge compensation in some layered binary Na,Fe -
™, 0, structure'”” and ternary Na,Fe, TM,TM',,, .0,
compounds.'**'® The Fe redox and anionic activity can be
a future directions for SIB cathodes.

3.1.2. Alloying Reactions. In situ/operando hXAS is also
suitable for tracing alloying reactions. Darwiche et al.'®" used
operando hXAS to investigate the dynamic behaviors of Sb
electrode during the first three cycles (Figure 14a). Despite
slight changes in overall shape of the XANES region, the
oscillation of EXAFS spectra is notable during different cycling
processes due to a low energy resolution of the absorption Sb
K-edge. During the first sodiation process, the crystalline Sb
gradually turns into a disordered Na;Sb phase accompanying
the amorphization of Sb; during the subsequent desodiation
process, the Na;Sb phase transforms back to the amorphous Sb
rather than pristine crystalline Sb. This amorphous Sb can

https://doi.org/10.1021/acsenergylett.1c01868
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electrode. Reprinted with permission from ref 167.

reversibly transform into Na;Sb phase in the second sodiation
process. In addition, the model-based EXAFS analysis can be
further used to detect the reaction kinetics in bimetallic
electrodes. Fehse et al.'®> investigated binary SnSb electrode
with Sn and Sb K-edges during cycling. From the evolution of
EXAFS spectra during sodiation process (Figure 14b), the
changes of Sn and Sb do not occur synchronously, suggesting a
complex multi-step alloying reaction process: (1) the sodiation
of Sb first occur—the Sb in the pristine SnSb phase transforms
to the Na;Sb phase and an unstable intermediate phase of
nanosized metallic Sn (a-Sn); (2) as the reaction continues,
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the Sn gradually transforms to Na;sSn, phase. Furthermore,
EXAFS fingerprints demonstrate that the amorphous SnSb
generate after a complete cycle is different from the pristine
SnSb phase.

3.1.3. Conversion Reactions. As mentioned above,
degradation mechanisms of conversion-type electrode materi-
als are generally arising from the irreversible phase trans-
formations, volume change, and reaction kinetics. The effects
of phase transformation and volume change have been
demonstrated in various in situ/operando XRD and in situ
TEM studies. The coupling of in situ/operando XAS is helpful
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in reflecting the electronic structure information on the bulk of
electrodes in real cells with conventional liquid electrolytes,
providing a quantitative assessment of reaction kinetics in
various conversion-type materials, such as crystallography-
dependent kinetics'*'®* and morphology-dependent ki-
netics.'°>'°® For instance, combined with operando XAFS,
XRD, and small-angle X-ray scattering analysis, Xu et al."®’
shed light on the structural evolution of porous cobalt oxide
materials (composed of two phases: Co;04 and CoO) during
sodiation. As shown in Figure 15, no evident changes are
observed during the first and second sodiation cycles, from
either crystal structure changes in EXAFS or valence states
evolution in XANES analysis, which is attributed to the
sluggish transportation of Na ions into the bulk material
hindered by the large radius of Na ion and the intrinsic large
sodiation barrier of cobalt oxides.'®® Therefore, a large anion
framework is required to boost Na diffusion and conversion
reaction kinetics, such as replacing metal oxides with metal
sulfides. It has been proved that cobalt sulfides exhibit greater
electrochemical activities than that of cobalt oxides (the Co
reduction from Co*™'”® to Co® was evidenced by in situ XANES
of CoySg)."

Opverall, in situ/operando hXAS techniques provide oppor-
tunities to describe the local structural changes in battery
materials during continuous cycling, such as charge transfer
and changes in bond length and local coordination environ-
ment. However, this technique is insensitive to light elements
due to the energy limit. Being an element-sensitive character-
ization, information on long-range order is unavailable.
Therefore, a combination of the electrochemical and other
complementary characterizations is crucial to more compre-
hensive understandings regarding the complex phenomena that
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emerge during SIB operation with different aspects of physical/
chemical changes and at multiple length scales. In the in situ
experiments, due to the auxiliary cell components, the
transmission mode sometimes cannot offer sufficient signal
as the X-ray energy is not as high as that in XRD. The
fluorescence signal can be also problematic, dependent on the
hole size, sensitivity of detector, and the self-absorption effect.
For EXAFS-needed measurements, as the acquisition time is
10—20 min, depending on different k ranges, a hold at certain
voltage must be applied for the materials.

3.2. sXAS for Surface Studies. sXAS is a sensitive
spectroscopic technique resolving electronic structure from
subsurface to surface, using synchrotron X-ray energy from 100
eV to 2 keV (no absolute boundary is set, 3 keV is also
proposed as the upper limit)."”® Similar to hXAS, sXAS is an
element-specific characterization that can be combined with
XRD, TEM, etc. While both probing unoccupied states, sXAS
for TM delineates a 2s-3d transition (L-edge), unlike the 1s-4p
transition as K-edge in hXAS. Therefore, sXAS can provide
direct and precise interpretation for the oxidation state and
spin state of TM, the building blocks for numerous SIBs
electrodes. Anchored by lower energy of incident photon,
besides L-edge of TM, K-edge (1s-2p transition) of low-Z
elements such as Na, C, N, and O can be readily covered.
Overall, capable of resolving light elements (K-edge), anodes
free of TM can be investigated, from carbon families to
multiple alloy-type and conversion-type materials. Specifically
in oxides, pre-edge of O K-edge symbolizing the hybridization
effect between O 2p and TM 3d orbitals can provide useful
information, in combination with the valence change of other
elements in electrodes.'”! In addition, chemical environments
can be resolved in sXAS, from the surface (down to 1 nm) to
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the subsurface (around 100 nm). To realize this function,
either fluorescence or electron siig7na1 is detected, originating
from distinct relaxation processes.'’> The former includes total
fluorescence yield (TFY), partial fluorescence yield (PFY), and
inverse partial fluorescence yield (iPFY), whereas the latter
consists of total electron yield (TEY), partial electron yield
(PEY), and Auger electron yield (AEY). The TFY mode is
subsurface-sensitive with a probing depth of 50—100 nm
depending on the sample.'”> However, it usually suffers from
self-absorption and saturation effects, which is minimized by
iPFY. In contrast, TEY mode probes a depth of a few
nanometers and partial electron yield is even more shallow,
attributed to the limited escaping depth for electrons
compared to photons depending on mean free path.'”*
Generally, TFY and TEY are popular detection modes for
SIBs research in the past decade while the most surface-
sensitive AEY is less. The instrumentation of operation modes
can be checked in several reviews, which is not the focus
here. 170,172

To the best of our knowledge, there has not been a
comprehensive employment of in situ/operando sXAS in SIBs.
These can be attributed to three reasons: (1) Soft X-ray is of
lower energy compared to hard X-rays, limiting the penetration
depths that forbids signal detection. (2) It requires ultrahigh
vacuum that can be hardly achieved as batteries normally
involves volatile liquid electrolytes. (3) In situ/operando
experimental setup is challenging to construct. The first one
can be viewed as the fundamental reason that hampers the
pertinent feasibility. Therefore, we will introduce the ex situ
sXAS studies in the following subsections.

3.2.1. Intercalation Reactions. sXAS has been widely
applied to investigate cathode materials based on the
intercalation mechanism. Because of its sensitivity to the
surface electronic structure, sXAS can provide critical
information about charge compensation and surface degrada-
tion mechanisms.

Most oxide-based cathode materials consist of multiple TM
elements, with each of them performing certain functions
during battery cycling. The elemental specificity of sXAS allows
for pinpointing the roles of each element without interferences
from other elements. For example, sXAS can be highly useful
to specify the capacity contributions from distinct redox
species at different voltages, which is complementary to hXAS
and provides surface redox states. Layered cathodes are
endowed by compositional flexibility where tuning the
substituents can modulate the redox reactions and voltage
profile. In O3-type NaFe,sNiy;O, and NaTijNi,;O,, Nanba
et al. obtained O K-edge and Ni L-edge in PFY mode.'” A so-
called redox potential paradox was unveiled: the latter with
Ni**/Ni** redox pair delivers higher potential than the former
relying on Ni**/Ni**. As shown in Figure 16a, the Ni L-edge in
original NaTiysNiy O, displays a major peak at ~852.8 eV,
corresponding to high-spin Ni** that is oxidized to Ni** in the
desodiation process. Differently, Ni L-edge of NaFe,Ni,;O,
shifts toward higher energy, indicating Ni** formation. Here,
the standard curves are theoretical calculation results of
[NiOg4]"~ clusters based on different Ni oxidation states. The
linear combination of sXAS L-edge spectra provides quantitate
analysis toward charge compensation at various states of
charge. After deconvolution, [NiO4]°~ is divided into two
portions, 37% Ni**Og 27O~ and 60% ground-state
Ni**O42"."7° Besides the unambiguous clarification of reaction
extent and electronic states for TM, for some SIBs electrodes,
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i.e., Prussian blue analogs, sXAS can shed light on the influence
of coordination environments on redox reactions.'” """

In addition to conventional cationic redox, the anionic
redox, ie., oxygen redox, can be a major contribution at high
voltage to elevate the energy density. However, materials of
oxygen redox face grand challenges including O, evolution,
irreversible structural change, large voltage hysteresis, and
voltage decay. sXAS can substantiate the existence of oxygen
redox via O K-edge. The pre-edge intensity is normally
assigned to the hybridization effect of O 2p and TM 3d
orbitals, reflecting the hole state distribution and the effective
charge on the oxygen atom. Among diverse anionic active
cathodes, O3-NaFeO, is a well-studied material.">*"”’
Exhibited in Figure 16b, pre-edge peaks are denoted as A, B,
and C. Peak A becomes striking upon sodium extraction,
signifying the removal of electron density from O atoms,
considering that Fe L-edge is free of change at high-voltage
range. More specifically, peak A is on behalf of ligand hole-that
is, an electronic structure of 3dSL for Fe*". Though the oxygen
redox seemed to be highly reversible, as peak A disappeared
continuously during the discharge process, the anionic activity
triggered the surface Fe;O, formation hampering sodium
diffusion and thus inducing degradation. Other investigations
using sXAS related to anionic redox incorporates P2-type
Na01.78C01/2Mn1/3N11/602,180_1182 Naom[Lio.21Mno.59Tio.Iz]'
0, = Nag 7,[Lip24Mng 7] O, o P3-Nag [ Lip,Mng]O,, 5
and disordered rock-salt Na, ;Nby;Mng,0,.""® These re-
searches made similar arguments on accounts of intensity
change in the pre-edge region. However, in recent years, Yang
et al. proposed that the line shape, peak position, and peak
intensity can all be attributed to TM characters.'®” Hence,
sXAS might not be a direct characterization for O anionic
redox.

Taking advantage of various detection modes, the
inhomogeneity of electronic structure can be discerned in
the intercalation-based electrodes, facilitating insights into
depth-dependent reaction dynamics.'®® The fundamental
interfacial chemistry for cathodes at various operating
conditions can be anticipated to help design better materials.
For example, Mu et al. used sXAS to uncover the surface
evolution of electronic structure in O3-NaNi,,;Fe,;,;;Mn, ;;0,
at different SOCs (Figure 16¢)."*” It was confirmed that Ni
and Mn encountered distinct oxidation and reduction degrees
from surface to subsurface. For both TEY and TFY modes, Ni
is oxidized and reduced during desodiation and sodiation,
respectively. The change in the TEY mode is less than that of
the TFY mode, which means reduced Ni species at the surface
regardless of the bulk electrochemical oxidized Ni. In contrast,
in the charging process and partial discharging process (>2.9
V), the Mn valence remains +4. Interestingly, it was
unambiguous that the Mn L-edge shifts toward lower energy
with decreased discharge voltage (<2.9 V), symbolizing the
formation of Mn** and Mn**. The reduction is attributed to
the surface reconstruction. After 20 cycles, the surface Mn is
reduced to a lower oxidation state, partially responsible for the
low Coulombic efficiency at the beginning cycles. Like O3-
NaNi, ;;Fe,;sMn, 50,, a slight reduction of Mn** at the surface
was widely captured in many layered cathodes by TEY mode
though Mn species are almost inactive in the bulk.'*~'**
Obviously, such surface reduction is not trivial during long-
term cycling, especially for materials entirely based on Mn.
sXAS clarified the fading mechanism of tunnel-type
Na, ., MnO,, where increased surface Mn** and Mn** were
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Figure 17. P K-edge of (a) sodium alginate-SA and (b) sodium carboxymethyl cellulose-CMC binders in electrodes at different charged/
discharged states (left). Total fluorescence yield mode is applied. Reprinted with permission from ref 200. Copyright 2020 Wiley.

detected."””'”" The gradient valence distribution for multiple

other TM was reported, in which Ni manifests remarkable
difference at distinct depths, such as Nal_xN12/3Sb1/302,192
Na078C01/2Mn1/3N11/502, 3 and Na2/3N11/3Mn2/302 * This
unique phenomenon can also be due to the catalytic effect of
high-valence TM inducing self-dischar rge and Na migration
from the subsurface to the surface.'””'”" Apart from TEY and
TFY, the most surface-sensitive AEY mode can help system-
atically examine the gradient valence distribution, for example,
in Nay,sNig,3Mng 40, (Figure 16d)."”> The valence of Ni on
average is nearly +4 in the fully charged state, while a decrease
in the valence from subsurface to surface to top-surface can be
discerned. The problem of the Auger electron utilization is the
coverage and interference of cathode—electrolyte interface
(CEI). It can be also facilely replaced by another more
common surface-sensitive technique, X-ray photoelectron
spectroscopy (XPS). These might be the reasons that AEY is
much less often employed in the sXAS compared to other
modes.

As noted above, sXAS delineates TM valence from
subsurface to surface in the cathode, paving a foundation for
further rational material design. Among various modification
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routes, surface coating is an effective approach to stabilize
cathodes.'”® Mu and co-workers designed conformal coatm
onto the aforementioned NaNi, ;sFe;,;Mn,/;;0, cathode."”
Comparing spectra from TEY and TFY modes, Fe and Ni are
without notable difference while surface Mn is reduced judging
from the enhanced intensity of low-energy shoulder. Endowed
by the reduced oxidation state of surface (tailored with Mn**
and Mn®") and organic embedment, the interface instability
was mitigated. In addition to coating, doping is an alternative
for improving cyclability. Xu and co-workers introduced
electrochemically inert Cu into the Fe/Mn-based layered
oxide to alleviate Fe migration and suppress voltage decay,
confirmed by TEY and TFY modes.'”® Effects of Li-doping
toward surface chemistry also received attention.'”” Especially
for the O3-type Na(Ni, Fe Mn, )O,, Li-substitution contributes
to the mixed phase (layered + spinel) with superb connectivity,
ameliorating the ion diffusion and structural reversibility.'®" As
a result, the Ni redox couple is highly reversible based on the
Ni L-edge. In conclusion, sXAS can greatly accelerate the
fundamental understanding of the cathode materials as well as
provide guidelines/proofs for enhancing structural stability or

energy density.
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Figure 18. K-edge of C under total electron yield mode for cycled (a) graphite, (b) soft carbon, and (c) hard carbon anodes. Graphite is
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3.2.2. Conversion Reactions. In addition to the consid-
erable exploitation of sXAS in analyzing multi-scale and multi-
component TM-based intercalation electrodes, capable of
resolving light elements (K-edge), electrodes free of TM are
investigated, from carbon families to broad alloy-type and
conversion-type electrodes. For conversion-type electrodes, the
surface phase and interphase layers govern the structural
reversibility and side reaction with electrolytes. In recent work,
Sun and co-workers used sXAS to study the interfacial
compatibility of P anode upon sodiation/desodiation with
different binders.”>*°" Rational choice of binder is discovered
to activate phosphorus particles at various contents (Figure
17). Peak A represents the original P—P bonding, while peak B
symbolizes the P—Na bonding in Na,P. The difference is that
the sodium alginate-based electrode demonstrated a sharp B
peak at 2145.5 eV, implying more Na—P bonding in
accordance with slightly higher capacity. C and D denote the
P—O bonding useful in the interface analysis—that is, (PO,)*~
species and (PO,)*” species, respectively. In both electrodes
the C and D peaks are more visible upon discharge process,
indicative of the side reactions between Na,P and electrolytes
in the first cycle. Apparently, C and D evolve and fade away, on
behalf of the reversible decomposition/dissolution of surface
P—O species. This case suggests that sXAS can also advance
the understanding of active materials interacting with other
auxiliary components within the electrodes. This is essential for
materials of large volume expansion that normally suffer from
interface instability and poor cyclability.

3.2.3. SEI Properties. Given the capability to inspect top-
surface chemical information, sXAS has potential to illuminate
complicated SEI properties. This has been realized con-
currently when uncovering storage mechanism in the subsur-
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face. Historically, dating back to the 2000s, sXAS had been
employed to investigate the SEI and CEI for LIBs.*****
However, to the best of our knowledge, only one work used
the technique to specifically explore the composition and
stability of SEI in SIBs. Kim and co-workers collected C K-
edge spectra in ether-based electrolytes for graphite and
carbonate-based electrolytes for hard carbon/soft carbon
(Figure 18).”°* Peaks B, C, D, and F are interpreted as
Na,CO; and some other complex organic sodium salts. The
intensity change represents the disappearance and re-develop-
ment of SEL It is pinpointed that recovery to pristine interface
(charged to 3.0 V) happened merely in the graphite—ether
system, consistent with the earlier results obtained via XPS.”*
Peaks A and E as fingerprints of pristine carbon families could
not be seen in both disordered carbon, implying much thicker
SEI in carbonates beyond the TEY probing limit.**® To
conclude, the non-destructive sXAS can minimize the
degradation of SEI layer, in which the depth-profiling of
components in the complex multi-layer structure could be
better completed.””””*® Furthermore, the effect of crystal
orientation on SEI nature can be readily investigated.””” For
the hard carbon of preeminent practical value, the film-forming
effect during long cycling can be more focused in the ester-
based electrolytes, which tends to induce thicker SEI and
noticeable degradation.

To summarize, sXAS steadily gains prominence in SIBs
during the past decade. Compared to hXAS, sXAS can offer
more detailed electronic states and, importantly, the depth
sensitivity. sXAS can also be a support but perhaps not direct
evidence of oxygen activity. Given the insufficient energy
density and cycling performance of SIBs, limitless oppor-
tunities are still available for sXAS for the purpose of
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elucidating diverse charge compensation mechanisms, gradient
valence distribution, reversibility of redox pair, water stability
of cathodes, SEI components, etc.”'’ Here we only exemplify
the principles and capability of sXAS. In the current stage, all
the characterizations were ex situ, and conceivably in the future
in situ/operando studies may be initiated for SIBs, which has
been seen in other fields.”''~*'> One conceivable problem
would be the representativeness of the spectra-that is, i.e., the
signal comes from limited materials (several hundred nm at
most) because of low X-ray energy. Close to current collector
or separator, the local state of charge and element valence may
be distinct.

4. IN SITU/OPERANDO X-RAY SPECTROSCOPIC
IMAGING AND TOMOGRAPHY

In the past few years, X-ray imaging and tomography have
been better developed to empower the visualization of
chemical and morphological information for battery materials,
mainly including X-ray computed tomography (CT), trans-
mission X-ray microscopy (TXM), scanning transmission X-
ray microscopy (STXM), and X-ray fluorescence microscopy
(XEM).*'**"> Being complementary to other characterizations
such as XRD, hXAS, these imaging and tomography character-
izations capture the localized information rather than bulk
information at different spatial resolution. Hence, the impacts
of material heterogeneities on electrochemical performances
can be unraveled. Principles for aforementioned different
techniques are summarized in several reviews.”>~>'" Among
various imaging methods, in SIBs the most popular one is
TXM (or fullfilled TXM) using hard X-ray, excelling in
resolving the electronic state and distribution of TM with a
nominal resolution of ~30 nm.”'* The three-dimensional (3D)
chemical map can be reconstructed from projection images of
individual particle collected at different angles, which is
advantageous to discern the charge and compositional
inhomogeneity of pristine materials as well as impacts of
electrochemical cycling. STXM employs soft X-ray to
potentiall_?r provide even better resolution down to ~12
m.>'**'"” XEM is of the lowest resolution (sub-micrometer)
but achieving ppm scale differentiation. Therefore, XFM is
suitable for probing dissolving species from electrodes. The
above imaging approaches are implemented with synchrotron
light sources, while X-ray CT can be readily accessible by lab-
based instruments. X-ray micro-CT is able to assess the
macroscale morphological parameters including surface area,
porosity, and tortuosity thou%h the resolution cannot be
comparable to that of TXM.”"” Endowed with the non-
destructive nature of hard X-ray and no requirement for
vacuum environment, TXM and CT are suitable for in situ/
operando experiments. On the contrary, STXM utilizing low-
energy soft X-rays could be for in situ/operando experiments.
In summary, spatial chemical mapping of TM and morpho-
logical parameters can be beneficial to elucidate the
mechanism of irreversible capacity, localized over-discharge/
over-charge, and gas generation, causing safety issues.”'® The
following discussion majorly focus on in situ/operando
experiments, especially TXM, whereas ex situ measurements
will also be reviewed.

4.1. Intercalation Reactions. X-ray based imaging
techniques (i.e, TXM-XANES) under in situ/operando
conditions excel in probing the charge heterogeneity that is
normally reported to negatively affect the cathode electro-
chemical behaviors by changing electronic properties and ion

diffusion.'®® The in situ/operando measurement can specifi-
cally study fixed individual particles and particle agglomerates,
which cannot be realized by ex situ experiments. For higher
capacity, a broad voltage window can be deployed while the
influence on phase transformation and charge inhomogeneity
should be scrutinized. Xie and co-workers used operando TXM
to support the formation of a non-equilibrium solid-solution
phase of intercalation-based NaNi, ;Fe,;;Mn,; 30, cathode at
high SOC (Figure 19).>"” XRD and TEM recorded the
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Figure 19. Reconstructed images of NaNi, ;Fe,,;Mn,,;0, cathode
at different states of charge derived from operando TXM.
Reprinted with permission from ref 219. Copyright 2016 Wiley.

existence of the O3’ and P3’ monoclinic phase from 4.0 to 4.3
V. On the basis of 2D chemical map, from 2.8 to 4.6 V
increased sodium extracted from the lattice finally resulted in
Ni, /;Fe;/3Mn; 30, (green). When the voltage is higher than
3.9 V, Na-deficient Na, Ni, ;Fe; ;sMn; 30, exists as substitu-
tional solid solution. Even charging to 4.3 V unreacted core can
be found in some particles (white circle). From 4.0 to 4.3V, it
is seen that Ni**/Ni*" and Fe’'/Fe*' are dominating redox
species of desired reversibility. Such depth dependent and
SOC-dependent phase segregation were also reported in the
NaNiO,.”*” The inhomogeneity can be manifested by the
“core-shell” structure. Over 4.0 V, the layered Na,NiO,
partially transforms into inactive phase due to severe lattice
distortion, calling for cation-doping methods to improve
structural reversibility.

4.2. Alloy Reactions. Besides chemical and compositional
information, another important aspect of battery material is the
geometric dynamics, including volume change, specific surface
area, porosity, etc. These parameters determining long-term
cycling are important for alloy-type materials which intrinsi-
cally uptake large amount of Na*, inducing drastic morpho-
logical variation. As such, early in 2015, in situ TXM has been
applied for visualizing alloy reaction in SIBs. Sn was chosen
since it possesses impressively better cyclability compared to Li
counterparts even though the reaction mechanism is
identical.”*' Tt is found out that the volume change of Sn
particles is notable during the initial cycle, but microstructural
integrity is still maintained in the following cycles without
pulverization, in line with superior cycling performance (Figure
20a). The volume expansion in the first sodiation is ~326%,
while the later values are steadily less than 30%. Likewise, the
specific surface area remains stable after the first cycle. To
achieve some general design principles for alloy-type materials,
the authors obtained 3D images for three particles of distinct
sizes: 0.5 um is proposed as a critical value for fully
maintaining the microstructural stability without cracks
(Figure 20b). As few particles are demonstrated here, it
should be pointed out that statistic analysis of more particles
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Figure 20. (a) 3D reconstructed images from in situ synchrotron
hard X-ray nanotomography for tin anode during the first 10
sodiation—desodiation cycles. Scale bar, 10 gm. (b) Comparison of
volume change of three particles of distinct size after the 1st cycle
and the 10th cycle. Scale bars: 10, 2, and 1 um. Reprinted with
permission from ref 221. Copyright 2015 Springer Nature.

can tremendously enhance the representativeness of the
results.

4.3. Conversion Reactions. For conversion-type electro-
des, the particle-level charge and phase heterogeneity also
occur, which can be more influential than that of intercalation-
based materials. Multiple phases co-exist in the cycled
conversion-type electrodes, with nanosized TM anchored on
Na,O matrix. These in situ formed hierarchical nanocomposite
structure has tremendous influence on the battery perform-
ances. For example, in NiO anode, exterior Na,O reaction

layer was proposed to hamper sodium insertion to the core
NiO, decorated with reduced Ni nanoparticles by recon-
structed visualization.””” This hints that the utilization is a
challenge because of sluggish sodium diffusion kinetics in
Na,O. Recently, Yu et al. utilized in situ TXM to discover
unreacted core in CuO for the purpose of explaining undesired
capacity loss.”*> Figure 21 demonstrates that even discharged
to 0.01 V the CuO is still notable. Meanwhile, the shell (Cu
+Na,0) cannot recover to pristine state, in agreement with the
low Coulombic efficiency in the first cycle. The core—shell
microstructure can be separated and sliced layer by layer in a
3D reconstruction, where the depth-dependent phase can be
directly seen. The slow kinetics and large irreversible capacity
issues were also observed in NiS and FeS by operando 2D
TXM and 3D nano-tomography”****> To resolve the
utilization issue, the author synthesized CuO of nanosheet
primary structure instead of bulk structure. Related 3D
hierarchical structure design strategy can be promoted to
Fe;S, composed of 2D nanosheet building block. 2% Hence, we
can conclude that the in situ/operando TXM can facilitate the
rational design of conversion-type electrode for improved
cyclability. Beside the morphological nanoengineering, the
intrinsic sluggish ion transport through the interface in the
two-phase reaction process is needed for better understood.
For another classical conversion-based P anode, operando X-
ray CT based on diffraction was reported, but with inferior
resolution.””” Overall, though it is supposed that the
conversion-type anodes are far from practical applications,
fundamental investigations can be initiated via time-resolved
fully filled TXM to grasp the irreversible capacity and
sodiation/desodiation kinetics.

Like any in situ experiments, the necessity of exploiting in
situ/operando X-ray tomography should be examined. Here we
present some thoughts toward TXM, XFM, and CT. In situ/
operando TXM is highly desired for materials (normally based
on multi-phasic reactions) displaying rapid and significant
phase segregation during relaxation via interparticle and
intraparticle diffusion. Uniquely, sodium insertion/extraction
pathway and contribution of redox species at different voltage
range within one particle can be temporally tracked that is hard
to be completed via ex situ measurements. It should be noted
that as 3D TXM requires long acquisition time, in situ
measurements can be applied in the 2D mode while 3D
analysis can be complementary through ex situ samples.
Regarding XFM, it is especially suitable for in situ measure-
ments in aqueous system: perpendicular to the electrode
surface, the spatial gradient distribution of dissolved TM ions

.

Figure 21. Reconstructed 2D chemical mapping images of CuO intercalated with sodium ions from in situ TXM. Reprinted with permission
from ref 223. Copyright 2019 American Chemical Society.
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at the electrochemical interface can be imaged from tens of
micrometers to hundreds of nanometers resolution. As
synchrotron resources are limited, in situ experiments using
lab-based X-ray micro-CT and nano-CT can be more
deployed, especially for long-term cycled products. The
features of CT should be the large field of view and versatile
targets: besides the active phase and inactive phase of material,
binder, current collector, etc. can also be analyzed, mostly
related to the fading mechanism correlated to electrochemical
performances.

In short, taking advantage of multiple virtues, X-ray
tomography can be flexible in microscopic and macroscopic
levels for SIBs, including spatial distribution of elements, local
SOC, dendrite formation, TM dissolution, and morphological
parameters, enormously facilitating holistic comprehension of
the structure—property—performance relationships in SIBs.
Specifically, the material inhomogeneity as well as its
relationship with electrochemical performance at different
length scales can be better understood. What’s more,
employing complementary tomography techniques is essential:
in situ/operando TXM/X-ray nanotomography can provide
localized information, corroborating the results from bulk
structural characterization, i.e., in situ hXAS and in situ XRD.
Last but not least, as hard X-ray imaging does not require
ultrahigh vacuum and easily penetrates the sample, in situ/
operando experiments can be designed for achieving time-
resolved multi-scale chemical and structural information. This
means the SIBs can be desirably analyzed at the application
level using pouch cells and cylinder cells. In summary, various
cutting-edge X-ray based imaging and tomography techniques
under in situ/operando conditions can be much more exploited
to accelerate the development and evaluation of SIBs.

5. IN SITU/OPERANDO PDF

Like conventional (S)XRD, the pair-distribution-function
(PDF) is also an elastic scattering technique. The powder
diffraction data for PDF analysis can be obtained from

PDF is used to extract local structural information no matter
the samples is solid or liquid, amorphous or crystalline,
microscopic or nanoscale materials. Identification of phases

Techniques based on electron and X-
ray methods are complementary on
spatial and temporal scales, and it is
important to combine different techni-
ques to understand the complex ma-
terial chemistry in a dynamic system.

and phase fractions as well as stoichiometry can be achieved,
similar to Rietveld refinement.”*” The PDF, G(r), is normally
derived via a Fourier transform of the total scattering function
S(Q), which can be obtained from experimental total scattering
data after appropriate data treatments and corrections.””’ The
r in G(r) is the distance between a pair of atoms in the
structure, and Q is the magnitude of the scattering vector. In a
PDF histogram, peak positions present the bond length or
atom-to-atom distance, and peak intensities are related to the
relative abundance of each atom—atom pair.m1 Therefore,
PDF provides direct structural information in real space, which
can be quantitatively analyzed similarly to the Rietveld
refinement, or by computational simulation and modeling.
The local structure of battery materials (either crystalline or
amorphous) can become partially disordered during cycling.
The disorder may play an important role in the electrochemical
properties of battery materials. However, such local changes
cannot be discerned by the conventional XRD. In this context,
PDF technique stands out as an effective tool to address a
series of questions that appear in electrode materials of SIBs,
such as local short-range order, anion redox reaction
mechanism, and Na storage mechanism.”*? In addition, due
to the highly perceptive and low-absorption of high-energy X-
rays, in situ/operando PDF studies are suitable for monitor the

synchrotron-based X-ray and pulsed neutron sources.””® The dynamics of battery materials during cycling.
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A typical application of operando PDF in SIBs is to study
the structural response of the hard carbon electrode.”*® The
C—C correlations between the in-plane and interplane
distances at different states of discharge/charge are tracked
by operando total scattering (Figure 22a). The PDF
refinement data in this study shows the occurrence of in-
plane elongation and contraction during cycling, which is
related to a reversible charge transfer between the o-orbitals of
Na and the antibonding orbitals in the upper z-band of the
graphene sheet. In addition, due to the introduction of Na into
the host materials upon discharge, the peaks describing the C—
C correlated distances are not being able to fully reverse back
to the initial state, indicating the hard carbon structures
become increasingly disordered upon Na intercalation. These
irreversible structural changes are consistent with the observed
irreversible capacity fading. It should be noted that there was
no formation of Na metallic and clusters in this study, which is
different from other reports.”** The absence of metallic Na
might be due to the state of Na metal formation has not yet
been reached.

Grey’s group recently used operando PDF analysis to study
the alloying mechanism of Sb electrode during cycling and
found that two intermediate phases are generated during
sodiation: amorphous a-Na,,Sb with the structure featuring
Sb—Sb bonding and amorphous a-Na;_,Sb (x &~ 0.4—0.5) with
the structure locally similar to the crystalline Na;Sb phase but
with a lot of Na vacancies (Figure 22b).>** In the subsequent
desodiation, a composite of amorphous and crystalline Sb
network is formed via different reaction pathways at different
voltages. They later used operando PDF coupled with other
characterization techniques to investigate alloying reaction
behaviors in Sn electrodes and cleared structures of amorphous
and crystalline intermediates that were unidentified previ-
ously.”*

Opverall, the PDF represents another approach of decipher-
ing the local structural information of battery materials ranging
from non-crystalline and poorly crystalline to fully crystalline,
complementary to XRD which provides global information of
materials under investigation. Unfortunately, few reports using
in situ/operando PDF have been conducted in the SIB systems,
and it is hoped that such studies will provide more
understanding of the electrochemical reaction mechanisms in
electrode materials in the future.

The demand for the development of sustainable and large-
scale energy storage systems provides an opportunity for SIBs.
However, the issues of low capacity, degradation, and capacity
fade have hindered practical applications of SIBs. The
undesired degradation of SIBs occurs due to active host
materials suffering from irreversible phase transformations, SEI
formation, volume change, and so on. Further developments in
addressing these problems rely on an in-depth and
fundamental understanding of the relationships among the
composition of electrode materials, morphology, phase trans-
formations, heterogeneity in electrodes while in operation with
the assistance of multi-modal characterization techniques.

In this Review, the major in situ and operando character-
ization techniques used in SIBs have been summarized. In
microstructure-related characterization, in situ TEM has
proved to be a useful tool to trace phase transformations and
morphological evolutions during Na insertion/extraction
processes. In situ/operando scattering techniques including
XRD and PDF provide valuable information about monolithic/
local structural evolutions and phase transformations during
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charge/discharge cycles. Various spectroscopy techniques, such
as in situ/operando XAS and TXM, can give information
regarding charge compensation, local chemo-mechanical
properties, and SOC heterogeneity. The recent development
of these in situ and operando methods can not only directly
elucidate structural evolution and identify reaction mechanisms
under operating conditions but also supply comprehensive
insights into the thermodynamic and kinetic processes.
Therefore, the information from these in situ and operando
techniques can energize research to improve and optimize
novel energy materials in SIBs toward broad applications in the
future. From the perspective of the targeted electrodes, an
intercalation reaction is still the desired mechanism for decent
cyclability and fast-charge performance, despite its moderate
specific energy. Cathodes based on conversion reactions and
anodes based on alloy reactions can be future directions to
enhance the energy density of SIBs.

Understanding the chemical and
structural heterogeneity in battery
particles, electrodes, and cells is non-
trivial. Efforts should be made to lower
or eliminate the chance of drawing
biased conclusions.

Despite the extraordinary success and significant develop-
ment of in situ and operando characterization techniques that
have taken place in recent years, some important issues remain
to be addressed in the future. For example, (1) in situ/
operando techniques usually require complex experimental
configurations and expensive devices, in facilities not
conveniently accessible to most researchers. (2) Various
novel in situ/operando configurations should be designed
and optimized to mimic the working conditions of real battery
cells. (3) Combination of different in situ and operando
characterization techniques should be considered to provide
more reliable, robust, and comprehensive interpretations of the
SIB systems under study. For example, as shown in Figure 23a,
the beam of electrons and X-rays produces various imaging,
diffraction, and chemical information via constructive interfer-
ence of scattered or unscattered waves, but the length scales
are different. The wavelength/mean free path of electrons is
shorter than that of X-rays. Hence, electron microscopies often
unveil the localized information free of statistical significance,
while X-ray-based characterizations can investigate the
averaging behaviors of materials. In light of the electrochemical
as well as mechanical heterogeneity across the electrode,
attention to statistics is crucial to reduce biased conclusions. In
addition, ex situ samples can also offer better statistical analysis
of many-particle systems. (4) Compared to electrons,
experimental configurations for in situ/operando high-energy
X-ray measurements are easier to design and implement. Thus,
it is hoped that the same area of a sample can be co-localized
and examined by complementary characterizations. (S) The
applications of in situ/operando techniques such as soft XAS,
X-ray tomography, and PDF need to be greatly extended in
SIBs. (6) From a fundamental point of view, the performance
of a battery depends on the configuration of all internal
components. Binders, conductive additives, and separators
used in SIBs, although not electrochemically active, are
necessary constituents in the electrodes. However, relevant in
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Figure 23. (a) Radar chart comparing electron and X-ray based
methods. (b) An overview of various in situ and operando
characterizations which promote the research and development of
SIBs.

situ/operando research on these components is rare due to the
need for more complex hardware. It is expected that craftier
design of characterization techniques can be developed and
used to elucidate the physical and electrochemical interrela-
tionships between electrode materials and these inactive
components. (7) The electron beam and X-ray interact with
materials immediately after exposure; therefore, radiation
damage cannot be overlooked. ¥7(8) Understanding the
chemical and structural heterogeneity in battery particles,
electrodes, and cells is non-trivial. Efforts should be made to
lower or eliminate the chance of drawing biased conclusions.
(9) Fast data collection and data mining are needed to probe
the non-equilibrium states in the study of SIBs. Some advanced
in situ/operando techniques such as ultrafast XRD and quick
XAS are important for kinetic studies of high rate cycling, so it
is expected to expand these tools to study SIBs in the future.
(10) High-throughput in situ/operando characterization
techniques are very important for materials discovery and
component optimization by the Materials Genome Initiative
approach.”*® To improve the efficiency of characterization and
accelerate data generation, expanding these techniques to SIB
studies is expected. The screening of electrodes and electro-
lytes (especially solid-state electrolytes) can downsize the
tremendous labor and expense related to laboratory trials. (11)
Currently, an important megatrend in new materials design
and large data processing is the increasing digitalization, which
is often associated with terms like “smart manufacturing”,

4046

“machine learning”, or “deep learning”.”*”*** In situ/operando
data of SIBs often exhibit complex characteristics due to their
interactions with known and unknown structural evolution
with cycling. Toward a larger scale, microstructural and
physiochemical aspects with statistical confidence can be
better quantified with the aid of machine learning. Therefore, it
is promising to apply unsupervised learning to obtain
perception beyond the current expert level for the under-
standing of battery performance, reaction, and degradation
mechanisms. Given the recent developments, it can be
expected that advanced in situ and operando characterization
techniques will continue providing fundamental insights into
the correlation between structural evolution and electro-
chemical performance in SIBs and keep playing a significant
role in the development of future generations of SIBs (Figure

23b).
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