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Abstract

Lithium ion batteries have been extensively explored in recent decades in order to improve
their electrochemical performance, address safety concerns, and reduce costs in larger-scale
applications. Electrode materials are key components which govern the properties of the battery at
the system level. Cathode materials are of particular importance as they are a limiting factor for
achieving high energy density. Lithium nickel cobalt aluminum oxide (LiNio.sC00.15Al0.0502,
referred to subsequently as NCA\) is one of successful cathode materials since it can deliver higher
capacity than other cathode materials such as lithium cobalt oxide or lithium iron phosphate.
However, structural instabilities that occur NCA during charging or at high temperatures is
believed to be the primary reason for performance degradation as well as a possible safety threat.
Thus, understanding the structural evolution that occurs in NCA is of importance to acquire
fundamental insights for taking full advantage of the high capacity of NCA materials. Beyond
static information, in situ and operando characterization approaches allow us to observe structural
changes under external stimulus or in a working condition, providing a deeper understanding of
the routes by which structure evolve. In this review, we will describe the use of both in situ and
operando characterization performed with both synchrotron X-ray based techniques and advanced
electron microscopy, as the combination of these techniques have been shown to be particularly

effective at providing structural information at complementary length scales.



1. Introduction

Lithium ion batteries (LIBs) have been critical to powering electronic devices since their first
commercialization in 1991, and the importance of this technology has been recognized through
the awarding of the 2019 Nobel Prize in Chemistry to John Goodenough, Stan Whittingham and
Akira Yoshino for their development of this technology [1]. The initial LIB was commercialized
with non-graphitizable carbon as the anode and lithium cobalt oxide (LiCoO2) as the cathode
material[2]. LiCoO> has the a-NaFeO- layered structure, where oxygen has a cubic close packed
arrangement and Li and Co occupy octahedral sites alternatively as shown at Figure la. Li can
electrochemically be extracted and inserted from/into LiCoO; at around 4 V vs Li*/Li; thus, it can
serve as an effective cathode material in LIBs. The reversible capacity is relatively low at around
140 mAhg* because only half of lithium can be reversibly cycled without capacity loss [3]. When
more than 0.5 Li is extracted, oxygen starts participating in the redox reaction by forming
peroxides, which may lead to oxygen loss and eventually, decomposition of the compound [4]. In
addition, there is a limited availability of Co, and as a result, various combinations of transition
metals (TMs) has been attempted to replace Co as well as to improve the overall electrochemical
properties of the materials. Ni-rich LITMO2 have been proposed as successful alternatives to
LiCoO; [5-10] and LiNigsCo0o.15Alo.0s02 (NCA) is one of the most successful composition as
cathode materials. The Ni-rich composition provides a high capacity while Co and Al substitution
increases structural stability [11,12].The virtue of NCA as a cathode material is its high capacity
and power density [12,13], which makes NCA an attractive cathode material even in larger-scale
applications, particularly battery-operated electric vehicles (BEVs). Currently, Tesla uses NCA
chemistry for its EVs. The LIB cells used in the Tesla model 3, composed of NCA (cathode) and

Si/C or SiO«/C (anode), deliver specific energy of 260 Wh kg™ and energy density of 683 Wh I



at nominal voltage of 3.6 V in cell, outstanding performance when compared to other commercial
EVs [14]. However, there is a strong desire for even greater energy densities. The US Department
of Energy and the Advanced Battery Consortium have suggested at least a 500 km driving range
per single charge is required in order to achieve mass market penetration of BEVs, which
corresponds 350 Wh kg* and 750 Wh at the cell level [14]. To meet these requirements, cathode
materials need to deliver at least 202 mAh g™ at 3.7 VV [13].

When considering the high capacity of NCA (~200 mAh/g), the choice of NCA as the cathode
material for BEVs application thus appears reasonable. However, NCA still has room for
development. The high energy density of NCA achieved in the cycles is a desirable but significant
capacity loss of NCA has been reported during long-term cycling [15-17]. The layered structure
of NCA can be destroyed as a result of repetitive lithium movements or via exposure to high

temperatures, resulting in phase transformations from the a-NaFeO: layered structure (space group:

R3m) to spinel (Fd3m) and rocksalt (Fm3m) (Figure 1). These structures have similar oxygen
frameworks, and thus the phase transformations take place as a result of cation mixing. Phase
transformations of layered cathode materials have been ascribed as the root cause of performance
degradation, such as capacity fading and impedance rise [18-24]. Furthermore, issue concerning
safety is another significant hurdle for the widespread application of NCA. Phase transformations
are accompanied by oxygen gas evolution, which can react with the flammable electrolyte inside
LIB cells. In the worst case, catastrophic explosions may happen. In other words, the structural
instability NCA has a detrimental effect on both capacity fade and overall safety. Thus, diagnostic
analysis has been performed by investigating NCA materials after they have been subject to
electrochemical tests, providing valuable insights in the correlation between structural changes and

performance degradation [25-30]. However, limitations of post-mortem studies still remain:



physical and (electro)chemical properties of NCA cathode materials can be altered after being
removed from their working environment. For example, even though it is possible to acquire
electrode samples right after reaching certain states of charge (SOCs) or cut-off voltages, it is
uncertain that the electrode material being investigated represents the SOCs or voltages present at
the SOC [31]. Electrodes are generally cleaned with dimethyl carbonate (DMC) solutions, one of
solutions in conventional electrolytes, and this process may also change the surface chemistry
[31,32]. For electron microscopy studies, focused ion beam (FIB) method can been used for
thinning the sample, but this too can bring about unwanted physical damage to the samples.
Furthermore, it is impossible to track the dynamics of structural evolution using standard TEM
approaches.

To overcome these issues, in situ and operando methods have been utilized. “In situ” is a Latin
phrase, meaning ‘in the original place’. In situ analysis refers to the real-time analysis of the sample
under the application of external stimulus (for example, mechanical, electrical, magnetic,
temperature, environment, etc.) at the same place. Operando studies are a combination of in situ
analysis and performance measurement, which can provide a direct link between the structure and
properties of materials while they are performing their function (i.e. ‘in a working condition’ — the
Latin translation of operando). Exploring a material while it is in a working state enables
researchers to circumvent undesirable aspects of ex-situ studies. As a result, various in situ and
operando methods have been exploited to elucidate charge mechanisms or degradation
mechanisms of NCA cathode materials. In this review, common in situ and operando analysis
methods used for NCA studies based on X-ray based techniques and transmission electron
microscopes are introduced and representative in situ and operando studies regarding NCA

cathode materials will be discussed. This review will show in situ/operando analysis have



advanced our understanding of NCA cathode materials with respect to two specific topics: i)
structural and chemical evolutions that occur during electrochemical reactions and their link with
degradation mechanisms of NCA materials and ii) thermal stability at high temperatures to address

safety concerns in NCA materials.

2. Insitu and operando characterization tools for NCA materials

2.1. Synchrotron X-ray based techniques

Compared to laboratory X-ray sources, synchrotron X-ray can provide significantly better spatial
and temporal resolution [33], which allows examination of both subtle and instantaneous changes
occurring in the specimen, making synchrotron X-ray based techniques powerful tools for in
situ/operando studies. X-ray scattering, which includes X-ray diffraction (XRD) [33-36] and pair
distribution function (PDF) [37-39], and x-ray absorption spectroscopy (XAS) [40-44] have been
applied to track the changes in crystal structure and chemistry of electrode materials, respectively.
XRD is a powerful method for studying the crystal structure of materials. PDF, also known as total
scattering, is particularly beneficial to studying short-range order in the structure. XAS includes
X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS), and is classified according to the energy range from which the analysis is made. XANES
(x50 eV relative to the absorption edge) is beneficial to probe the chemical information, e.g.
oxidation states and coordination symmetry of the excited element. From EXAFS (40 to 1500 eV
beyond the absorption edge), we can acquire structural information, e.g. coordination number and
bond distance [45]. With appropriate beamline design, imaging a sample is also feasible.
Transmission X-ray microscopy (TXM) is requires the brightness and coherence of 3" generation

synchrotron X-ray sources, and allows reconstruction of the 3-dimensional structure of the sample



at nanoscale resolution [33,46-48]. Furthermore, TXM can be integrated with other techniques
like XAS (in full-field TXM), and is thus beneficial for providing a comprehensive understanding
of chemical properties, elemental distributions, and the morphology of samples [33,49-51].
Real-time X-ray analysis can be realized through proper sample preparation. Figure 2a, b presents
schematics of a modified coin cell (Fig 2a) and pouch cell (Fig 2b) for in situ/operando X-ray
analysis. For X-ray penetration, both the coin cell and pouch cell configuration are modified with
coaxial holes. The holes are generally covered by polyimide tape to confine the liquid electrolyte
due to its high transmittance to X-rays. Beyond this simple modification of pre-existing cells,
various types of in situ cells have been carefully designed for characterizing LIBs with X-ray based
techniques, for example, Argonne’s multipurpose in situ X-ray (AMPIX) electrochemical cell [52],
soft XAS cells [53], capillary type cells [54], and microfluidic electrochemical cells [55].

In the case of NCA materials, thermal stability is one of key factor governing battery safety; thus,
structural and chemical evolution at high temperatures have also carefully examined. Figure 2c
shows an experimental setup that combines time-resolved, temperature dependent XRD and mass
spectroscopy, which permits detection of changes in crystallographic structure and correlated
release gaseous species from a sample simultaneously [56].

2.2. Transmission electron microscopy

Transmission electron microscopy (TEM) can offer exceptional imaging performance (sub-
Angstrom spatial resolution) as well as diffraction and spectroscopy; thus, it has been actively
utilized in battery society to identify the morphology, crystal structure, and chemical information
of electrode materials at nanoscale before and after electrochemical tests [22,57-62]. It generally
operates either with a parallel electron beam (TEM mode) or a focused, small probe scanning over

the sample (scanning TEM, STEM mode). High-resolution TEM images (HRTEM) in TEM mode



are formed by interference between transmitted and diffracted electron beams (phase contrast), but
because of complications associated with lens aberrations and sample thickness effects, the
interpretation of HRTEM images is not straightforward. In contrast, the image contrast at STEM
mode is approximately proportional to Z2 (Z: atomic number) with a high-angle annular dark-field
(HAADF) detector. This simple scaling of image intensity with atomic number allows more
straightforward image interpretation: the strong contrast of TM layers in the layered structure can
be easily defined, although the visualization of Li is not possible with this approach. Thanks to Z-
constant of HAADF-STEM, cation mixing can be visualized at the atomic level. The combination
of STEM and energy dispersive X-ray spectroscopy (EDX) or electron energy loss spectroscopy
(EELS) enables chemical information at nanoscale, such as elemental distribution and oxidation
state of TMs [41,63-65]. Therefore, HAADF-STEM imaging and STEM-EELS/EDX have
become a routine technique for the studying layered structure of cathode materials [24,66-69].

Along with the multifunctionality at high spatial resolution, one of the biggest benefits from TEM
is its ‘in situ’ capability. It is possible to acquire images, diffraction patterns and EELS/ EDX
spectra under various external stimuli (gas/liquid environment, biasing, temperature, etc.), which
can be applied by using a specialized sample holder. In order to explore electrode materials for
LIBs, in situ/ operando TEM is becoming a popular approach. Dry-format electrochemical cell
(Figure 2d) was realized for investigating phase evolutions occurring at electrode materials during
in situ lithation/ delithiation [70-73]. In this configuration, Li metal is used as the anode and an
ionic liquid or naturally oxidized Li,O layer serves as the electrolyte. Despite fruitful insights on
structural changes of materials with Li, the dry-cell setup has a clear limitation. As real LIBs are
composed of liquid electrolytes, the structural evolutions that occur using the dry-cell approach

may not accurately reflect the real case [74]. Using the liquid-cell, one can build an electrochemical



device inside microscope that is more relevant to real LIBs [75-77]. Figure 2e presents a cross-
sectional view of the liquid-cell experimental setup. Liquid electrolyte is separated from high
vacuum of microscope by being confined with nitride windows and electrodes are incorporated in
microfabricated Si chips for biasing. Electrochemical reactions have been observed in situ/
operando at various anode materials; however, relatively few studies have been published on
cathode materials [72,75,78,79] and to our best knowledge, lithium extraction/ insertion from/into
NCA has not been observed in situ/operando inside TEM.

Instead, the thermal stability of NCA has been carefully examined at nanoscale in situ. The
temperature of the sample can be increased by using two kinds of heating holder (Figure 2f) [80]:
a furnace-type heating holder that is designed to use standard TEM grids, or a microfabricated
heater that is specially to heat a localized area through Joule heating of a thin film. The furnace-
type of holder has an advantage in that sample preparation is much easier, but the microfabricated

holders can control temperature more precisely with minimized sample drift.

3. Insitu/Operando studies for elucidating charge/degradation mechanisms of NCA

NCA cathode materials mediate electrochemical reactions via intercalation, where Li ions are
extracted from / reinserted into the original structure with minimum structural change. To elucidate
the subtle structural changes occurring in NCA, synchrotron-based in situ XRD has been used.
Yoon et al. [81] demonstrated that three hexagonal phases (H1, H2, H3) are associated with NCA
during the initial charge to 5.2 V. A new hexagonal phase evolves at the expense of a pre-existing
phase, suggesting a two-phase reaction mechanism. In addition, it was suggested that the lattice
parameter along c-axis expands with contraction of that along a and b axes in early stages of

charging, but thereafter the c lattice parameter shrinks along with a slight expansion of the a and



b lattice constants at high voltages. Robert et al. [82] presented in situ XRD patterns of NCA
acquired during the first 3 cycles between 3.0-4.9 V, indicating that reaction mechanism of the
first cycle is different from the second and following cycles. Figure 3a presents changes in 003
reflection of NCA during the first and second charge. While the first charge takes along with a
two-phase transition and solid solution mechanisms, the second charge is dominated by a solid
solution mechanism, reflected in a continuous change in position of the diffraction peak. On the
other hand, Grenier et al. [83] suggested that the ‘two-phase’ behavior is primarily a result of the
reaction inhomogeneity between secondary NCA particles induced by nonuniform erosion of the
LioCOz surface layer. In this case, comparisons between the reaction behavior of NCA with and
without the Li>COz layer, were made by obtaining in situ XRD patterns acquired during the first
cycle (4.1-2.7 V) from two kinds of NCA materials, which were stored under ambient condition
and inside of argon-filled glove box, respectively.

Overcharging of LIBs can lead to a serious safety threat because of heat generation from unwanted
chemical reactions between the delithiated cathode or lithiated anode and the electrolyte [84,85].
Local accumulation of heat may lead to catastrophic failure as a result of thermal runaway. Thus,
investigating the structural and chemical evolution of electrode materials when they are exposed
to harsh operating conditions is important to guarantee safe operation of LIBs. Lin et al. [86] took
advantage of in situ high-energy XRD to identify the failure mechanism of 18650-size LIB. Local
temperatures of both the cathode (NCA) and the anode (graphite) sides were estimated using lattice
expansion of Al and Cu, which are the current collector for cathode and anode, respectively.
During charging, a temperature increase was noticed at cathode side around 4.16 V and the
temperature kept increasing with further charging. In contrast, temperature increases in the anode

side initiated at much higher voltage of 4.58 V. Makimura et al. [87] investigated side reactions
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occurring at the positive NCA and negative graphite electrodes using in situ XAS and XRD under
severe abuse conditions at a cutoff voltage of 10 V and a temperature of 30 °C and 50 °C.
Development of strain/stress inside of the active electrode material can be an origin of performance
degradation, leading to stress-induced damage and the formation of cracks [88-90]. Singer et al.
[91] used the in situ Bragg coherent diffractive imaging (BCDI) technique to delineate three
dimensional (3D) displacement fields inside of NCA and Li-rich layered oxides. BCDI can yield
3D images of strain from within a nanocrystal at high resolution [92]. Figure 3 b and ¢ presents
displacement and strain along 001 direction developed inside a single NCA particle during a
charge.

During a cycle, TMs in LiTMO; take part in redox reactions to compensate charge imbalance
induced by Li* movements. In the case of NCA, Ni ions are mostly responsible for this
phenomenon. Thus, tracking changes in valence of Ni ions can provide an insight in Kinetics of
Li* during electrochemical reactions. Nowack et al. [50] visualized the state of charge (SOC) of
NCA using operando full-field microscopy-based XAS. Figure 4 presents SOC mapping acquired
with the Ni K-edge of NCA during electrochemical cycles in the range of 2.8-4.3 V. In order to
minimize radiation dose and realize fast acquisition, 12 discrete energies were used for full-field
TXM.

Furthermore, morphological changes of NCA during charge/discharge were visualized using a
micro-battery set up inside of a scanning electron microscope (SEM) (Figure 5a) [93]. The battery
system was composed of a LisTisO12 anode, 0.5 mol LiTFSI in P13 TFSI electrolyte, and a single
NCA particle as the cathode. External contacts were attached to both positive and negative
electrodes via feedthroughs into the SEM. Figure 5b shows a series of SEM images acquired during

the first charge, demonstrating an intergranular separation with lithium removal.
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From these in situ/operando studies, we can summarize the following information: i) phase
transformations occur within hexagonal systems, ii) charge and discharge mostly takes place with
redox reaction of Ni ions, iii) lithium movement can induce the formation of cracks, which is
consistent with ex-situ studies [9,94,95].

However, the mechanism of phase transformations is still controversial (i.e. whether it proceeds
via solid solution vs. via a two-phase reaction). Thus, operando studies that probe these

phenomena at the atomic scale are greatly needed.

4. In situ studies for investigating thermal degradation mechanism of charged NCA

It has been proposed that thermal runaway can occur spontaneously in LIBs above 80 °C, initiating
with the decomposition of the solid electrolyte interphase (SEI) layer on the anode [96,97]. Heat
generated from the breakdown of the SEI subsequently induces a reaction between the intercalated
Li and the organic solvent. As a result of the exothermic nature of these reactions, the polymer
separator can melt around 130 °C, resulting in a short-circuit between positive and negative
electrodes [97]. This short-circuit may bring about an instantaneous temperature rise above 250 °C
in the electrolyte [96], which is close to the temperature that breakdown of the cathode can be
initiated. The decomposition of the cathode is highly exothermic and provokes liberation of
oxygen, which can then react with the flammable organic electrolyte and eventually result in a
catastrophic explosion. Thus, the thermal stability of cathode materials should be evaluated over a
wide range of temperatures.

Ni-rich cathode materials have an even greater thermal instability, which further complicates
widespread usage. This is because when they are in a highly delithiated state unstable Ni** has a

tendency to reduce to the more stable Ni?* state at high temperatures. This in turn releases oxygen
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from the structure, which can accelerate thermal runaway [85,98,99]. Ni reduction is correlated
with phase transitions to spinel and rocksalt structures (Figure 1), and thus obtaining XRD or
electron diffraction patterns with increasing temperature is a valid approach to follow these
processes. In order to investigate thermal degradation mechanisms, NCA positive electrodes was
generally charged in a battery to a certain voltage or SOCs, then those delithiated NCA particles
were acquired by disassembling a battery in a glove box. Thermal degradation of lithium nickel
oxide derivatives [including NCA] was studied using in situ (time-resolved) XRD [100,101], and
found that regardless of composition, a series of phase transition from layered to disordered spinel
then to rocksalt occurs, with the onset temperature for the phase transitions being a function of
both composition and SOCs. As the Ni content increases or as more lithium ions are removed,
phase transformations occur at lower temperature, indicating poorer thermal stability. In order to
probe structural changes and gas evolution at the same time, a new technique of in situ XRD
coupled with mass spectroscopy (MS) was developed [56,102]. Figure 6 shows in situ XRD
patterns with MS acquired from charged LiosNCA (i.e. 50% of Li was electrochemically removed).
Upon heating, phase transformation from R3m layered structure to Fd3m (disordered spinel) and
Fm3m (rocksalt) structures occurred, accompanied by Oz and CO; release [102], demonstrating
that phase transformation is directly correlated with the liberation of Oz and CO> gases. In case of
overcharged Lio1NCA (only 10% of Li remaining), a severe oxygen release was observed with
phase transformation to the disordered spinel phase around 175 °C, which is not high enough to
ensure the safety of LIBs.

Along with in situ XRD, Yoon et al. [103] exploited the in situ soft XAS technique to investigate
the thermal behavior of charged NCA (Lio.33sNCA). Soft XAS can probe the valence state of each

element with site-selectivity since the partial electron yield is surface sensitive (up to 5 nm) while,
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in turn determine bulk behavior using fluorescent yield. X-ray diffraction patterns and Ni and Co
Lo3 edge and O K-edge XAS of LiossNCA were recorded with increasing temperature,
demonstrating the formation of NiO-like rocksalt phase at the surface as a result of thermal
degradation. Besli et al. [51] systematically investigated thermal decomposition, oxygen release,
and fracture of chemically delithiated NCA (Lio.sNCA) with in situ XRD, soft XAS, in situ full-
field TXM, and SEM upon heating. Figure 7 exhibits in situ 2D Ni K-edge XANES maps, which
provide images of the spatial distribution of Ni oxidation states over an isolated secondary
Lio.sNCA particle during a temperature excursion from room temperature to 450 °C. Significant
Ni reduction was observed upon the transition from 200 °C to 250 °C and from 300 °C to 350 °C.
It was suggested that oxygen evolution, phase transformations, reduction of Ni, intragranular
cracking, and the development of mesopores all take place within delithiated NCA at high
temperature.

The degree of lithium removal at the surface of electrode materials can be higher than that at the
bulk, even at the same SOC because of slow lithium diffusion and overpotential at the interface
between electrode-electrolyte. Structural inhomogeneity of charged NCA has been demonstrated
at the nanoscale after the initial charge: specifically vis the presence of disordered spinel and
rocksalt phases at the surface of LiosNCA and Lio:NCA [104]. This structural variation may bring
about unexpected thermal decomposition of charged NCA. As a result, Hwang et al. [105]
investigated thermally induced decomposition occurring in charged NCA as a function of different
SOCs using in situ TEM. Figure 8 presents a series of bright-field images, O K-edge EELS, and
selected area electron diffraction (SAED) patterns acquired from charged NCA upon heating to
400 °C. Porosity developed at the surface then propagated into the bulk, suggesting oxygen

evolution initiated at the surface then spread into the interior of the particles. This morphological
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evolution took place along with crystallographic and electronic structural changes, as reflected in
EELS and SAED data. In addition, thanks to site-specificity of TEM analysis, particle-to-particle
variation in thermal behavior was examined through investigating of different particles at
Lio.3sNCA, suggesting that localized area can undergo severe degradation even below 100 C,
which is the temperature can be reached in normal operation. Karki et al. [106] explored the effect
of environments on thermal degradation of overcharged Lio.sNCA using environmental TEM.
Oxidizing, neutral, or reducing environment were controlled by introducing O, He, H2 gas into
the sample area inside ETEM. Surface oxygen loss and structural changes were suppressed with
O environment while greatly accelerated under Ho.

Thermal degradation of NCA was also examined in situ in the charged state using both X-ray based
techniques and TEM. At comparable SOC, thermal degradation was observed at lower temperature
in TEM since TEM probes a localized surface area, where is subjected to more severe delithiation.
This indicates that thermal degradation initiates at the surface of cathode material at lower

temperatures then subsequently propagates into bulk areas at high temperatures.

5. Outlook and summary

Lithium nickel cobalt aluminum oxides have been improved in order to simultaneously achieve
high-energy density and enhanced structural stability. Research and development efforts have been
also been pursued to use more than 80% of Ni in NCA to attain high capacity. The conflicting
effect of increasing Ni content — it is good for high capacity but unfavorable to maintain a static
crystal structure — can perhaps be mitigated with smart designs of novel material forms. For
example, a concentration gradient LiNio.ss5C00.120Al0.01502 was designed where the composition

of TM within the bulk of the particle is Ni-rich while maintaining a Co-rich surface [107]. In
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addition, a hybrid LiNio.sssC00.040Mno.0s0Al0.01502 has been proposed, consisting of a core of
LiNio.934C00.043Al0.01502 and an encapsulating shell of LiNio.g24C00.080Alo.01502 [108]. In other
words, NCA-derivatives continue to be upgraded, even after successful commercialization, as they
are highly promising positive electrode for EV applications. For exploring potential new
chemistries of cathode materials, machine learning algorithms can be intriguing to predict the
atomic configuration of novel materials during delithiation [109]. It is also desirable that materials
development be correlated with in situ/ operando characterization as they advance our
understanding in structural and chemical evolution of NCA materials during operation. For
example, an in situ study on structural evolution during synthesis of high-Ni content layered oxides
may shed light on rational design of high-Ni cathode materials [110,111].

Careful design of experiments is mandatory to link in situ/operando characterization with the
performance of real-life lithium ion batteries. Experimental setups for in situ/ operando XRD and
XAS (hard X-rays) are relatively easy to be prepared but they have limitations in probing
amorphous materials and low atomic number elements, respectively [49]. Soft X-ray XAS, TXM
and TEM approaches require complicated in situ liquid cells to realize a micro-battery system.
Despite the difficulties of fabricating a closed-cell system, it is intriguing platform to probe
materials both in TEM and XAS with an identical setup [112]. In situ TEM holders continue to be
upgraded to mimic the realistic conditions as closely as possible. For instance, a newly developed
in situ liquid TEM holder allows us precise electrochemical measurements [113]. Additionally,
beam effects must be carefully considered for in situ/operando studies. Charged NCA is unstable,
and thus easily damaged by either X-ray or electron beams. In addition, identical areas of sample
are exposed several times to X-ray and electron beams during in situ experiments, therefore, in

order to deliver reliable results, radiation should be minimized.
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In this review, various in situ/ operando analytical techniques that have been applied to probing
NCA cathode materials have been described. These techniques are also applicable to the
examination of other layered cathode materials such as LiNixMnyCo0,0> [42,114-116], lithium-rich
materials [58,117-120] as well as other electrode materials for other battery systems, like Li-S
[121-124] and Li-air batteries [125-129]. Multimodal operando analysis including both X-ray-
based and electron microscopy-based techniques are highly recommended as they can more deeply

probe the structural and chemical evolution of electrode materials at complementary length scales.
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Figure 2. Schematics of experimental setups. Modified (a) coin cell and (b) pouch cell for in-situ/
operando X-ray analysis. (c) Combination of X-ray diffraction and mass spectroscopy with heating.
(d) Dry cell and (e) liquid cell and for in-situ lithiation/ delithiation inside TEM. (f) In-situ heating
devices for TEM. (a) Reprinted with permission from [49]. Copyright © (2018) Springer Nature.
(b) Reprinted with permission from [130]. Copyright © (2015) Wiley-VCH. (c) Reprinted with
permission from [56]. Copyright © (2012) Wiley-VCH. (d) Reprinted with permission from [72].
Copyright © (2013) Wiley-VCH. (e) Reprinted with permission from [75]. Copyright © (2014)
American Chemical Society. (f) Reprinted with permission from [80]. Copyright © (2018)
American Chemical Society.
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Figure 3. (a) Contour plots of the intensity at selected 20 regions and corresponding
galvanostatic plots of NCA for the first and second charge to 4.9 V Li*/Li. (b) Displacement field
(c) and strain along the (001) direction (perpendicular to the layers) of a single NCA particle
captured in situ during charge. The voltages and average lattice constants are indicated. (a)
Reprinted with permission from [82]. Copyright © (2015) American Chemical Society. (b, c)
Reprinted with permission from [91]. Copyright © (2018) Springer Nature.
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Figure 4. State of charge (SOC) mapping during electrochemical cycling. (a) Electrochemical
cycling profile. (b) Transmission image of a region of electrode for which SOC maps for points I-
VII1 during the electrochemical cycle shown in panel (a). False color indicates extent of lithiation
(red) or delithiation (blue). (c) Left: Ni4+ oxidation maps of a single large particle during charge
at 3.7 V and 4.2 V (times steps | and Il in panel (a). A ring-like delithiation pattern is already
visible at 3.7 V. Right: Radially integrated fraction of lithium in the particle at 3.7 VV and 4.2 V as
a function of distance from the center of the particle (r = 0) showing inhomogeneous lithiation in
large particles at C/5. (d) Map of the difference in lithium content between the sequential timesteps
Il and IV (left), IV and V (middle), and V and VI (right). Reprinted with permission from [50].
Copyright © (2016) Springer Nature.
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Figure 5. (a) Schematic representation of a microscale battery implemented in a scanning electron
microscope for in situ studies of microstructural evolution. The battery consists of a single cathode
particle partially immersed in electrolyte that covers the anode material. External leads are attached
to the positive and negative electrodes via feedthroughs for electrochemical cycling. (b) A series
of still images from live video collected during the first charge of a NCA particle. i) The polished
surface within a single particle in the as-prepared condition just prior to final polishing and cycling,
ii) about one third, iii) about two thirds and iv) at the end of the first charge cycle. In d) the
electrolyte penetration to the interior of the particle can be observed (indicated by the two arrowed
regions). (a) Reprinted with permission from [93]. Copyright © (2012) Microscopy Society of
America. (b) Reprinted with permission from [131]. Copyright © (2013) Wiley-VCH.
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Figure 6. (a) TR-XRD patterns and simultaneously measured mass spectra (MS) for (b) O2 and (c)
COo, released from Li0.5NCA during heating to 500 °C. The left panel shows the models of ideal
crystals with rhombohedral, spinel, and rock-salt structures. Reprinted with permission from [102].
Copyright © (2013) American Chemical Society.
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Figure 7. In situ 2D Ni K-edge XANES mapping over an arbitrarily selected NCA particle upon
thermal treatment. Panels (a—h) show the evolution (reduction) of the Ni oxidation state. The
corresponding energy distributions of panels (a—h) are shown in panel (p), highlighting two critical
temperature transitions (200-250 °C and 300-350 °C). Panels (i—0) show the differential Ni K-
edge energy maps, suggesting that the internal redistribution of Li occurs concurrently

with the overall Ni reduction. The corresponding energy distributions of panels (i—0) are shown in
panel (q). Reprinted with permission from [51]. Copyright © (2019) Royal Society of Chemistry.
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Figure 8. Real-time BF images of the surface of (row a) LiosNCA during heating. Temperature
dependence of oxygen K-edge EEL spectra from (b) LiosNCA, (c) Lio3sNCA, and (d) Lio.1NCA.
(e) In-situ selected electron diffraction pattern acquired from LiosNCA at i) 25 °C, ii) 200 °C, iii)
300 °C, and iv) 400 °C. Reprinted with permission from [105]. Copyright © (2014) American
Chemical Society.
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