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Li-ion batteries have been widely applied in the field of energy storage due to their high energy density
and environment friendliness. Owing to their high capacity of ~200 mA h g~ and high cutoff voltage
of ~4.6 V vs. Li*/Li, layered lithium transition metal oxides (LLMOs) stand out among the numerous
cathode materials. However, the oxygen loss of LLMO cathodes during cycling hampers the further
development LLMO cathode-based Li-ion batteries by inducing a dramatic decay of electrochemical
performance and safety issues. In this regard, the oxygen loss phenomenon of LLMO cathodes has
attracted attention, and extensive efforts have been devoted to investigating the origins of oxygen loss
in LLMO cathodes by various characterization methods. In this review, a comprehensive overview of the
main causes of oxygen loss is presented, including the state of charge, side reactions with electrolytes,
and the thermal instability of LLMO cathodes. The characterization methods used in the scope are
introduced and summarized based on their functional principles. It is hoped that the review can inspire a
deeper consideration of the utilization of characterization techniques in detecting the oxygen loss of
LLMO cathodes, paving a new pathway for developing advanced LLMO cathodes with better cycling
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Wider impact

Layered lithium transition metal oxide (LLMO) cathodes with a high capacity of ~200 mA h g * and a high cutoff voltage of ~4.6 V vs. Li’/Li stand out among
the numerous cathode materials of Li-ion batteries. However, current LLMO cathode-based Li-ion batteries still suffer from the electrochemical performance
decay and safety concerns during long-term operation, which is contributed by the oxygen loss phenomenon of the LLMO cathode. The lack of understanding
of the origins of oxygen loss and the functional principle of these methods is becoming the bottleneck of the field. In this regard, this review summarizes the
current understanding of the origins of oxygen loss in LLMO cathodes, reviews recent efforts to develop advanced and suitable characterization techniques, and
illustrates the capabilities and limitations of these methods. The review will inspire the development of next-generation characterization techniques and
enhance the comprehensive understanding of oxygen loss in LLMO-based Li-ion batteries.

1. Introduction

Li-ion batteries have been widely used in electric vehicles,
portable devices, and grid energy storage since the invention
of rocking chair batteries by Sony Energytech Inc. in the
1990s."™ Layered lithium transition metal oxide (LLMO)
cathodes with the advantages of high practical capacity
(~200 mA h g~") and high cutoff voltage (~4.6 V vs. Li*/Li)
are rising as a shining star among the numerous cathode
materials.>® LLMO cathodes are normally described with a
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formula of LiMO, (M stands for transition metals such as Ni,
Co, Mn, Ti, and Al) and a layered crystallographic space group
R3m.°™* The typical layered structure allows the reversible
shuttling of Li-ions in the structure.”® Although various LLMO
cathodes have been successfully applied in commercialized Li-
ion batteries, they still suffer from limitations such as capacity
decay, voltage drop, and coulombic efficiency reduction during
the long-term operation.’*® Moreover, safety concerns result-
ing from the explosion and ignition of cells also limit the
further application of LLMO cathode-based Li-ion batteries in
large-scale energy storage systems.'” With extensive research in
the field, the issues are found to be contributed by the oxygen
loss phenomenon of LLMO cathodes during cycling, which
results in the structural degradation and chemical evolution
of cathodes, electrolytes and even the whole cell."®*® More

This journal is © The Royal Society of Chemistry 2023
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specifically, as the cathode structure is supported by an oxygen
framework, the oxygen loss easily leads to phase
transformations®® and defect formation®' in the structure,
promoting degradation such as lattice amorphization and
cathode cracking.'®**"** Furthermore, the released oxygen
existing as O, or O~ will participate in the interfacial reaction
between cathodes and electrolytes, forming gaseous products
(CO,, €O, H,0, etc.) and cathode-electrolyte interfaces
(CEIs).>*° The interfaces and gaseous products formed will
intensify the safety concerns of Li-ion batteries by triggering the
thermal runaway phenomenon during cycling.>**° Thermal
runaway is commonly observed in Li-ion batteries as a electro-
chemical process and unexpected interfacial reactions could
rise the temperature of cells, which will further accelerate the
side reaction and decomposition of cell components, decay the
battery performance and possibly ignite the cell.>'~** Therefore,
the oxygen loss of the LLMO cathode is a critical issue in
further optimizing the durability and safety of next-
generation Li-ion battery systems.

In recent decades, numerous works have been conducted to
inhibit the oxygen loss phenomenon of LLMO cathodes, which
have been comprehensively summarized in other studies
reported in the literature.'®**>* However, these methods such
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as surface coating®®*” and composition modification®® are still
insufficient to suppress the oxygen evolution.'®'®** The lack of
understanding of the origins of oxygen loss and the functional
principle of these methods is becoming the bottleneck of the
field."®*> Advanced characterization methods are required to
provide deeper insights, especially under practical conditions.
The major difficulty of experimentally tracking the activity of
oxygen in the cathode during electrochemical cycling is attrib-
uted to the light nature of elemental O and the complex
composition of cathode materials.*>*® For most characteriza-
tion methods, the weak signals generated by O could be easily
affected or covered by other components of cells. Meanwhile,
the extreme sensitivity of batteries’ components to water and
oxygen requires the cell to be detected under in situ conditions,
which is further limited by the closely packed architecture
of cells.

Nevertheless, extensive efforts have been devoted to devel-
oping applicative characterization methods in this area.*’™*®
Some efficient techniques such as differential electrochemical
mass spectrometry (DEMS),*®*” resonant inelastic X-ray scatter-
ing (RIXS),"®*® magnetism-based techniques,’*° and trans-
mission electron microscopy (TEM)>“*> have been proposed
to investigate gas evolution, oxygen chemical changes and
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structural degradation associated with O, loss phenomenon.
Based on these excellent works, significant progress has been
made in the past few years,> especially in investigating the
origin of oxygen loss in LLMO cathodes and its impacts on
structural degradation. This review is focused on the character-
ization methods used to detect the origin and effects of oxygen
loss in LLMO cathodes. We first summarize the recent works
that investigate the origin of the oxygen loss in LLMO cathodes.
Then, the characterization methods used to detect the phenom-
enon are categorized by their functional principles and intro-
duced with examples. Finally, we discussed our vision of the
current role and prospects of oxygen release in layered cathode
studies based on these summaries. The requirement of future
characterization methods will also be proposed, with the aim to
improve the fundamental understanding of failure of Li-ion
batteries and inspiring interest in the future development of
layered oxide cathodes.

2. Origins of oxygen evolution in
lithium layered oxide cathodes

The most traditional LLMO cathodes are LiCoO,, LiNiO, and
LiMnO,, in which the first two were synthesized by Good-
enough et al in the early 1980s>*° and the last one was
reported by Bruce et al. in 1996.>® The successful development
of these cathodes contributed to the commercialization and
popularization of rechargeable Li-ion batteries in the 1990s.”
However, these cathodes show disadvantages such as low
capacity, short cycle life and high costs. Advanced systems
such as lithium nickel manganese cobalt (NMC) oxides,>®
and Ni-,'”*%%! Lj and Mn-rich LLMO cathodes®*®* have been
proposed. Typical examples and their characteristics are pro-
vided in Table S1 (ESIT). Although most of the materials have
been studied well, they still suffer from safety concerns
when charged to high voltages (>4.4 V vs. Li'/Li), which are
found to originate from the oxygen loss phenomenon of LLMO
cathodes.®>*’

The major difference in the different categories of LLMO
cathodes is the metal cation and its amounts, which affects not
only the electrochemical performance, but also their properties
related to the oxygen loss phenomenon. For example, LiCoO,
shows a more intensive oxygen loss phenomenon than that of
LiNiO, while comparing the outgassing during the cycling.®®
Voltage hysteresis occurs when charged to high voltages, which
is another indicator of the oxygen loss phenomenon and has
been associated with the oxygen redox behavior of the LLMO
cathode.®*®® The cathode with more intensive oxygen loss will
show a lower voltage of hysteresis and, thus, poor cycling
stability. For example, it was found that the higher Ni content
of NMC-based LLMO cathodes results in a higher capacity but
low voltage of hysteresis.®® A similar conclusion can also be
drawn for Ni-rich cobalt-free LLMO cathodes (Table S1, ESI).”°
Li- and Mn-rich LLMO cathodes are promising candidates for
the next-generation Li-ion batteries due to their high capacity
and low cost. However, studies that stated Li- and Mn-rich
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LLMO cathodes suffer from structural degradation and oxygen
release phenomenon during cycling, which is due to the John-
Teller lattice distortion introduced by Mn.'® The variation in
the voltage hysteresis of different LLMO cathodes can be
explained by the band theory, which will be discussed in
Section 2.1. Apart from the electrochemical stability, the gas-
eous products released and the cathode-electrolyte interface of
different cathode-based Li-ion batteries show similar composi-
tions, suggesting that they have similar mechanisms when the
electrolyte is involved (Table S1, ESIt). Thermal stability is
another factor related to the oxygen loss phenomenon, as the
inner temperature of cells will increase during the long-term
cycles, which induces the decomposition of LLMO cathodes
and release lattice oxygen to the system.”"”>

On the basis of current knowledge and the above-mentioned
discussion, the origins of oxygen loss phenomenon are attrib-
uted to three main parts: the state of charge of LLMO cathodes,
interfacial reactions between LLMO cathodes and electrolytes,
and the thermal instability of LLMO cathodes (Fig. 1). In the
following text, these three parts will be discussed in detail.

2.1 State of charge of layered oxide cathodes

The state of charge could be the major driving force of
oxygen loss in the LLMO cathode structure.”*””® During the
charging process, the Li-ions will be deintercalated from the
cathode structure along with the rise in voltage. The process
gradually oxidizes the transition metal ions from 3" to 4" and
makes them more oxidative, so that they become more likely to
access the electrons from the lattice oxygen (O>7), which
eventually results in the release of gaseous O, to the surround-
ing environment.””®® Therefore, a higher voltage could accel-
erate the oxidation of lattice O~ to gaseous oxygen as stronger
extraction of Li*.*"® Such relationship between oxygen loss
and the state of charge of LLMO cathodes has been studied and
verified by enormous works.**®  For example, a
Li; ,Niy,Mn, 60, cathode shows obvious detection of O, upon
the voltage reaching around 4.5 V vs. Li'/Li and the maximum
rate of ~4 x 10”2 pmol min~* at 4.8 V vs. Li*/Li.?® Furthermore,
the relationship between the state of charge and oxygen loss is
also affected by the composition of LLMO cathodes. A typical
comparison is presented by Shao-Horn et al.®® The Li,RuO;
cathode was substituted by different metal ions and fabricated
into cells. The evolution of gaseous products (CO, and O,) was
detected by DEMS during the operation. A distinct difference
was observed by comparing the initial time of oxygen evolution
and the total amount of oxygen generated (Fig. 2a-d).

The difference suggests the significant influence of LLMO
composition on the relationship between the voltage and the
oxygen loss phenomenon. Such influence could be explained by
the band theory.®®°° The band structure of LLMO cathodes is
considered as orbitals overlapped between the d orbitals of
transition metals and the p orbitals of oxygen, resulting in
bonding (M-O) and antibonding (M-O)* (Fig. 2e). The energy
difference between the two bonds is the charge transfer term 4,
which depends on the electronegativity difference between M
and O and will be used later. Normally, all three 2p orbitals of O

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Origins of oxygen loss phenomenon in LLMO cathodes.

will form a bond with M in LiMO, when O/M is 2. However, a
partial substitution causes changes to the coordination
environment between TM and O. For example, Li-rich layered
Li,MOj; cathodes with one-third of TM replaced by Li result in
one of the O 2p orbitals being weakly bonded because of its
relatively small overlap with Li 2s orbitals. Thereby, a non-
bonding oxygen state is formed and located above the stabi-
lized (M-O) bonding band (Fig. 2f). Such a band can provide
additional electrons for removal and thus higher capacities
without any risk of structural destabilization. However, it also
changes the redox activity when different band positions are
considered, possibly inducing the oxygen release in the layered
oxide cathode. To be clear, the partially filled (M-O) * band will
be split into empty upper and filled lower-Hubbard bands (UHB
and LHB, respectively) by Mott-Hubbard splitting. The position
of LHB related to the O 2p non-bonding band shows three
typical cases (Fig. 2g-i), which are related to the A and U (d-d
coulomb interaction term, which is inversely proportional to
the orbital volume). Ideally, when the LHB is overlapped with
the O 2p non-bonding band, both bands are available for
electrochemical activity (Fig. 2h). However, when the LHB is
lower than the O 2p non-bonding band, the electrons are
directly removed from the O 2p non-bonding band (Fig. 2i),
which promotes the formation of O, and degradation of the
cathode. Apart from the influence of composition, the Li-ion
cathodes also show a spatial difference of the state of charge
within the whole structure. Such inhomogeneous delithiation

This journal is © The Royal Society of Chemistry 2023
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of LLMO cathodes during cycling has been proven to be
another driving factor of oxygen loss by Amine et al®>® The
lattice displacement/strain induced by non-equilibrium struc-
tural dynamics is observed along with the oxygen loss in Li-and
Mn-rich LLMO cathodes during the electrochemical cycles.
Such a conclusion is based on a combination of multiscale
characterization methods, which will be further discussed in
Part 3.

2.2 Side reactions between LLMO cathodes and electrolytes

The side reactions between layered oxide cathodes and electro-
lytes during the electrochemical cycles are one of the most
important phenomena in Li-ion batteries.”’®® The reaction
consumes lithium and oxygen in the cathode, forming gaseous
products and solid-electrolyte interfaces at the cathode/electro-
lyte interface.””*> Among the complicated and multi-step inter-
facial reactions, the major reactions in which the oxygen loss of
LLMO cathodes is involved are the reduction of O, and the
formation of Li,O and Li,CO;-based interfaces.'®°®

The first reaction is initialized by O, released from the lattice
structure of LLMO cathodes at high voltages. The oxygen
generated is extremely oxidative and can be easily reduced by
the carbon black or carbon species in the electrolyte (mecha-
nism 2 in Fig. 3¢), producing gaseous products such as CO, and
CO that can be easily detected by gas detection methods
(Fig. 3a).°”7'% The reaction results in the decomposition of
electrolytes and induces the interfacial reactions between

Mater. Horiz., 2023, 10, 4686-4709 | 4689
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batteries. Copyright 2021, Royal of Chemistry.®° (e) and (f) Band structures of the layered Li,MOs cathode and its anionic redox mechanism. (g)—(i) Three

scenarios of the Hubbard model. Copyright 2018, Nature.®®

electrolytes and LLMO cathodes due to charge compensation
(mechanism 1 in Fig. 3c)."®®® various by-products in the form
of CO,, CO, O,, O*7, and H,O will further participate in and
initiate the interfacial reactions at the cathode/electrolyte inter-
face, intensifying the loss of oxygen from cathodes
(Fig. 3d).">"" The lost oxygen will be preserved at the interface
in the form of Li,O and Li,CO;, comprising the cathode-
electrolyte interfaces (CEI) (Fig. 3b), which has been extensively
studied in various LLMO cathode-based systems.'*>7%*
Additionally, the reaction and formation of the CEI signifi-
cantly changed the charge transfer process in the batteries,

4690 | Mater. Horiz., 2023, 10, 4686-4709

resulting in an increase in the local temperature and over-
potentials of the cell. This process will accelerate the lattice
oxygen loss from the LLMO cathode structure via the above-
mentioned interfacial reactions.®

2.3 Thermal instability of layered oxide cathodes

The thermal instability of layered oxide cathodes also possibly
contributes to oxygen loss in layered oxide cathodes.”>'%>71%7
During cycling, the inevitable exothermic side reaction and
electrochemical process could release heat and elevate the
temperature inside the cell, which leads to the phase transition

This journal is © The Royal Society of Chemistry 2023
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Society ’®

of LLMO cathodes.’®'°® For example, Ni-rich NCM cathode
particles were observed to reconstruct at high temperatures and
transit to a rock-salt-like structure during heating (Fig. 4a and
b).'*® With the increase in temperature to 175 °C, the Ni-rich
NCM cathode (NCM85105) particle shows a variation in
morphologies, indicating the decomposition and reconstruc-
tion of cathode particles and the nanopore evolution at differ-
ent temperatures (Fig. 4a). With the increase in temperature,
the shape of the nanopore boundary changes, suggesting that a
transition of phase has occurred as a result of oxygen loss. The
transition of phase was confirmed by high-angle annular dark-
field (HAADF) imaging techniques (Fig. 4b). The nanopore
boundary encounters phase transition from a layered structure
to the rock-salt-like structure. Furthermore, the influence of
phase transition on the oxygen loss phenomenon of LLMO
cathodes was reported by Nam et al.'*° The phase transitions of
NMC-based LLMO cathodes were recorded via time-resolved
XRD patterns. X-Ray diffraction is sensitive to the changes in
crystal structures in samples, in which the (003) peak repre-
sents the layered structure of rhombohedral symmetry (R3m),
while the (220) peak is characteristic of the spinel structure

This journal is © The Royal Society of Chemistry 2023

(Fig. 4c)."™* With the help of mass spectroscopy, the relation-
ship between phase transition and oxygen loss was established
(Fig. 4d). The oxygen evolution and structural phase change
during heating are influenced by the content of Ni and Mn: the
higher the Ni content and the lower the Co and Mn content, the
lower the onset temperature of the phase transition (thermal
decomposition) and more oxygen is released.’® The oxygen
evolution was detected at a temperature between 135 and
155 °C, where the layered structure is transformed to spinel.
Later, the disordered spinel of the cathode was then transferred
to the rock-salt structure without detection of O,, which was
completed at around 365 °C. A comparison of different compo-
sitions of LLMO cathodes shows that the higher the Ni content,
the lower the temperature required for the first phase change
(layered to spinel) and the transition to the rock-salt, the lower
the thermal instability.""?

Apart from phase transition, the elevated temperature could
induce thermal runaway inside the cell, resulting in the full
decomposition of cathodes and CEI. The process generates a
large amount of gaseous products, propagates and destroys the
internal structure of cells in a short time.'®”

Mater. Horiz., 2023, 10, 4686-4709 | 4691
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American Chemical Society1°° (c) Time-resolved XRD patterns for the charged NMC811. (d) Mass spectroscopy profiles for oxygen during the

measurement of time-resolved XRD. Copyright 2014, American Chemical Society.

3. Characterization methods used for
revealing the oxygen loss in LLMO
cathodes

Despite the complicated process of oxygen loss in LLMO
cathodes, the understanding of the phenomenon has been
intensively enhanced by developing advanced characterization
methods. These methods are widely applicable in this area as
the fundamental mechanism of oxygen loss is similar for
different types of LLMO cathodes.

In this section, the most widely used methods will be
divided based on their functional principles and introduced
below, which are gas detection-based techniques, X-ray-based
techniques, magnetism-based techniques and other advanced
techniques (Fig. 5).

3.1 Gas detection-based techniques

The major final products of oxygen lost from the LLMO cathode
are in the form of gases. Therefore, gas analysis for the
identification of gaseous products could be the first step to
reveal the oxygen release phenomenon. The most commonly
used method to analyse gas evolution in electrochemical
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applications is electrochemical mass spectrometry (EMS). The
method was enabled by connecting the hydrophobic porous
electrode with the inlet system of a normal mass spectrometer
(Fig. 5a). The gaseous products will generate charged fragments
of vaporized gaseous molecules by collision with high-voltage
electrons. Different species are identified by comparing the
time taken by each charged species to reach the detector in a
magnetic field, which is related to their m/z ratio. After about 20
seconds, the mass intensity detected was directly proportional
to the amount of reactants. The first application of EMS was
conducted by Bruckenstein and Gadde in 1971 to determine the
0, generated from an oxygen-free perchloric acid solution.'*?
Later, Wolter and Heitbaum optimized the technique with a
hydrophobic membrane (porous PTFE) inlet system that can
separate aqueous electrolytes from the vacuum system of the
mass spectrometer. The membrane inlet is close to the working
electrode and directly connected to an ionization chamber.
During the measurement, the gaseous products formed on
the electrode can reach the ion source directly, allowing ioniza-
tion and detection shortly after the generation. Meanwhile, the
chamber volume is continuously expanded and produces a
mass signal that is proportional to the rate of the incoming
flow of gaseous products, which reflects the time derivate of the

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3mh00780d

Published on 04 August 2023. Downloaded by Y unnan University on 8/14/2025 7:38:23 AM.

View Article Online

Review Materials Horizons
a b
C_J\)@ 7 Vacuum X-ray
&F " . xps fluorescence
Cell ol ) jexeite, (o)) [ * ] fluorescence
$o<\?\\ s Rotation signal
Time Xoray ¥ ~ cond®q XAS  uis Phase ring
gas — imaging E
I % «
. Mass X, %y L) Imaging
alvre Ao . Sample 2 Sample
analyzer @g\\ ,\(_\\,cs eoé(?, 2 Stage Pinhole Objective
%b“’ S ), 0 Gt S ZP
F 5 % d f 0.0
DEMS SIS AN 20>,
& %; < XRD
Characterizati
c d
. RF Py - on methods 2 Tm - ? oy
a transmitter 9, ‘{2;) £ o g8 & 666’11 &
= (S = 3 s
detector 9‘9, 6’03/ O@\e gz& g :6’ IS R
absorption By Lo 59‘\\*9\ \*L"? = di Q0 S
e ‘\Q a' - - -
-9 2 2
Magnetic field NMR 4 T o
Magnet < Receiving
: @ Transducer
controller ;} { % o Ullrasonic
. . e = Electrodes  _— peam
sample
<\ ________ I} TEM
“ Us
ADE L Cell
ABF HAADF )
EPR . Emltting
Ring detector Transducer

Fig. 5 Characterization methods for testing oxygen loss in batteries: (a) gas detection—based techniques; (b) X-ray-based characterization methods; (c)

magnetism-based techniques; and (d) other characterization techniques.

amount of products. Such technique provides higher sensitivity
and is called differential electrochemical mass spectrometry
(DEMS)."**

As the oxygen lost in LLMO cathodes during cycling can be
released in the form of gases, the detection and identification
of these gaseous intermediates and products is a critical step to
understanding the process, for which DEMS is a good choice.
Currently, in situ DEMS measurement is well developed (e.g. a
typical in situ DEMS cell designed by NovaK et al. in 2005,
Fig. 6a)'"® and used in understanding the oxygen loss phenom-
enon in different types of Li-ion layered oxide cathodes during
the electrochemical measurement.'>**"'%'” For example,
Novak et al. used DEMS to study the gas evolution occurring
during the first cycles of NMC half-cells under different current
densities."” Bruce et al. demonstrated''® oxygen loss and asso-
ciated structural reorganization in a Li[Ni, ,Li; ,Mng 6]O, cath-
ode by combination of DEMS and X-ray diffraction, proving the
contribution of oxygen and MO, formation to the capacity.
Such founding explains why Li-Mn-Ni-O compounds show a
high capacity of 200 mA h g~ ' and LiCoO, only 140 mA h g~ *.**°
A similar phenomenon was also observed in other high-energy
LLMO cathodes such as Li-rich and Mn-rich cathodes.®*'2%*2!
However, such a DEMS system is an open system that is more
suitable to be used when gas sample flow rates are of the order
of 1 mL min~". The battery system shows a limited gas volume
and thus is not very appropriate. Thereby, several online
electrochemical mass spectrometer (OMES) systems with
semi-closed or closed cell headspaces were designed.''®'*?

This journal is © The Royal Society of Chemistry 2023

For instance, Berg et al. designed an OEMS setup to study the
gas evolution in LCO/graphite cells (Fig. 6b and c), which also
enables the monitoring of the partial and total pressure of the
cell. The major gases evolved were C,H, (39.1%) and CO,
(37.2%), which are related to the decomposition of SEL. O,
gas was detected at a low content of 1.3%, resulting from the
release of highly reactive oxygen from LCO.''®

The application of EMS-based techniques was the first step
to investigate the oxygen loss phenomenon of the LLMO
cathode. They verified the formation of oxygen-containing
gases during the operation. However, these EMS-based techni-
ques provide detection of all gases formed during the operation
of the battery, regardless of whether they result from electrodes,
electrolytes, or other sources. Additionally, EMS-based techni-
ques distinguish gases by their mass, while the specific
chemical, electronic and morphological evolution associated
with the gas formation is hard to be probed. To further
investigate the role of cathodes in gas evolution, other techni-
ques that can detect the cathode and provide more information
are required to be combined.

3.2 X-Ray-based characterization methods

As discussed in Section 2, the oxygen loss is associated with the
chemical/electrochemical reaction and phase transition in
layered oxide cathodes during the charging/discharging pro-
cess. Therefore, the detection of chemical and structural evolu-
tion is an important part to understand oxygen loss in layered
oxide cathodes. With the development of lab-based and
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synchrotron radiation X-ray sources, X-ray beams provide con-
tinuously tunable photon energy across a wide range with
pertained high brightness and flux, developing numerous
characterization methods that are suitable for investigating
changes in chemistry, structure, and morphologies of the
battery system (Fig. 5b).

With consideration of the penetrating depth, X-rays can be
categorized into soft X-rays and hard X-rays. Soft X-rays can only
penetrate shallow matters and have a photon energy range of
several tens to about 2000 eV. In comparison, hard X-rays have
a high energy range of a few keV to tens of keV and a deeper
probing ability. In the research on LCO cathodes, both types of
X-ray sources are widely used. For instance, X-ray photoelectron
spectroscopy (XPS) is a known electron spectroscopy for
chemical analysis. During the measurement, the photo will
be incident to a sample in the range of X-rays and can activate
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the electron in the core-shell of atoms from 1 to 10 nm of the
material. The electron will be emitted with kinetic energy,
which can be detected. Thus, a photoelectron spectrum is
recorded by counting ejected electrons over a range of kinetic
energies. The energies and intensities of peaks enable the
identification and quantification of most surface elements
(except hydrogen and helium). XPS can be used to probe the
electronic evolution of oxygen during the charge process.">**°
Rosseinsky et al. used XPS to verify that the d° cations can
stabilize the O-O bond, thereby inhibiting the oxygen loss in
the Li,.Ni;_,WOg cathode.’® Gonbeau et al. used XPS to
reveal the reversible anionic redox chemistry in Li-rich cath-
odes, while the oxygen loss phenomenon was not focused
on." Furthermore, the synchrotron-based X-ray sources allow
the application of hard X-ray XPS (HAXPES) to study the depth-
dependent oxygen redox acidity in Li-rich layered oxide

This journal is © The Royal Society of Chemistry 2023
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(@) O 1s HAXPES spectra of Lij2Nig2MngeO, samples under pristine, charged and discharged status; Copyright 2019, Royal Society of

Chemistry.??® (b) XAS at the O k edge and Ni L3-edges acquired on Li-rich NMC single particles (Top) and NMC111 particles (Bot) at different voltages.
Copyright 2019, Wiley-VCH.** (c) Corresponding half-edge energy of Ni K-edge XANES at different positions of the LiNiO, cathode. (d) mRIXS O k-edge
mapping of LiNiO, cathodes during the charge and discharge process. (e) RIX spectra based on the photon intensity upon excitation with an emission
energy of 523.7 eV. (f) Gas evolution obtained by DEMS. Copyright 2019, American Chemical Society.?®

cathodes.'” The O 1s HAXPES spectra (Fig. 7a) show the
surface of charged cathode containing more oxidized oxygen
O™ than the bulk, indicating a strong depth dependency for
the oxidation state of oxygen in the material during charging.
Moreover, the proportion of 0"~ drops slightly at the top of the
charge, indicating the oxygen loss from the structure at high
voltages.'*® However, XPS/HAXPES requires the sample to be
measured under high vacuum conditions, avoiding the

This journal is © The Royal Society of Chemistry 2023

absorption from air (oxygen, nitrogen, etc.). Such requirement
makes the in situ experiment hard to realize. Most conclusions
were deduced based on ex situ experiments, which cannot
reflect the realistic condition of battery systems.

In addition to the XPS, X-ray absorption spectroscopy (XAS)
is an elemental selective technique used to obtain the electro-
nic structure information on occupied electron states. As oxy-
gen is a light element with a low Z, soft X-rays with a low photon
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energy of beams are suitable to study the oxygen loss phenom-
enon in the layered oxide cathode material. There have been
some examples of soft XAS of O kedge reported. However, due
to the hybridization between O 2p and the TM d orbital, the
valence of oxygen is hard to deduce while the soft X-ray of TM L
edge could help. For instance, the effect of O, on the surface of
the Li-rich NMC cathode could be indicated by Ni L;-edge. The
ratio between the main peak at 853 eV and the shoulder peak at
855 eV is reduced (Fig. 7b) compared to that of NMC 11, which
is a result of Ni** formation, Li-ion removal, and oxygen loss.*®
A more appropriate technique to analyze the O k edge is
resonance inelastic X-ray scattering spectrum (RIXS), which is
an elemental and orbital-sensitive tool with superior chemical
sensitivity. It provides detailed insights into the electronic
structure, electronic correlations and a multitude of dynamic
processes by varying the excitation photon energy and studying
the evolution of X-ray emission spectra.'*® RIXS data can be
plotted as a two-dimensional plane, in which X-axis is the
incident energy, while the y-axis is the energy transfer. The
higher dimensionality provides more information than the
standard XAS experiment. Some RIXS measurements on layer
oxide cathodes have been designed and reported.>****'3° Bruce
et al used RIXS to investigate the O, formation in
Li; ,Nig.13Mng 540, layered cathodes of Li-ion batteries.’** The
formation of short O-O bonds is believed to generate charac-
teristic emission features at 531 eV in the RIXS measurement of
O-redox. Along with the voltage hysteresis that occurs during
the charging process of the first cycle, 0>~ was found to oxidize
to O,. Furthermore, the combination of RIXS and other tech-
niques can provide more comprehensive information. Wei et al.
used operando differential electrochemical mass spectrometry,
XAS and RIXS to reveal the cationic and anionic redox reactions
in the bulk and at the surface of LiNiO, layered cathodes.?®
Based on the XAS measurement, a different redox activity was
observed on Ni in the bulk and at the surface (Fig. 7c),
suggesting that the lattice oxygen redox (LOR) occurred. Such
a phenomenon was further investigated by the mapping of
RIXS (mRIXS) during the charging process (Fig. 7d). Although
the mRIXS signals are dominated by strong 0>~ 2p at around
525 eV emission energy, the signal of O, formation (531 eV) is
still displayed. The feature starts to emerge when the voltage is
over 4.3 V and the intensity increases with the higher voltage.
During the discharge, the feature gradually faded and finally
disappeared at 2.7 V, showing reversibility (Fig. 7e). RIXS data
are also consistent with the gas evolution detected by DEMS
(Fig. 7f). The emergence and disappearance of oxidized oxygen
provide direct experimental evidence of a lattice oxygen redox.
Similar to the XPS, the soft X-ray makes the in situ soft-XAS and
RIXS measurement difficult to reach. To avoid the contamina-
tion of O,/H,0, the above-mentioned experiments used an Ar-
filled glove box to transfer the sample to the beamline chamber.
However, electrodes taken out from cells could induce
unwanted changes in chemistry and morphology as the cath-
ode suffers from pressure and electrochemical effects during
the operation of cells. Designing a soft X-ray-based in situ
experiment is urgent to reveal the oxygen redox chemistry in
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LLMO cathode-based systems. Nevertheless, these spectro-
scopic techniques are useful to explain the oxygen activation
and verify the effectiveness of methods used to optimize
the oxygen loss in LLMO cathodes.***?°"*3! For example, Tong
et al. applied XAS and RIXS to prove that the replacement of Mn
with Ru can inhibit the anionic oxygen redox activity in
Li; ,Nig ,TM, ¢O, cathodes.®®

Apart from the soft X-ray-based characterization methods,
the hard X-ray is also commonly used in detecting the oxygen
loss of LLMO cathodes. One of the most important applications
is X-ray diffraction (XRD), which is a non-destructive technique
for analyzing the structure of materials. XRD functions based
on the fact that X-rays can interact with the sample and be
diffracted, resulting in a pattern of scattering of intensity. By
analysing this scattering pattern, the material’s orientation,
structure, residues and crystalline sizes could be determined.
XRD is extensively used to study the relationship between
oxygen loss and phase transition in the LLMO cathode during
cycling. Some examples were introduced in Section 2.3.
Recently, an advanced imaging technique based on X-ray
diffraction has been intensively used in battery study, which
is Bragg’s coherent X-ray diffraction imaging (BCDI). BCDI is
mainly used for structural studies of nanocrystals. During each
Bragg reflection, the diffraction intensity distribution provides
information related to the strain inside the nanocrystal. The
major advantage of BCDI is single crystalline component
resolution. However, it requires a tiny and compact sample,
which could be remedied by the high-energy synchrotron X-ray
beam. BCDI can be used to study the displacement in LLMO
cathode particles (Fig. 8a and b), at nanometer scales such as
NMC811,>**3? Li-rich manganese-based cathode,**"** Li-rich
layered oxide cathode,** and LiC00,,'** which has been
proved to be caused by the oxygen release.>® These findings
proved that the crack of electrodes is initiated by strain-stress
formed inside the LLMO particles.

Transmission X-ray microscopy (TXM) is another X-ray ima-
ging technique that can provide the chemical evolution of
LLMO cathodes with spatial resolution. The working principle
is that the X-ray is focused and directed through the pinhole
onto the sample. The transmitted X-ray is then amplified by a
Fresnel zone and projected onto the detector to form an image.
As each element shows different absorption properties of the
X-ray, the technique is elemental sensitive and suitable to
investigate the inhomogeneous elemental distribution in cath-
odes. With the variation in energy, the XAS spectra with spatial
resolution can also be recorded, revealing spatial effects on the
electrochemical/chemical reaction in cathode structures. More-
over, 3D elemental tomography of the electrode or even a
single particle (nanometers) can be obtained with the aid of
computed modeling and a small beam size. After measuring
the 2D X-ray imaging of the sample at a different angle, the 3D
image can be generated by processing the series of 2D imaging
using a tomographic reconstruction algorithm. The final tomo-
graphy can reflect both external and internal chemical informa-
tion of the electrode/particles. For example, TXM combined
with XANES spectroscopy was used to directly observe the

This journal is © The Royal Society of Chemistry 2023
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distribution of Ni and Mn-related chemical phases at the
particle level (Fig. 8c and d). The colour changes in the XANES
spectrum are caused by changes in the electronic and local
structures of the excess metal during cycling. The results
indicate that Mn also provides capacity by the redox reaction
between Mn*" and Mn**, while the appearance of a red zone
observed at the 200th cycle suggests that the manganese ion
reverses to an inactive state. Additionally, mapping reveals
cracks existing in the particles during cycling, which along
with the decay of electrochemical performance is believed to
result from the oxygen loss during cycling. Therefore, gas

This journal is © The Royal Society of Chemistry 2023

release in the layered oxide cathode also induces structural
changes of the electrode. However, TXM-XANES always requires
a long time for data collection, which requires to be measured
under ex situ conditions or stops the cell at a specific statue for
a while, which may affect the accuracy of the conclusion
proposed.

In addition to the TXM, X-ray computed tomography (CT) is
more suitable to probe the internal part of the battery. The
function principle of CT is the attenuation of the X-ray after
transmitting the sample. Different materials provide varied
attenuation coefficients, so that a different phase contrast can
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thermal runaway. (d)—(f) Sequential images showing the propagation after thermal runaway on the battery. Copyright 2015 Nature.

be obtained during the measurement. Similar to 3D TXM
tomography, 3D CT can be generated to reflect both
the external and internal structures of the electrode (Fig. 9a
and b). Owing to the development of lab and synchrotron
radiation-based X-ray sources, the spatial resolution of X-ray
CT can be varied from micro to nano scale, enabling the study
of batteries from different scales. X-Ray CT has been widely
used to study the effects of gas evolution on the structure of
layered oxide-based LIBs under heating conditions and in situ
electrochemical cycles.'®”*?¢"13® Shearing et al. used in situ CT
with thermal imaging to study the cell architecture evolution as
a function of cycle numbers for Li-ion pouch cells."”” The CT
images of the battery before thermal runaway showed a good
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layer structure (Fig. 9c) but collapsed after thermal runaway
(Fig. 9d), which could be observed by combining the thermal
measurement. This finding suggests that the cathode material
generates gas during the heating-induced decomposition reac-
tion, resulting in a rapid increase in pressure inside the battery
and finally damage to the layer structure. However, such a
method detects only gaseous products but shows a limitation
in distinguishing the composition of gases formed, which
could be compensated by coupling with other techniques such
as DEMS.

Owing to the high penetrability of hard X-rays, in situ XRD,
TXM and CT measurements are widely applied in battery
studies. Numerous specialized cells and experiments were

This journal is © The Royal Society of Chemistry 2023
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designed for allowing the detection of LLMO cathodes by X-
rays, which has been well concluded by Yang et al.’*® However,
these cells and experiments are suitable for micro-probed
measurements but not for nano scaled experiments. The nano
probed experiments such as nano-TXM, CT, and CDI need the
sample to be extremely tiny, requiring to be specially prepared
under ex situ conditions. Nevertheless, these techniques have
made significant contributions to the understanding of the
oxygen loss phenomenon of LLMO cathodes, which will be
discussed in Section 4.

3.3 Magnetism-based techniques

Magnetism-based analytical tools are used to reveal the change
in the local chemical and electronic structural changes in
layered oxide cathodes (Fig. 5c). Materials with an odd atomic
mass or an odd atomic number show different behaviors in a
magnetic field due to their specific spin angular momentum
and magnetic momentum. They can be divided into three
types: ferromagnetic, paramagnetic, or diamagnetic. Ferromag-
netic materials show a permanent magnetic effect even when
no magnetic field is applied while diamagnetic materials do not
show any magnetic effect even under a magnetic field. In
comparison, paramagnetic materials have unpaired electrons
or protons, showing no magnetic effect naturally but are
responsive to an applied magnetic field. Paramagnetic materi-
als are suitable for nuclear magnetic resonance (NMR) mea-
surements, which help monitor the structural changes over an
electrode. NMR occurs when the nuclei of a target atom align to
an applied magnetic field, in which the nuclei are induced to
change the spin orientation by absorption of energy in the form
of a radio frequency wave. The phenomenon generates an
oscillating electric field with a definite frequency, which could
be further absorbed by the processing nuclei and result in
changes in the spin if the radio frequency is similar (so-called
‘resonance’). The energy absorbed during the resonance is a
function of the nucleus type and reflects its chemical environ-
ment in the molecule. In Li-ion battery systems, the most
widely used nuclei in NMR are °Li, "Li, 'H, and '°F."**""** Their
high natural abundance provides fast speed and high sensitiv-
ity to the structural and chemical changes during charging and
discharging, especially useful for detecting the intermediate
and short-lived phases. However, to reveal the oxygen environ-
ment of the LLMO cathode during cycling, the most suitable
type is '70, which is the only NMR-active nucleus of oxygen.
Different from the above-mentioned nuclei, *’O shows a low
natural abundance of 0.037%, requiring an enrichment to
provide a good signal-to-noise ratio. Such enrichment is expen-
sive and the synthesis of the enriched LLMO cathode is a
challenge, which limits the application of 'O NMR in the
understanding of the oxygen redox behavior in oxide
cathodes."®® The strongly quadrupolar nature of *’O (nuclear
spin I = 5/2) also brings difficulties in the practical application
of 70 NMR. Even under magic angle spinning, a broad side-
band that covers several thousand ppm is commonly observed.
Thereby, variable offset cumulative spectroscopy (VOCS)
(Fig. 10a) is used to optimize the measurement, instead of

This journal is © The Royal Society of Chemistry 2023
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the normal single pulse at one receiver offset frequency. The
resulting spectrum is generated by overlapping of all slices. The
first application was conducted on a Li; ,Ti; 4Mn, 40, (LTMO)
cathode by Hu et al., which is not the layered oxide cathode but
disordered rocksalt.®® A reversible O redox behavior is observed
by 7O NMR and ’Li NMR. However, irreversible loss of Li is
also present in the first cycle, which can be explained by the
structural degradation induced by oxygen loss and phase
transition at high voltages. Later, ex situ 'O NMR is applied
in Li; ,Nig 13C00.540, (Li-rich NMC cathode) to study the voltage
hysteresis during the first cycle."*’ The 'O NMR spectrum of
the Li-NMC cathode at different electrochemical states shows a
broadened signal and the authors state the highly paramagne-
tically shifted environment (3000 ppm) is due to the formation
of molecular O, in the bulk structure of cathodes (Fig. 10b and
c). Very recently, an in situ ’O NMR is performed on the
Li,MnO; cathode by Urban et al.'*® The quadrupolar Carr-
Purcell-Meiboom-Gill (qCPMG) is used to enhance the sensi-
tivity and time resolution of measurements,'*” enabling the
quantification of O redox activity related to the formation of
irreversible O-O bond, SEI and n(Mn-O) complex. The spec-
trum of the pristine Li,MnO; cathode is shown in Fig. 10d,
while the in situ results and corresponding electrochemical
data are shown in Fig. 10e, and f. Irreversible oxygen loss was
observed during the charging process.

Electron paramagnetic resonance (EPR) is another
magnetism-based technique based on exciting unpaired elec-
tron spin under a magnetic field and providing electromagnetic
energy in the range of microwaves, generating absorption
spectra. Recently, EPR is becoming popular in the detection
of oxygen loss in LLMO cathodes,'*'*®'°? especially after Hu
et al. used EPR to demystify the coexistence of 0,”~ and trapped
molecular O, during the oxygen redox activity of P2-type
sodium 3d layered oxide cathodes.'** Later, similar works have
been conducted on LLMO cathode systems.**®**® For instance,
the oxygen redox behavior is revealed by EPR in Os-type
Li; 5Nip,Mng 60, and  Li;,Nig13C00.13MNg540,,  O,-type
Li; 033Nip,Mny 0, and disordered rock salt-type Li; ,Tig4-
Niy.13Mng 5,0, cathodes by Liu et al.**® By comparison their
scanning EPR spectra (Fig. 11), the formation of O, can still be
observed in the O,-type cathode in which out-of-plane transi-
tion metal migration is inhibited, indicating that controlling
the in-plane disordering in LLMO cathodes could be more
effective.

3.4 Other characterization techniques

In addition to the above-mentioned techniques, there are still
other characterization methods that have been applied to
oxygen loss of LLMO cathodes and show promising potentials
in further upgradation (Fig. 5d). Transmission electron micro-
scopy is a valuable analytical tool in materials science. TEM
uses electrons as a light source to enhance its resolution to the
angstrom level. A high accelerating voltage (80-300 kV) will be
used to generate the high-energy electron source, providing the
best resolution of 0.05 nm with a magnification of 200 to
1500000 times. Such an electron beam will interact with a very
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thin sample and give the information from the overall shape to
the lattice-level atomic information, enabling the visualization
of surface morphology, phase analysis, elemental and composi-
tional analysis. Additionally, techniques such as energy-
dispersive X-ray spectroscopy (EDX), electron energy loss
spectroscopy (EELS), and high-angle annular dark field
(HAADF) can be applied to further analyze the sample, provid-
ing more information. Specifically, EDX is a function based on
the interaction between electrons and matter, which release X-
ray from the core level of the elements. The EELS is another
analytical technique from TEM. It can be used to examine the
oxidation state of an element by analyzing the absorbed elec-
tron energy of the sample. Furthermore, during the penetration
of electrons in the sample, some electrons will be absorbed and
then diffracted, resulting in a diffraction pattern of the crystal
inside the sample. Such signal can be detected using an
annular dark-field detector and used to identify the crystal-
lographic growth and detect the defects. In addition to the
example discussed in Fig. 4, Zhou et al. employed in situ TEM to
monitor the structural evolution in LiNij goC0g 154l 050, (NCA)
induced by oxygen loss during heating under a reducing
environment of vacuum.' It is stated that oxygen loss

4700 | Mater. Horiz., 2023,10, 4686-4709
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undergoes two stages, where the initial stage is a quick
process that transforms the cathode surface layer into an
amorphized rock salt phase with oxygen vacancies, followed
by a slower stage that is along with the recrystallization of the
amorphized rock-salt layer via coalescing the vacancies.
Recently, Amine et al. used TEM-based techniques to study
the origin of structural degradation in Li-rich layered oxide
cathodes (Li; ,Nip13Mng 5,C0¢.130,, LMR). The lattice displace-
ment observed by HR-TEM induced by the strain stress occurs
on the surface and bulk of the cathode after charging to 4.47 V
(Fig. 12a-c).*® Furthermore, three-dimensional rotation elec-
tron reflection (3D-rED, Fig. 12d) examined that the lattice
strain triggers transition metal migration and structure transi-
tion from the layered phase to the spinel phase (Fig. 12e, f and
g). The O k edge EELS line profiles (Fig. 12i) show that the
oxygen release uniformly occurs on the whole particle surface
as the O pre-peaks disappear, where strain is evolved. The Mn
L, ; EELS profile (Fig. 12k) suggests that the Mn oxidation state
decreases with migration and oxygen loss near the surface.
These findings verified that strain accumulation is the
major cause of oxygen release in LLMR. Despite the powerful
ability of TEM-based techniques, the damage from the electron

This journal is © The Royal Society of Chemistry 2023
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beam should be considered and minimized during the
measurements.

Neutron diffraction (ND) works on similar principles as XRD
(e.g., Bragg’s equation), while ND is more sensitive to light
elements such as lithium and oxygen and shows better contrast
than X-ray-based techniques.'® It offers local structural infor-
mation, especially in atomic pair distribution correlating to the
intrinsic properties of target materials. Initially, the application
of ND in the battery study is difficult due to the existence of
hydrogen in every part of the battery, which has a large
incoherent neutron-scattering cross-section and detriments
the signal-to-noise ratio of the neutron diffraction pattern.
The long acquisition time limited by the strength of neutron
flux poses significant challenges to ND analysis for the Li-ion
battery study under in situ/operando conditions. Nevertheless,
several special strategies have been developed to overcome
these challenges. For instance, Biendicho et al. designed a
large cell to ensure that enough materials were exposed to the
neutron beam."** Peterson et al. applied deuterated electrolytes
to minimize the effects of hydrogen on signal noise.'*® vald-
manis et al used single-crystal (100) Si sheets as
casting support materials, improving the signal-to-noise
ratio."®® Currently, ND has been applied to study the phase
and volume changes on LLMO cathodes during electrochemical
changes such as LiC00,,"”*° LiFeP0O,,'**'** NMC-based
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cathodes, Ni-rich layered oxide cathodes'®” and Li-
rich layered oxide cathodes.'®®'® However, works using ND
to analyze lattice oxygen evolution in the LLMO cathode are still
rarely reported.””"”® Wang et al. studied the variation of 0-O
pair distance in the bulk of Li; ,Tig 35Nig35Nbg 101 gFo, cath-
odes during the electrochemical cycling, by measuring O scat-
tering and analysing the atomic-pair coordination."”*
Compared to 2D-ordered cathodes, 3D-disordered cathodes
show a steadier framework.

Ultrasonic scanning imaging is an emerging method used in
batter systems in recent years (Fig. 13a), with the advantages of
an inexpensive cost, convenience, and non-destructive
nature.'””>'”* It uses high-frequency sound waves to produce
images of batteries during the operation of Li-ion batteries.
When the ultrasound wave emitted from a focusing transducer
passes through the sample, it will be attenuated and then
detected by another transducer on the other side (Fig. 13b).
The ultrasonic signal collected revealed that the time of flight
and amplitude are affected by changes in the physical proper-
ties of the material studied. The value of the ultrasonic trans-
mission wave will then transfer into colors and then form the
images of cells. During the measurement, a distinct boundary
can be observed between different phases such as solid-liquid,
solid-gas and gas-liquid interfaces, due to the variation in
terms of the ultrasonic attenuate rate (Fig. 13c). Thereby, it

Mater. Horiz., 2023, 10, 4686-4709 | 4701


https://doi.org/10.1039/d3mh00780d

Published on 04 August 2023. Downloaded by Y unnan University on 8/14/2025 7:38:23 AM.

Materials Horizons

View Article Online

Review

«v"' xl
™

Lattice displacement .

3D electron

diffraction
Electron
beam

R/

QF

a NG "
RN S
2 SRR

d e

Fig. 12 (a) High-resolution TEM image of LMR at low magnification; (b) enlarged image of the LRM particle; (c) high magnification; (d) illustration of data
collection process of 3D-Red; | 3D-Red image along the a* axis of LMR cathode particle; (f) enlarged image of (e); (g) SAED image of the LMR cathode
particle charged to 4.5 V; (h) low-magnification TEM image of the LMR cathode charged to 4.8 V; (i) EELS of the O k edge of the LMR cathode particle
charged to 4.8 V; (j) EELS of Mn L2,3 edge of the LMR cathode particle charged to 4.8 V; (k) 2D EELS mapping of Mn L2,3 edge, in which red represent
lower valence states of Mn while blue represent higher valence states. Copyright 2022, Nature.>®

can be used to detect gas generation in Li-ion batteries during
the operation. Shen et al. tested the NMC532/artificial graphite
cell, and gases are observed in the ultrasonic image when the
cell charged to 4.1 V for 2500 cycles (Fig. 13d)."”*

4. Summary and perspectives

Oxygen loss in the LLMO cathode is proven to be one of the
major driving forces of cell degradation. The phenomenon

4702 | Mater. Horiz., 2023, 10, 4686-4709

could induce phase transition, strain-stress accumulation, side
reactions between electrolytes and safety concerns when com-
bined with the thermal runaway. It is believed that inhibiting
the oxygen release could be one of the most effective strategies
of optimizing the cycling stability of LLMO cathode-based Li-
ion batteries, which requires a deeper understanding of its
origins and impact on the LLMO cathodes’ properties. Oxygen
release could be initiated by the state of charge (or high voltage
applied) and intrinsic thermal instability of the structure. Later,
the released oxygen will participate in the reaction between the

This journal is © The Royal Society of Chemistry 2023
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cathode and the electrolyte, intensifying further oxygen loss
from cathode structures. Therefore, oxygen loss is a complex
process driven by multi-factors. To understand such a complex
process, advanced characterization methods providing infor-
mation related to chemical, structural and morphological
changes are required, especially under in situ/operando condi-
tions. In this review, the most characterization methods used to
investigate the oxygen loss phenomenon in LLMO cathodes
are introduced with examples. These highlighted methods
play an important role in the development of stable LLMO
cathodes. Their main achievements of understanding the oxy-
gen loss phenomenon of the LLMO cathodes are summarized
in Table S2 (ESIt), with derivate modification methods and
improved examples. For instance, XAS and XPS techniques
revealed that the side reaction between the cathode and the
electrolyte enhanced the oxygen loss from the cathode
structure.'”"'%”71% Noked et al. coated an alkylated Li,Si,O,
layer onto a Li-rich layered oxide cathode, inhibiting the reac-
tion and reducing the oxygen release during the operation,
resulting in a better capacity retention of 81.4% after 200 cycles
at a cycling rate of C/3."”° Cho et al. synthesised a stable spinel
Li-Mn-O shell outside the layered Ni-rich cathode, showing a

This journal is © The Royal Society of Chemistry 2023
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high reversible capacity of 200 mA h g~' and 95% capacity
retention under severe test conditions of 60 °C. TXM, X-ray CT,
and CDI techniques revealed that structural degradation is
normally observed along with the oxygen loss phenomenon
under thermal treatment and cycling. Doping and cationic
substitution of Li sites by monovalent or divalent dopant
elements has been widely used to improve the stability. Mg>*
was doped into Li sites of Li-rich Mn-based cathodes by Zhao
et al."’® The methods built a stronger Li-O-Mg bond that shows
a higher thermal stability, an enhanced specific capacity of
305.3 mA h g ' at 0.1C and a better cycle life. However, there is
still a need for progress. Recently, Amine et al. have used CDI,
TEM and EELS and stated that the heterogeneous nature
of Li-rich LLMO cathodes inevitably causes pernicious phase
displacement/strain, which cannot be eliminated by conven-
tional doping and coating methods.?® The synthesis of materi-
als with a ribbon superstructure in the transition metal layers
could be a possible solution that suppresses migration of the
transition metal.'®3** There are some excellent reviews that
are recommended for reading, which conclude the strategies
used to inhibit the oxygen loss phenomenon in LLMO
cathodes."®"77178
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Table 1 Characteristics of characterization methods
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In situ/  Spatial Data collec-

Methods Detection depth Information detected operando resolution tion time Limitations

DEMS/ Entire cell Gas composition Yes — 0.1-2 The origin of gas products is not

OEMS seconds straight-forward

XPS/HAXPES Several nanometers at the Surface chemical No — Seconds- Surface sensitive only

top surface evolution minutes
Soft-XAS 1-500 nm dependent on Surface chemical No — Seconds- Surface sensitive only
the mode used evolution minutes
mRIXS Hundreds nm to pm s Bulk chemical evolution No nm to pm Seconds Expensive, high requirement of
operation

Hard-XAS  Entire cell Bulk chemical evolution Yes nm to pm Seconds— Only for heavy elements
minutes

XRD Entire cell Bulk crystal structure Yes nm to pm Seconds— Reflect structure information only
minutes

CDI nm s Bulk crystal structure Yes Tens of nm Seconds- Expensive, high requirement of
minutes operation

X-Ray CT Entire cell Structure and Yes ~10 pm  Seconds- Nonchemical information provided

morphologies hours

TXM Tens nm Bulk chemical evolution Yes 20-30 nm Minutes— Long data collection time
hours

NMR cm s Electronic structure Yes — Seconds- Poor signal to noise, expensive
minutes

EPR nm s Electronic structure Yes — Seconds- Samples with unpaired electrons only
minutes

TEM nm s Chemistry, crystal struc-  Yes nm Seconds- Sample preparation, beam damage dur-

ture, morphology minutes ing operation

ND pm s Bulk crystal structure Yes nm to mm Seconds— Beam sources are limited, a large num-
hours ber of samples required

Ultrasonic  Entire cell Gas formation Yes mm Several milli Hard for qualitative analysis

scanning seconds

The characteristics of each method are summarized in
Table 1. With enormous efforts, most characterization methods
have realized the in situ measurements. However, analytical
tools with different functional principles can provide only
limited information. For instance, XRD only shows structure
evolution while XAS indicates the chemical changes. Addition-
ally, the lack of spatial resolution could be a major drawback of
most characterization methods. Thereby, to reveal the full
picture of the morphology, chemistry, electrochemistry, and
kinetics of oxygen loss, combining the different analytical
techniques could be a more desirable approach. Some success-
ful combination has been developed and proved to be effective,
such as DEMS with BCDI, DEMS with TXM, and DEMS with X-
ray CT. However, other combinations could be limited by the
variation in the temporal and spatial resolution of these
techniques, making the asynchronous experiments difficult to
reach, even under the same electrochemical conditions. The
rational design of the operando experiment with multiple
characterisation methods is still required to be developed.
However, a one-step operando approach is an alternative choice.
There have been some works, on the basis of high-resolution
TEM-based techniques, yielding comprehensive information
related to oxygen evolution under the heating condition. Never-
theless, the beam damage caused by electrons and the critical
requirements of sample preparation also affect the experiment
during electrochemical cycles.

In conclusion, the oxygen loss phenomenon has attracted
tremendous attention toward its critical importance in improv-
ing the performance of LLMO cathodes. On the basis of this
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understanding, four perspectives of understanding oxygen loss
in LLMO cathodes are discussed below:

(1) Although the gaseous emissions from the operation of
LLMO-based Li-ion batteries have been well monitored by gas
analysis tools, a fundamental understanding of the gassing
analysis results is not straightforward. It is still hard to trace the
origins of emitted gaseous products, is it from electrolyte
decomposition or the electrodes? Additionally, as the cell is
huge and complicated, the spatial effects should also be
considered during the gas emission. Currently, there are some
useful combinations between EMS-based technologies and X-
ray imaging methods such as BCDI, TXM and high-resolution
X-ray CT for providing comprehensive information with spatial
resolution. In future research, one-step operando techniques
such as TEM holder based-specialized cells with gas analysis
could be promising.

(2) Chemical evolution during the oxygen loss of LLMO
cathodes has been investigated by numerous analytical tools.
However, direct and accurate detection of the phenomenon is
still hard to reach due to the lightness of oxygen and the
blockage from battery cases. Soft X-ray-based techniques show
the ability to monitor oxygen evolution while the in situ/oper-
ando measurements are difficult because most of them are only
surface sensitive. On the contrary, the hard X-ray with high
photon energy shows the ability to penetrate the whole cell.
They are only functioned to the K edge of heavy elements such
as transition metals (e.g. Fe, Ni, and Co), thereby analyzing
chemical changes in oxygen, which is not straightforward.
Currently, the development of RIXS and 7O NMR is showing
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their potential in probing the oxygen redox chemistry in LLMO
cathodes during the operation of batteries. Moreover, growing
activity in the area is expected along with the development of
four-generation synchrotron X-ray sources worldwide.

(3) Another question is the role of oxygen vacancies in the
phase transition of LLMO cathodes. Based on the thermody-
namic studies, higher concentrations of oxygen vacancies could
increase the Li" ion mobility, inducing the reduction of the
energy barrier from R3m lattice to Fm3m rock-salt. Experi-
mental evidence of such process realized by techniques such
as high-resolution TEM and BCDI could be useful and more
convictive.

(4) Finally, the most of the above-mentioned techniques are
based on large-scale facilities such as synchrotron radiation. It
is expensive and shows limited accessibility. Therefore, the
investigation and development of simple and low-cost charac-
terization methods are very important in the area.
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