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Li-ion rechargeable batteries are promising systems for large-scale energy storage solutions.
Understanding the electrochemical process in the cathodes of these batteries using suitable techniques
is one of the crucial steps for developing them as next-generation energy storage devices. Due to the
broad energy range, synchrotron X-ray techniques provide a better option for characterizing the
cathodes compared to the conventional laboratory-scale characterization instruments. This work gives
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imaging, and X-ray near-edge fine structure-imaging. Analysis and simulation procedures to get
appropriate information of structural order, local electronic/atomic structure, chemical phase mapping
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these synchrotron techniques are also explored to investigate oxidation state, metal-oxygen hybridization,
quantitative local atomic structure, Ni oxidation phase and pore distribution in Ni-rich layered oxide

cathodes.

Introduction

In recent years, the development of electrochemical devices
with improved performance has received significant attention
for fulfilling the increased energy demand of mankind.** This
necessity leaves researchers to optimize these devices in terms
of cost-effectiveness and energy consumption.>” A battery is
a fine example of an electrochemical energy device that stores
chemical energy and converts it into electrical energy. The
energy conversion takes place due to the occurrence of redox
reactions at the anode and cathode.® Thus, a typical battery
consists of an anode and a cathode separated by an electrolyte
(Fig. 1a and b).*”

Fig. 1a shows a schematic of the primary battery which
contains an immersed anode in the electrolyte surrounded by
the cathode. In this case, electrical energy is produced by the

\ Keun Hwa Chae received a B.Sc.
in physics in 1986 and an M.Sc.
in Physics in 1988 from Yonsei
University, Seoul, Korea. In 1994,
he received Ph.D. Degree in
Physics from Yonsei University,
Seoul, Korea. He was a post-
doctoral fellow from 1995-97 at
Rutgers-The State University of
New Jersey, USA. His research
fields are ion beam modification
of materials and characterization
of materials using synchrotron
radiation. He has been working as a principal research scientist in
Korea Institute of Science and Technology, Korea, since 2000.

Sangsul Lee is the head of the
PAL-EUV metrology and inspec-
tion at Pohang Accelerator
Laboratory, POSTECH. He is
also the chief technology officer
of Xavisoptics, an X-ray solu-
tion, and equipment company.
He received Ph.D. in materials
science and engineering from
Hanyang University in 2012. His
research interest is synchrotron-
based nanoscale imaging such
as EUV metrology, inspection,

and nanoscale tomography.

© 2022 The Author(s). Published by the Royal Society of Chemistry

movement of ions in the electrolyte. This kind of battery is also
known as a primary battery as it is usually discarded after use.*’
Thus, commercial use of this battery is limited to household
appliances.*

Another battery that is based on the same phenomenon but
can be charged again after being discharged is known as
a rechargeable or secondary battery (Fig. 1b)."** The term
“accumulator” is also used for this battery as it accumulates and
stores energy through a reversible electrochemical reaction.
This battery can be re-used after discharging which makes it
suitable for long term use. Thus, it is utilized for numerous
appliances - ranging from portable devices'*" to electrical
vehicles (EV)'*™ (Fig. 1c), thereby helping to fulfill the increased
energy demands of mankind.

Rechargeable batteries are designed and named based on
several combinations of electrodes and electrolytes. Some of
these batteries are lead-acid,* nickel-cadmium (NiCd),**
nickel-metal hydride (NiMH),** lithium-ion (Li-ion),* and
lithium-ion polymer (Li-ion polymer).* Li-ion rechargeable
batteries (LIB)*?* received significant attention from the
scientific community in recent years owing to superior electro-
chemical performance.>°

Li-ion rechargeable batteries (LIB)

LIB is a type of rechargeable battery in which lithium ions (Li")
move from the cathode to anode during charging and vice versa
when discharging. As can be seen from the Ragone plot of
energy devices, the performance of LIBs is just below the
traditional combustion engine (Fig. 2a).**** This plot also
informs that LIBs have better energy density and power density
compared to not only to other rechargeable batteries but also to
another sources of electricity storage such as capacitors. This
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(a) Primary battery showing the electricity generation through the movement of electrons via electrolyte. Adapted from https://

www.explainthatstuff.com/batteries.ntml. (b) Schematic of rechargeable batteries. Adapted from https://www.matsusada.com/column/
battery_chaege-dischaege.html. (c) Applications of rechargeable battery. Adapted from https://www.lithiumbatterychina.com/blog/2019/
03/21/how-to-find-the-right-custom-lithium-ion-battery-packs-manufacturers-from-china-for-electronic-devices/

makes these batteries prominent candidates to use them as
fundamental devices for sustainable energy development.**-**
A typical LIB consists of a cathode composed of Li ions as
constituents such as LiNi;;3C0,/3Mn;,30, (NCM333) and an
anode (example, graphite) separated by an electrolyte along
with a separator (Fig. 2b).>**¢ Efforts to develop commercially
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successful LIBs for EVs®**® and large-scale grid storages are
under process.**** This reflects from the researchers’ keen
interest in understanding electrochemistry of LIBs by varying
cathodes®®***** and anodes****** with the impression that elec-
trochemistry plays a key role in the quest for better performance
of electrochemical energy storage devices.* Some of these

(b)
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(a) Ragone plot for energy storage devices and traditional internal-combustion engine. Times shown are the time constants of the

devices, obtained by dividing the energy density by the power density. Reproduced from ref. 30 with permission from [Springer Nature],
copyright [2021]. (b) Schematic of a typical Li-rechargeable battery and it's various components. Reproduced from ref. 35 with permission from
[Elsevier], copyright [2013]. (c) Issues that need attention in cathodes for the improved electrochemical performance of Li-rechargeable battery.

20362 | RSC Adv, 2022, 12, 20360-20378 © 2022 The Author(s). Published by the Royal Society of Chemistry


https://www.explainthatstuff.com/batteries.html
https://www.explainthatstuff.com/batteries.html
https://www.matsusada.com/column/battery_chaege-dischaege.html
https://www.matsusada.com/column/battery_chaege-dischaege.html
https://www.lithiumbatterychina.com/blog/2019/03/21/how-to-find-the-right-custom-lithium-ion-battery-packs-manufacturers-from-china-for-electronic-devices/
https://www.lithiumbatterychina.com/blog/2019/03/21/how-to-find-the-right-custom-lithium-ion-battery-packs-manufacturers-from-china-for-electronic-devices/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01250b

Open Access Article. Published on 13 July 2022. Downloaded on 2/18/2026 2:54:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

RSC Advances

Table1 Characteristics of representative intercalation cathode compounds; crystal structure, theoretical/experimental/commercial gravimetric
and volumetric capacities, average potentials and level of development. Reproduced from ref. 36 with permission from [Elsevier], copyright

[2015]

Theoretical/experimental

Volume capacity

Crystal structure Materials Specific capacity (mA h g™ ) (mA h cm ™) Average voltage Ref.
Layered LiTiS, 225/210 697 1.9 58
LiCoO, 274/148 1363/550 3.8 59
LiNiO, 275/150 1280 3.8 60
LiMnO, 285/140 1148 3.3 61
LiNig 33Mng 33C00 3505 280/160 1333/600 3.7 62
LiNig gMng 15410050, 279/199 1284/700 3.7 63
Li,Mn,0;4 458/180 1708 3.8 64
Spinel LiMn,0, 148/120 596 4.1 65
LiC0,0, 142/84 704 4.0 66
Olivine LiFePO, 170/165 589 3.4 67
LiMnPO, 171/168 567 3.8 68
LiCoPO, 167/125 510 4.2 69
Tavorite LiFeSO, 151/120 487 3.7 70
LiVPO, 156/129 484 4.2 71

anodes which are investigated so far are Li metal,"” Si nano-
particles,*® and NiFeOPO,/C anodes.***°

The electrochemical behavior of Li-rechargeable batteries is
extensively studied, focusing on the layered structured cathodes
and their compatibility with anodes along with chemical
intercalation process to produce high-energy power density.**->*
One condition for cathode is that they should provide sufficient
lattice sites to store and release Li-ions, while maintaining
stable cyclability and high specific capacity. Thus, numerous
cathodes are developed owing to this concept. Crystal structure,
specific capacity, volume capacity and average voltage of a few
important cathodes are shown in Table 1."*%*¢! It can be seen
clearly seen, that cathodes based on nickel cobalt manganese
(NCM) oxide are more suitable®®*” because of high specific and
volume capacity.*>****

NCM oxides exhibit layered structure, which is suitable for
the de-lithiation and lithiation process.”””® In the early days,
these oxides having Ni, Co, and Mn ratio of 1:1:1 (ie,
NCM333) were extensively studied.”*’® Later, it is reported that
excess of Ni significantly affects the electrochemical perfor-
mance.””” Recent reports reveal that Ni-rich cathodes

(LiNi,Mn,Co4 _,_,0,; X = 0.9)**** are better choice among other
NCM compositions because of their high cumulative capacity.
However, capacity retention is an issue in these cathodes which
affects the overall electrochemical performance of LIBs. Besides
the electrochemical performance, the thermal stability of
cathode material (Fig. 2¢) is another important parameter that
needs to be taken care of while designing a cathode.?***® These
aspects in Ni-rich layered oxides are currently receiving signif-
icant attention and providing ample scope to the researchers of
different communities for carrying out research activities in this
direction. Synchrotron community is making a significant
impact by solving various issues in cathodes and developing
advanced techniques to achieve these objectives. Here, we
summarize the recent progress by this community in the
context of Ni-rich cathodes by giving an introduction to various
synchrotron-assisted techniques.

Synchrotron radiation is an electromagnetic radiation
emitted when relativistic charged particles are accelerated
radially.®”®® This radiation is produced artificially in accelera-
tors based on storage ring®* by using bending magnets,”*
undulators and/or wigglers.”” Main characteristics of this

Storage Ring

XAS

X-ray Imaging

Linear Accelerator

NEXAFS

Fig. 3 Various parts of synchrotron radiation source along with schematic of high-resolution powder diffraction (HRPD), X-ray absorption
spectroscopy (XAS), X-ray imaging, and near edge X-ray absorption fine structure spectroscopy (NEXAFS) beamlines.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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radiation are polarization, and the presence of wavelengths over
the entire electromagnetic spectrum.®”-** It also exhibits high
brilliance, a high level of polarization (linear, elliptical, or
circular), and high collimation.®**® Low emittance, wide
tunability in energy/wavelength by monochromatizating (sub-
eV up to the MeV range), and pulsed light emission. These
characteristics make this radiation more suitable for studying
the material behavior compared to other radiations.”**” A
typical synchrotron radiation source consists of the following
parts — (1) linear accelerator, (2) storage ring, and (3) beamline
(Fig. 3). This radiation is allowed to travel towards the experi-
mental end station by using beamlines.®®

Several facilities are established worldwide to produce
synchrotron radiation in a wide range of energy, i.e., 100 eV to
50 keV.”>!% These facilities consist of several characterization
techniques such as X-ray photoelectron spectroscopy (XPS) and
X-ray absorption spectroscopy (XAS).'* XPS gives chemical
information of elements in the materials.'*>'* XAS is able to
probe the local atomic structure along with revealing the
oxidation state of core atoms.'**'*” High-resolution photo-
emission spectroscopy (HRPS) is efficient in examining the
band structure.’®® X-ray magnetic circular dichroism (XMCD)

(a)

View Article Online
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provides an opportunity to get insights into the local magnetic
structure.'*'*® X-ray reflectivity (XRR) and X-ray scattering (XRS)
are used for elucidating dynamics of ordered and disordered
materials.”* Even though depicting almost all aspects of
materials, synchrotron techniques could not depict information
of spatially resolved characteristics until the early years of this
century.'*b1°+19%1% Thys, this drawback is overcome by utilizing
spatially resolved accessories.”” XRD-imaging,"* XANES-
imaging,"* and magnetic-imaging'® are the results of such
efforts. These techniques can provide chemical and structural
information of individual clusters of specific sizes decided by
spatial resolution of particular facility."***"” Thus, this review
article gives an overview of XRD, XAS and XANES-imaging
technique that are used for assessment of cathodes.''****
Apart from this, X-ray imaging is too included in this study.******
A concise discussion of the phenomena investigated using these
techniques is also elaborated.

Structural information

Synchrotron-based XRD provides a better way to understand the
structural behavior of materials.***** The optical layout of high-
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(a) Optical layout of a typical high-resolution powder diffraction beamline along with multistage target holder. Adapted from https://

pal.postech.ac.kr/bl/9B/(PLS)II. (b) Experimental procedure for performing in situ XRD along with the sample holder, electrochemical curve

and HRPD patterns at various states of charging and discharging.
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resolution powder diffraction (HRPD) beamline is shown in
Fig. 4a."® The incident X-rays are vertically collimated by
a mirror and monochromatized using a double-crystal Si(111)
monochromator. The detector arm of the vertical scan diffrac-
tometer is composed of seven sets of Soller slits, flat Ge(111)
crystal analyzers, anti-scatter baffles, and scintillation detectors,
with each set separated by 20°. Fig. 4b shows the experimental
procedure for in situ XRD of cathode. A coin-cell type battery
with an electrode enabling measurement of XRD patterns at
different stages of charging and discharging for the 1% cycle is
designed. These patterns are recorded using a two-dimensional
(2d) imaging plate and converted into a regular pattern by
appropriate procedure.

The Rietveld refinement of the XRD pattern gives informa-
tion of metal ion occupancy in the lattice of material under
investigation.”*>*** Several methods"**** are developed to
extract peak position, intensities, and width from XRD patterns
for quantitative analysis of structural parameters. The most
common powder XRD refinement technique is based on the
method proposed in the 1960s by Hugo Rietveld.***

Fig. 5a shows the refined HRPD pattern of the LiNig,-
Co0p.00Mny 040, cathode using the Rietveld method. This pattern
shows the presence of a layered structure. Estimated structural
parameters are collated in Table 2. Due to better sensitivity, this
technique is able to get insights into intermediate phases
occurring during the growth of LiNi,;;C0,,3Mn,,30, cathode.***
In addition to this, these measurements are able to depict the
surface nature of cathode. Patterns obtained from synchrotron
X-ray reveal presence of NiO-like rock-salt phase by the

View Article Online

RSC Advances

Table 2 Structural and refined parameters from Rietveld refinement
of HRPD pattern

R3m
2.87402(2)/14.2018(1)

Space group
a (A)c (A)

Atom Site Wyckoff positions Occupancy®*

Li 3a 0 0 0 0.0812(2)

Ni2 3a 0 0 0 0.0021(2)

Ni1 3b 0 0 0.5 0.0703”

Co 3b 0 0 0.5 0.0075”

Mn 3b 0 0 0.5 0.0032°

o 6¢ 0 0 0.2419(1) 0.166°

Reliability factors Ry, = 6.67%, Ryp = 9.22%, Rexp = 5.99%,
S =1.54

% The normalized site occupation numbers in % are: Lil: Ni2
(97.52:2.48), Nil:Co:Mn (84.48:8.99:3.88), O (100). ” Fixed
parameter. © The occupancy were achieved by using the constraints as
follows. Lis, + Niz, = 0.08333, Mgy, + Cogp, + Nigp + Niz, = 0.08333.

reconstruction of surfaces in water washed
LiNiy.g5C00.054MNg.06602.**

This technique is used to establish the reversibility of crys-
tallographic changes in NCM material during an electro-
chemical cycle.”®*™*° Numerous reports are available showing
the abrupt lattice collapse in the material during charging of
LIB having Ni-rich cathode.'***** This phenomenon is ascribed
to the Li utilization in the cathode material during charging and

discharging by using in situ synchrotron X-ray diffraction.***

(a)

L'"‘: . ‘c°3 :.mb nllo.'

Yobs
= Yeak
é g s YOS~ YCRIC
Bragg Posttions
A A I‘ e -
| | [
* A
———1
10 20 30 120
o
: |
: I
i -

Yokage (V)

Fig. 5 (a) Refined HRPD pattern for LiNi  Co  Mn O,

Low

QA"

Co, ,Mn O, cathode material of LIB battery. (b) Voltage profile during cycle 348 of LiNi  Mn_ -

Co, 0, and the corresponding diffraction patterns. The colour scale indicates the intensity of the diffraction signals in arbitrary units. Reproduced

from ref. 155 with permission from [Springer Nature], copyright [2021].
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The use of synchrotron X-ray is not only limited to structural
phase identification and quantitative estimation of lattice
constants but it is also explored to investigate phase transition
in Li-rich layered Li; 53Nip 09C09.12MnNg 560, during cycling,'*®
LiNi;;3Mn,,3C0,,30, at various C-rates™® and in LiNig g5C0g.10-
Mny ¢50,.*"” This technique also gives information of metal ion
occupancy in the lattice,"**** cation disorder***** by suitable
refinement procedure. By employing in situ methodology, it can
track cationic ordering/disordering in Ni-rich cathode during
electrochemical cycle.'*

Fatigue phase formation during a long cycle has also been
established by synchrotron X-ray.****** In order to throw light on
fatigue phase process, in situ X-ray study was reported by Xu et.
al.'™® Fig. 5c¢ shows the phase segregation in polycrystalline
LiNip gMn, 1C04 10, at a high state of charge (SoCs) at voltage
profile during a particular cycle.”®™ This is associated with
fatigue phase formation induced by surface reconstructions."*

In situ heating XRD, which is also termed as time-resolved
(TR) XRD is a unique technique for investigation of real-time
structural changes in the material during heating.’”**® Thus,
it helps to understand the degradation and stability of cathode
materials."”*"* These measurements show that thermal
stability of charged LiNi,Mn;Co,0, (NMC, with x +y + z = 1,
x:y:z = 4:3:3 (NMC433), 5:3:2 (NMC532), 6:2:2
(NMC622), and 8:1:1 (NMC811)) cathode decreases with
increasing Ni content." Using this technique, Lipson et al.,
have shown that doping with Mg and Zr can impart substantial
stabilization to Ni-rich cathode.***

Chemical/oxidation state investigation

X-rays have sufficient energy to eject a core electron from an
atom. Each core-shell has distinct binding energy. When the X-

View Article Online

Review

ray energy is scanned through the binding energy of a core-
shell, there is an abrupt increase in absorption cross-section
(Fig. 6a).**> This gives rise to a so-called absorption edge, with
each edge representing a different core-electron binding
energy. These edges are named according to the principle
quantum number, n, of the electron that is excited (Fig. 6b). For
example, K-edge for n = 1, L-edge for n = 2, M-edge for n = 3, etc.

The core-electron binding energy increases with increasing
atomic number, ranging from 284 (C K-edge) to 115 606 eV (U K-
edge).’* Thus, XAS is the measurement of the binding energy of
elements by scanning material through X-ray.

XAS can probe the local electronic/atomic structure, thereby
depicts information on oxidation states and atomic coordina-
tion. Thus, it is suitable to investigate a complete account of the
surroundings of the element under investigation.'*”'*® These
measurements, when performed for the X-ray energy up to
1000 eV from the main edge of element, are known as extended
X-ray absorption fine structure (EXAFS) and are termed as X-ray
absorption near edge fine structure (XANES) when performed in
the energy range —20 to 60 eV from the main edge (Fig. 6¢). The
elements in the energy range of —20 to 60 eV from their edges
can be probed either using hard X-ray or soft X-ray. However,
measurement is often termed as XANES in the case of hard X-
rays and near-edge X-ray absorption fine structure (NEXAFS)
in the case of soft X-rays.

NEXAFS

Fig. 7a shows the optical layout of the soft-X-ray beamline
having energy range of 200 to 1500 eV."*® NEXAFS spectrum for
a given material can be measured in either total electronic
yield (TEY) or total fluorescence yield (TFY) modes along with
the angle dependence depending upon the requirement

10000
(a) o
7" 1000
rgl
E 100
g 10
o
o
a 1
2
o 0.1 T T .
= 1 10 100 1,000
Energy (keV)
Ny
(b) N (C) HANES EXAFS
1
T Mq
o =t ' 5
T Ll 1™ g
ahp, L 11%[1‘52 |7 S
= () L Ly a
A 2
L
la, [] | :
K(‘
l J " Energy (keV)

Fig. 6

(a) Absorbance as a function of energy. There is abrupt change in the absorbance corresponding to K, L and M shells. Inset (a) shows

similar changes observed for L, L, and Lz subshells. (b) Atomic energy levels showing electronic transitions corresponding to various shells. (c) A
typical X-ray absorption spectrum showing the XANES and EXAFS regions.
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representation of TEY and TFY mode; (c) NEXAFS spectra of NCM cathodes attached to LLZO and LiCoO, cathodes. Reproduced from ref. 174

with permission from [ACS], copyright [2018].

(Fig. 7b)."7*'"* TEY measurements probe the surface of mate-
rials (~5 nm),"”> however, depth is probed using TFY coun-
terpart (50-100 nm)."”* Fig. 7c shows the Ni L-edge NEXAFS
spectra in TEY (i) and TFY mode (ii) for NCM attached with
Li;LazZr,0;, (LLZO) and Li,C00,."”* These measurements
reflect significant changes on the surface and bulk of this
cathode.

EXAFS

Fig. 8a depicts the schematic of beamline for measuring hard
XAS."® Experimental end station of this beamline is shown in
Fig. 8b which exhibits the feasibility of performing measure-
ments in both transmission and fluorescence mode. With
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a suitable experimental arrangement, coin cell can be studied
during an electrochemical reaction (Fig. 8c).””® Thus, this
beamline provides facility to probe cathodes either in situ'’® or
ex situ mode."”” Fig. 8d shows the Mn K-edge XAS spectra of
Li,MnSO, cathode at different charging and discharging states
along with Mn oxide references.'”

Both the NEXAFS and XANES measurements can give infor-
mation on the oxidation state of constituent ions of cathodes."”®
The oxidation state of Mn ions in LiMn,0, is determined by
comparing it's XANES spectra with that of Mn,0; and MnO,.
Mn ions have a 3.5 valence state in this cathode (Fig. 9a)."®
These measurements show that Mn®* oxidation state is
a mixture of the high spin (HS) and low spin (LS) states in
LiMnO, cathode.' The exact information of Mn oxidation state

E(ev)

(a) Schematic of bending magnetic based XAS beamline. Reproduced from ref. 173 with permission from [AIP Publishing], copyright

[2010]. (b) Representative end station for measuring XAS spectrum. (c) Schematic of coin cell used for in situ XAS measurements of cathode
materials. Reproduced from ref. 176 with permission from [Springer Nature], copyright [2018]. (d) Mn K-edge XAS spectra of Li,_,MnSO,4 cathode
at different charging (x = 0.0-1.25) and discharging (x = 1.0-dis) states along with Mn oxides. Reproduced from ref. 178 with permission from

[Elsevier], copyright [2008].
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(@) Mn K-edge XANES spectra of LiMn,O,4 cathode material along with reference oxides, MnO, Mn,Oz and MnO,. Reproduced from ref.

180 with permission from [Elsevier], copyright [1997]. (b) Plot of the white line energy shift vs. the state of charge (SOC) for Co and Ni K edge. The
filled symbols represent the data during charging (i.e. during delithiation), while the empty symbols represent the data during discharging (i.e.
during lithiation). Reproduced from ref. 183 with permission from [AIP publishing], copyright [2005]; energy shift E-Eq of the (c) Co K-edge and
(d) Ni K-edge at the half-height of the edge step for Li;_4Niy;3C01,3Mny30, at different lithium concentration during first charge and discharge
cycle. Reproduced from ref. 189 with permission from [ACS], copyright [2005]. (e) Mn L-edge NEXAFS spectrum of LiNiggMng 1001 cathode

material along with Mn oxides.

in LiMn,0, is carried out by plotting half-height energy values
for the reference compound. The procedure of determining the
oxidation state of unknown compound is depicted in Section
S1.t This estimates the valence state of Mn at the fully dis-
charged state to be approximately 3.6+.'*

XANES studies show that the oxidation state of Ni, Mn, and
Co ions are 2+, 4+, and 3+ in the NCM333 cathode.'® These
estimated oxidation states are in line with that determined from
X-ray photoelectron spectroscopy.’®**** This material depicts
the change of oxidation state of Ni and Co ions from the energy
shift of the white line (Section S1) during the charging and
discharging of cathode (Fig. 9b).*** Similar observations were
carried out by Tian et al. for LiNiy¢Mng,C0¢,0, using XAS'*®
and from soft X-ray spectroscopy.*® In situ hard XAS exhibits no
change of Mn oxidation state during the de-lithiation and lith-
iation for LiNiyeMny,Co0,,0, cathode. These measurements
show systematic changes are observed for Ni and Co ions.'®
This effect is associated with migration and insertion of Li ions
into the NCM cathode as Ni oxidation state is sensitive to the Li
content (Fig. 9c), however, it's influence is almost non-
significant on the oxidation state of Co ions (Fig. 9d).**

Apart from the XANES measurements, NEXAFS is also
helpful to get quantitative information on mixed oxidation
states.’ Authors have reported the presence of mixed Fe** and
Fe** oxidation states of Fe ions in Li,FePO, cathode material;**
Mn**, and Mn*" in Nay,MnO, electrode’®* from these
measurements. Mn K-edge NEXAFS spectrum of NCM811 along
with MnO, Mn,03, and MnO, is shown in Fig. 9e. The spectral
features As, B;, and C; are analogs to that observed for MnO,,
revealing the 4+ oxidation.

20368 | RSC Adv, 2022, 12, 20360-20378

In addition to depict the information of oxidation state via
metal L-edge, NEXAFS also give information of M-O hybrid-
ization process from the O K-edge measurements. Information
on this aspect can be revealed by analyzing the pre-edge region
of the O K-edge spectrum of cathode.’**** Our group has
investigated this effect in NCM811 cathode using O K-edge
NEXAFS during the charging and discharging."® Since, in
layered oxides, metal-oxygen bond is important for oxygen-
redox activity,**** hence, information specific to M-O hybrid-
ization is very effective to gather information of this activity.**®
Koo et al. explain the redox mechanism of both cationic and
anionic activity across the full cycling range of NCM333 mate-
rials by determining M-O hybridization from the pre-edge
region of O K-edge."” Thus, these measurements persist a way
to throw light on the redox mechanism in these cathodes."*'

Local atomic structure investigation

EXAFS spectrum of material gives quantitative information of
coordination number (N) and bond-lengths (R) using proper
simulation process.”**?%* VIPER,**® LARCH,** EVAX*”* and
Demeter® are the data processing package used for simulation
purposes. A typical equation for the EXAFS, which is basis for
simulation is given below

24 .
x(k) = Zw o e*% sin[2kR. + 6. (k)]

KR (1)

where N, is the total number of atoms in the z™ shell, 2 is the
mean free path of photoelectron, and f; is the backscattering
amplitude. The term before sin function represents the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Parameters and their criteria for EXAFS simulation
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Parameters  Representation Origin Fitting criteria  Characteristics Determination

So> Amplitude Intrinsic losses due to inelastic effects 0.7 < S, <1.0  Remains same for From the standard
reduction factor in the EXAFS equation similar structure

N Degeneracy Coordination number of known Depends on the

atomic species structure

AR Change in Bond-length among atomic species =0.05 Determined independently
bond-length for each path

AE, Correction to Uncertainty in determination =2 One value for the energy
main edge of energy E, shift (Ey) can be applied

to all paths
o’ Mean-squared The thermal and static disorders are =0.003

displacement of similar in the coordination shells

the half path length

amplitude of the wave, which can be explained using the
following equation,

2 2R,
A (k) = ZN:SO (k) R0 ThE)

kRzz (2)

In eqn (2), o represents a fluctuation in R, due to structural
disorder and temperature. The part sin [2kR, + 0,(k)] of the
EXAFS equation represents the oscillation. The term d,(k) is the
phase shift. The EXAFS equation represents it's dependence on
the number of atoms in a particular shell, bond distance R,,
scattering amplitude. Thus, proper adjustment of scattering
amplitude and disorder term, S, enables one to determine the
number of atoms and bond distance, which is done by simu-
lating the EXAFS spectrum using a particular program.>”>*® The
parameters given in Table 3 need specific consideration during
simulation.”*®*'® Thus, criteria for simulation of EXAFS spec-
trum?'*>*? can provide precise bond-length'***** and coordina-
tion number of shells.***

Fig. 10 shows the results obtained from XAS study of

NCM333 cathodes.”*?'*> XANES spectra and k*-weighted
Fourier-transformed EXAFS signals at the Mn and Co K-edges of
the 0.5Li,MnO;-0.5LiCo0O, synthesized using ball-milling and
sol-gel method are shown in Fig. 10a and b. The XANES spectra
at Mn and Co edges almost overlap for both synthesis methods
showing presence of these atoms in similar environments with
quite similar local structures.

To get deeper insights of local atomic structure, these authors
have also compared the Fourier transform of EXAFS spectra and
observed significant changes in the peak corresponding to Mn/
Co-M bonds. These differences in EXAFS spectra due to the
different Li,MnO; and LiCoO, domain sizes, indicating different
phase separation behaviors. In another experiment carried out
for Li[Nig 1,Lio2C00.0;Mny 56]O, and NCM333, authors observed
differences in the peak corresponding to M-O shell with domi-
nant effect corresponding to Mn-O shell. This is associated with
the difference in surrounding of Mn sites in both oxides. Quan-
titative information of local atomic structure revealed by simu-
lation of EXAFS spectra is collated in Table 4.

0.5Li,MnO;-0.5LiC00,, Li[Nig 17Li.2C00.0;Mn 56]0,  and
~ 12 3 C 25 (~edge Co K-edge .
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Fig. 10 XANES spectra and k*>-weighted Fourier-transformed EXAFS signals at the (a) Mn and (b) Co K-edges of the 0.5Li,MNnOj3-0.5LiCoO,
materials. Reproduced from ref. 214 with permission from [Springer Nature], copyright [2019]. (c) k*-Weighted Fourier transforms for Ni, Co, and

Mn absorbers for Li[Nio_17Lio_2COO_o7Mn0_56102 and Li[Nil/3C01/3Mn1/3]Oz.
Society of Japan], copyright [2010].
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Table 4 Co-ordination number (N). Bond-distance (R), Debye—Waller factor (¢2) for different materials estimated from Ni K-edge spectra.
Reproduced from ref. 215 with permission from [The Electrochemical Society of Japan], copyright [2010]

Shell N R (A)
0,2
Materials Ni-O Co-0 Mn-O (A% (10~° nm?) N Fitting range (nm )
Li[Nig.1,Lio2C00.0yMNo56]O,  0.02023 % 0.0011 5.1 6  20<k<120
0.1918 £ 0.0012 3.7 6 26 < k<107
0.1913 + 0.0010 2.6 6 27.5<k<119
Li[Ni;5C0y/3Mn, 3]0, 0.02020 + 0.0010 3.8 6 20<k<120
0.1910 + 0.0012 2.2 6 26 < k <107
0.1922 + 0.0011 3.1 6 27.5<k<119
LiNiO, 0.197 12.1 6 27 <k<118
LiCoO, 0.193 3.0 6 27 <k<121
LiMnO, 0.192 2.3 6 27.5 <k <120

Tsai et al. quantitatively investigated the M (Ni, Mn, & Co)-O
and M-M bond lengths in NCM333 cathode using EXAFS
studies during cycling. Reduction of bond-lengths with the
increase of Li-ion concentration is reported by this group.'®
M-O bond-lengths in Li[Niy5Li,C0¢07Mng56]O, cathode
material decrease upon charging and retains values equivalent
to original after discharging."® These studies are carried out to
investigate the modulation of both CNs and bond-length of Ni-
O and Ni-metal during charging, discharging for NCM333
cathode during various stages of charging and discharging.'*

XAS also gives information of vacancies in cathode materials
of LIB.”***"” These kinds of investigations give understanding of
the degradation mechanisms in NCM cathode materials.>****
Using this technique, Lee et al. reported that the formation of

(a)

Fig. 11 (a) Schematic representation of visualization of regions of
different oxidation states in materials. (b) Principle of obtaining of
XANES spectrum from X-ray imaging.

20370 | RSC Adv, 2022, 12, 20360-20378

oxygen vacancies around Ni could be inferred to be more
pronounced in a cathode material with a higher Ni content.***

Chemical phase mapping

Chemical phase mapping is the process of visualizing the
regions of different oxidation states in a particular material by
measuring XANES spectra (Fig. 11a). Technique to obtain this
mapping is known as XANES-imaging. In this technique,
multiple 2d images of material are produced to obtain spatially
resolved information.***** Fig. 11b illustrates the change of
intensity distribution for 2d images with a change of X-ray
energy (Fig. 11b). Thus, pixel counts as a function of X-ray
energy forms the XANES spectrum of the element in the
material.

In this experiment, a set of raw data obtained from 2d
imaging XAS measurement consists of a 3d array of the trans-
mitted X-ray intensities, I (E'(x,y)), where, E’ is the apparent X-
ray energy and (xy) is the measurement position on the
sample.***

The X-ray absorbance, ut at each position (x,y) is expressed
by the following equation,

ui(E'x,p) = In[Io(E,x,p)/I[(E x.y)] (3)

where, the ionization chamber measures the incident X-ray
intensities, the Iy(E',x,y) term is replaced by the detected value
at E'. The spectrum for a specific area can be obtained by inte-
grating ut(E',x,y).

To get the XANES-imaging spectrum, the samples are
mounted on a platform placed between the incident X-ray and
charged coupled device (CCD) detector, as shown in Fig. 12a.
Sample images (Fig. 12b) along with background images
(Fig. 12¢) at different X-ray energies are recorded using a CCD.***
After obtaining various images, each image at specific X-ray
energy is corrected with respect to the background. These
images are aligned and converted into the XANES spectrum.
After obtaining, spectrum, chemical speciation of the material
is performed using linear combination fitting (LCF).

Thus, XANES-imaging experiments are performed along with
appropriate references to get chemical phase mapping of

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01250b

Open Access Article. Published on 13 July 2022. Downloaded on 2/18/2026 2:54:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

(a)

undu\atol’

View Article Online

RSC Advances

Fig. 12

(a) Schematic of a typical X-ray-imaging beamline for XANES measurements. DCM-double crystal monitor, HFM-horizontal focusing

mirror, VFM-vertical focusing mirror. Reproduced from ref. 225 with permission from [IUCr], copyright [2020]. (b) X-ray image measured for

NCM111 cathode material and (c) background image.

material. Schematic of obtaining chemical phase mapping is
given as ESI (Section S2+).

This technique is considered suitable for determining
chemical phase mapping at various states of charging and
discharging. 2d-XANES imaging applied to LiFePO, cathode
material of Li-battery shows that both the LiFePO, and FePO,
phase co-exists during charging.”*® In another work, this tech-
nique is applied to NCM622 cathode (Fig. 13a)**” and to visu-
alize the Ni oxidation state distribution in radially aligned
grains and randomly oriented grains-NCM.?*® Fig. 13(a) shows
that a near-complete phase transition occurs at the final charge
and discharge stage, indicating highly electrochemical revers-
ibility in case of NCM622. Nevertheless, high reversibility
cannot survive after 200 cycles, which is unambiguously
revealed through operando transmission X-ray microscopy

(TXM) chemical phase mapping. During the 201%" charge cycle
a highly heterogeneous chemical phase distribution appears in
single-crystal NCM (Fig. 13a).22®

In a recent study from our group,> this technique is effec-
tively applied to visualize the chemical distribution map of the
discharged cathode at a charging rate of 3C. The results are
shown in Fig. 13b. The results also exhibit the reversibility of
chemical phase after comparison of pristine (i), charged (ii) and
discharged NCM333 cathode (ii).

Tomography

X-ray imaging is well established to quantify the deformation of
a single secondary particle, and its detailed investigation is
discussed by Liu et al. for NCM cathode.*****' Experimental

Scale §ar 25 um

Fig. 13 (a) Operando 2D chemical phase mappings at the Ni K-edge of NCM particles during the first and 201 cycles. Scale bars 2 um.
Reproduced from ref. 227 with permission from [Springer Nature], copyright [2020]. (b) XANES-mapping of pristine, charged and discharged
cathode materials. Reproduced from ref. 229 with permission from [Elsevier], copyright [2020].

© 2022 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2022, 12, 20360-20378 | 20371


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01250b

Open Access Article. Published on 13 July 2022. Downloaded on 2/18/2026 2:54:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Focused lon
Beam

Milling

(b)

Volume Rendering
Image

XY Plane Cross-
Sectional
Image

Fig. 14

View Article Online

Review

Sample
Mounting

Grid

(iif) Pristine

(iv) Charged

(i) :
Hoop direction
cracks

O

Radial cracks

(a) Sample preparation for X-ray tomographic measurements. (b) X-ray tomographic image of LiNig gCog1Mng 10, cathode. (c) (i) 3D

ptycho-tomography reconstruction of a single particle in a pristine state with an indication of cross-sectional planes 1-3 shown on the right. (ii)
Reconstructed ptychography slices of pristine single particle. (iii) Crack types observed after single charge: cracks in radial direction initiated in
the core (blue) and cracks in hoop direction along core—shell interface (red). (iv) Reconstructed ptychography slices after a single charge up to
17.8% SoC, revealing significant microstructural degradation in radial direction (blue arrows) and along the core—shell interface (red). Reproduced

from ref. 232 with permission from [RSC], copyright [2020].

procedure and tomographic images obtained for LiNij 3Co0g 1-
Mn, ;0, cathode are shown in Fig. 14a (Section S3t). These
measurements revealed almost 1.85% porosity of the secondary
particle (Fig. 14b). Sub-micron focused operando synchrotron
XRD and in situ ptycho-tomographic nano-scale imaging of
a single nano-structured LiNi, gCo, 1Mn, 0, core-shell particle
during charge gives a thorough understanding of the aniso-
tropic deformation and damage phenomena at a particle level
(Fig. 14¢).>*

Thus, these techniques are very effective in probing the
cathode materials of LIB, and numerous researchers carefully
review their effectiveness with a combined approach to under-
stand the degradation mechanism by looking into structure,
local atomic structure, chemical phase mapping and tomog-
raphy of the cathode.?**** However, there is a rare use of these
techniques in combined way. Our group recently investigated by
combining these techniques that first cycle irreversibility is
associated with the irreversibility of Ni oxidation states.
Chemical state irreversibility of Ni ions is affected by the pore
distribution in the cathode. During the first cycle, both the local
structure and long-range structure remain unaltered.*** Thus,
we believe that cumulative applications of these characteriza-
tion techniques will be able to solve various issues of LIB. Since,
still there are numerous challenges to exactly identifying the
structural behaviour of NCM cathode surface, hence, the tech-
niques such as single-shot coherent X-ray imaging*” and tran-
sient X-ray absorption spectroscopy**>° developed at 4™
generation synchrotron facility may be effective.**® However, the
use of these techniques for battery research are in infant stages
till date.

20372 | RSC Adv, 2022, 12, 20360-20378

Conclusions

This review paper briefly describes Li-ion rechargeable batteries
and related synchrotron techniques. A description of the
phenomena that can be investigated using these techniques is
also discussed in a concise way. XRD that determines long-
range structure order is also helpful to throw light on the
thermal stability of cathodes by temperature dependent
measurements. This technique depicts the fatigue process in
cathodes. XAS gives information on oxidation state and local
atomic structure of cathode materials. It is also suitable to
investigate the metal-oxygen hybridization process as well as
oxygen vacancies in the cathodes. XANES-imaging visualizes the
distribution of the chemical state on the particle surface. X-ray
imaging provides tomographic information of particles of
cathodes. It can also analyze cracks and pores quantitatively.
Thus, synchrotron radiation analytical tools are effective to give
a complete overview of the NCM cathodes during charging and
discharging of LIB by their structure, local electronic/atomic
structure, chemical phase mapping and tomography.
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