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Synchrotron-Based X-ray Absorption Fine Structures, X-ray
Diffraction, and X-ray Microscopy Techniques Applied in
the Study of Lithium Secondary Batteries

Weihan Li, Minsi Li, Yongfeng Hu, Jun Lu, Andrew Lushington, Ruying Li,

Tianpin Wu,* Tsun-Kong Sham,* and Xueliang Sun*

Owing to the recent advance of third-generation synchrotron radiation

(SR) sources, SR-based X-ray techniques have been widely applied to study
lithium-ion batteries, lithium—-sulfur batteries, and lithium-oxygen batteries
to solve material challenges. SR-based techniques provide high chemical and
physical sensitivity and a comprehensive picture of material structure and
reaction mechanisms. An in-depth understanding of batteries is imperative
for the development of future energy storage devices with enhanced electro-
chemical performance to meet societies’ growing need for devices with high
energy density. Here, recent progress in the application of SR techniques for
lithium secondary batteries with a focus on several techniques, including
X-ray absorption fine structure, synchrotron X-ray diffraction, and synchrotron
X-ray microscopy techniques is reviewed. The working principle for all charac-
terization techniques is introduced to provide context for how the technique
is used in the field of energy storage. Through discussing the utilization of SR
techniques in different directions of batteries, including electrodes, electro-
lytes, and interfaces, the practical application strategies of techniques in
batteries are clarified. By summarizing and discussing the application of SR
techniques in batteries, the aim is to highlight the crucial role of SR charac-

1. Introduction

Presently, there is a growing demand
for energy and as a result has garnered
the attention of both the scientific and
industrial community. The exploitation
of fossil fuels has given rise to serious
environmental repercussions, such as
global warming and climate change
due to emission of harmful greenhouse
gasses.!l This energy and environmental
challenge has triggered great interest
in the use of renewable and sustainable
energy resources, including solar and
wind energy.?l Although great progress
has been made in the conversion of solar
and wind energy into electrical energy,*°!
the intermittent distribution character-
istics of renewable energy sources still
limit its practical application. One prom-
ising solution is the development of
efficient and economic energy storage

terization in the development of advanced energy materials.
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devices to store the harvested electrical

energy. Since its commercialization in

1991, rechargeable lithium-ion batteries

(LIBs) have been widely applied in port-
able electronic devices and have become the dominant energy
storage device to power electric vehicles (EVs)."8 However, a
number of challenges remain for current commercial LIBs to
meet the requirements of large-scale energy storage for use in
solar and wind energy due to their low energy density and high
costl’l Beyond LIBs, other lithium-based secondary systems,
such as lithium—sulfur (Li-S) and lithium—oxygen (Li—O) have
also attracted intensive research attention due to their increased
energy density over LIBs.'%!2 However, polysulfide dissolu-
tion and oxygen crossover effects (OCE) limit the cyclability and
capacity performance of Li-S batteries and Li-O batteries, respec-
tively. Therefore, it is urgent to design and fabricate advanced
lithium secondary batteries with enhanced electrochemical per-
formance to meet future global energy market needs.

Based on the working principles, the electrode and elec-
trolyte materials play the central role in the electrochemical
performance of lithium secondary batteries.'¥l To enable
the effective utilization of renewable energy in the future,
breakthroughs are required to enhance the energy den-
sity and cycling stability of LIBs. This requires an in-depth
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understanding of the electrochemical process that occur
during cycling as well as reaction and degradation mecha-
nisms associated with electrodes and electrolytes and their
interfaces.'*® In this regard, various characterization
methods have been carried out to probe the electrode and
electrolyte materials and their interfaces during cycling.
These techniques include scanning electron microscopy
(SEM), transmission electron microscopy (TEM), nuclear
magnetic resonance (NMR), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), neutron diffraction, and
synchrotron radiation (SR)-based techniques.['-?!] Benefiting
from the recent advancements made in the development,
third generation SR sources display the highly increased flux
and brilliance and broader spectrum (from infrared to hard
X-ray) of the X-ray beams, such as Advanced Photon Source
and Canadian Light Source, compared to the first and second
generation SR sources.?2Yl The great advancement in X-ray
beam provides the promising potential to design and develop
versatile beamlines and endstations to meet characterization
demands without destruction, such as microscopy mapping
and in situ or operando study.'#?°! Based on the characteri-
zation mechanisms, SR-based X-ray techniques display wide
application in LIBs and beyond to investigate the physical and
chemical properties of the systems to realize further under-
standing of electrochemical mechanisms, including X-ray
absorption fine structure (XAFS), synchrotron X-ray diffrac-
tion (SXRD), and synchrotron X-ray microscopy (SXM) as
shown in Figure 1.25-2°)

SR-based X-ray techniques are a powerful tool to inves-
tigate local physical and chemical properties of materials,
such as crystal structure, oxidation state, and local atomic
environment. Furthermore, due to the high brilliance, flux,
and stability of SR sources, SR-based X-ray techniques pro-
vide high energy and structural resolution, allowing for rapid
and precise data collection compared to other characteriza-
tion methods.?’! For instance, XAFS can be tested with two
modes, the X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS),
which is highly sensitive to electronic structure and local
changes in mateirals.’% Through the use of in situ XAFS
characterization, the electrochemical reaction mechanism
of cathode materials for LIBs (e.g., LiCoj;3Nij;3Mny,30,
and Lij ;Nip15C01Mng550,) have been investigated by ana-
lyzing changes to the electronic and atomic structure of the
material. 3132 During the first charge process (i.e., delithi-
ation), the charge compensation mechanism and capacity
contribution has been elucidated through detecting local
structural changes. In addition to XAFS, SXM and SXRD
have also been widely applied to investigate electrochemical
mechanisms, thermal stability, and solid-electrolyte inter-
face (SEI) of LIB electrode materials.[31:33-35] Among these
two techniques, SXM technique includes transmission X-ray
microscopy (TXM), X-ray tomographic microscopy (XTM),
X-ray ptychographic microscopy (XPM), and micro-X-ray
fluorescence (u-XRF) spectroscopy based on the working
principles. SR-based X-ray techniques provide researchers
with an opportunity to comprehensively understand electro-
chemical process and their related influence factors, in order
to advance optimization and design of battery electrodes and
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Figure 1. Schematic illustration of the origin of synchrotron radiation and representative SR techniques applied for lithium secondary batteries to

probe the structure and reaction mechanism.

electrolyte and further improve electrochemical performance.
Here, we summarize the recent progress in advanced SR-
based X-ray techniques characterization for LIBs with an
emphasis on application of different techniques for various
research purposes, including XAFS, SXRD, and SXM.

2. X-ray Absorption Fine Structure
and Applications

XAFS is a powerful technique that is used to study the local
structure around active atoms at the atomic and molecular
scale. The technique is rooted in observing oscillations in the
X-ray absorption coefficient energy near and above the binding
energy of the element in question.’®l The physical principles
of XAFS rely on principles laid out in the photoelectric effect
and use the interaction between outgoing and scattered photo-
electron wavefunctions to determine. XAFS can be measured
in three modes, transmission, fluorescence yield (FLY), and
total electron yield (TEY). Using these three different detection
mechanisms, information at various depths can be extracted.
XAFS in transmission mode is designed to probe the flux inten-
sity of X-ray beams before and after being transmitted through
the sample, and is used to reveal the overall information of
the transmitted samples. TEY mode is more surface sensitive
with up to around several nanometers probing depth, while
FLY mode can provide information at deeper probing depths of
approximately several hundreds of nanometers and give infor-
mation about the bulk of the material.l?-*1]

Based on the energy range, the XAFS spectra can be divided
to two regions, XANES and EXAFS.*%] XANES is sensitive to
oxidation state and coordination environment of the element in
question. Information is often obtained by analyzing the position
and shape of the absorption edge.***"1 On the other hand, EXAFS
spectra are typically used to determine the local structure of the
active atom and can provide information pertaining to nearest
neighbor, coordination number and species of neighboring atoms.
In order to extract this information, the EXAFS equation is used
and best fits are assigned.[*®>% In addition, elemental specificity
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and atomic sensitivity make XAFS available for not only crystal-
line materials but also amorphous and disordered materials.
Therefore, XAFS is suitable for studying changes in electrode
and electrolyte materials during electrochemical processes.”"l In
this section, we will introduce the application of XAFS for battery
materials focusing on the study of structural investigation and
electrochemical reaction and degradation mechanisms.

2.1. Structural Investigation
2.1.1. X-ray Absorption Near Edge Structure

Since the electronic structure and local chemistry environment
(e.g., symmetry and ligand boding environment) of active ele-
ments in electrodes and electrolyte play a key role in the charge
and discharge process of lithium secondary batteries, XANES
has been widely developed as a tool to study numerous elec-
trode and electrolyte materials.l*6°25¢ [n addition, to improve
the electrochemical performance of lithium secondary bat-
teries, several strategies have been carried out to modify electro-
chemical materials, such as ball milling,*! applying the use of
coating layers,’”*%! doping of heteroatoms,’*%" and fabrication
of bonding structures.l®’-%*l XANES can also be used to probe
changes to the electronic structure and local environment
following structural modification.

The valence states of elements in electrode and electrolyte
materials determine the electrochemical activity during cycling.
For electrode and electrolyte materials, the valence states of
pristine materials play a crucial role in predicting the elec-
trochemical reaction and/or degradation mechanism during
cycling. In addition, modification strategies may further com-
plicate the valence states of elements. Therefore, the study and
investigation of valence states in electrochemical materials
becomes of paramount importance. XANES has been widely
carried out to service this issue.

Layered lithium transition metal (e.g., Ni, Co, Mn, and so
on) oxide composites, such as LiNi;;3Co;;3Mny;30, (NCM)
and LiNijgCog 15Alg 050, (NCA), have been intensively studied
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as promising cathode materials for LIBs due to their high
capacity and low cost.l®>%l However, cation mixing between
lithium and transition metal ions and capacity fading limit the
understanding and application of NCM for large-scale energy
storage devices and EVs. To investigate the electronic structure
of NCM, Ceder and co-workersP? clarified the valence states in
NCM through the use of XANES. By comparing the XANES of
elements in NCM and reference material, XANES was able to
identify Ni, Co, and Mn in NCM to have the valence states of
+2, +3, and +4, respectively. In this regard, the reaction mecha-
nism of NCM can be predicted to be based on Ni?*/Ni*" and
Co**/Co*" redox reactions. The importance of this finding will
be discussed in detail in Section 2.2.1. In addition to confirming
the valence states of elements in pristine materials, XANES has
also been widely applied to probe changes in chemical states of
electrode and electrolyte materials after modification which is
aimed at altering the structure in an effort to improve electro-
chemical performance. In the case of NMC, lithium substitu-
tion in the transition metal layers has been intensively studied
to obtain increased capacity (i.e., above 280 mAhg™), and is
coined as Lirich NMC or high-energy NMC (HENMC).[®]
However, HENMC usually suffers from several interface issues,
including oxidization of the electrolyte and serious transition
metal dissolution into the electrolyte, leading to short lifetime
and safety issues. In this regard, surface chemistry methods are
able to restrain interfacial reactions from occurring between
the electrolyte and electrodes through the use of a coating layer
on the surface of the electrode. As shown in Figure 2, Xiao
et al.’”l designed and prepared AIPO, (AP)-coated HENMC
(HENMC-AP) via atomic layer deposition (ALD) to overcome
the challenges faced with using HENMC. Through comparing
the electrochemical performance of HENMC-AP with different
thickness of AlPO,, the obtained electrode materials with 20
ALD-cycles, denoted as HENMC-20AP, displayed improved
cyclability and Coulombic efficiency (CE). The mechanism
accounting for the improved electrochemical performance was
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studied using XANES. As displayed in Figure 2A,B, to obtain
the valence state of Co before and after the ALD process, spectra
of the Co L;,-edge XANES were obtained and fitted alongside
a linear combination of standards such as CoO and LiCoO,.
Comparing the fitting results reveals a decrease of Co*" amount
and an increase in Co?* following ALD of AIPO,. As the Co
L;,-edge XANES spectra are recorded using surface-sensitive
TEY mode, the result suggests that the surface of HENMC is
reduced during the ALD process. The reduction process also
applies to elemental Mn, as shown in Figure 2C. Combined
with the HRTEM results, displayed in Figure 2D, the surface
of HENMC is confirmed to be reduced to a spinel phase due
to the ALD process, allowing for faster ion migration during
cycling. The XANES spectra show good resolution in testing
valence states of elements and is a powerful technique to probe
the electronic structure of elements in materials.

In addition to elemental electronic structure, local chemical
environment, such as symmetry, ligand, and bonding states,
will also affect the electrochemical performance of electrode
and electrolyte materials. Therefore, identifying the local chem-
ical environment will lead to a better understanding of electro-
chemical reactions. Since it is difficult to obtain information
pertaining to the local chemical environment through tradi-
tional characterization techniques (e.g., SEM, TEM, and XPS),
XANES analysis provides the possibility of exploring the local
chemical environment.

In the case of solid-state electrolytes (SSE) for LIBs, ligand
structure affects the lithium-ion diffusion of the material and
will influence lithium-ion conductivity.*”l Therefore, informa-
tion regarding ligand structure can impart crucial knowledge
for understanding ion transportation mechanism, and can be
investigated using XANES.P¥l Wang et al. prepared lithium
silicate (LSO) SSE thin films via ALD and studied the oxygen
ligand environment through the use of Si K-edge XANES
spectra. By comparing the XANES spectra of LSO and standard
samples (i.e., Na,SiOs, quartz, and nanosized SiO,), Si in the
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Figure 2. Co L;,-edge XANES spectra of: A) HENMC and B) HENMC-20AP. Both the spectra are fitted to standard CoO and LiCoO,. C) Mn L; ,-edge
XANES of HENMC and HENMC-20AP. The XANES spectra of HENMC-20AP is fitted to the HENMC and standard MnO. All the XANES spectra are
recorded by the TEY mode. D) HRTEM image of HENMC-20AP. The inset shows the fast Fourier transform patterns. Reproduced with permission.(’]
Copyright 2017, Elsevier.
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Figure 3. A) Li K-edge XANES spectra of the Li containing compounds: (a) Li,CO;, (b) LiPO;, (c) LisP,O7, (d) Li3POy4 (e) amorphous LiFePO,,
(f) disordered LiFePO,, and (g) crystalline LiFePO,. B) P L, ;-edge XANES spectra of the P containing compounds: (a) LiPO;, (b) Lis;P,0O7, (c) Li;POy,
(d) crystalline LiFePOy,, (e) disordered LiFePOy, (f) amorphous LiFePO,, (g) Fe;(PO,),, and (h) FePO,. C) O K-edge XANES spectra of the oxygen
containing compounds: (a) LiPO;, (b) Li4,P,Oy, (c) LisPO,, (d) crystalline LiFePO,, (e) disordered LiFePO,, (f) amorphous LiFePO,, (g) Fes3(PO,),,
and (h) FePO,. D) Fe L;,-edge XANES spectra of Fe-containing compounds: (a) crystalline LiFePOy, (b) disordered LiFePO,, (c) amorphous LiFePQOy,,
(d) Fe3(POy),, (e) FePO,, and (f) Fe,0O;. All the XANES spectra are recorded by the FLY mode. Reproduced with permission.*l Copyright 2012, Royal

Society of Chemistry.

LSO thin films was found to exist in a tetrahedral oxygen ligand
environment. Furthermore, through a combination of surface-
sensitive TEY and bulk-sensitive FLY modes, a similar ligand
structure was observed at both the surface and in the bulk of
LSO thin films. In addition to ligand structure, due to the effect
on the unoccupied electronic states, symmetry and neighboring
atoms have a crucial influence on the electronic states of atoms
in materials,. However, it is difficult to obtain information via
traditional characterization methods, especially with regards
to proving chemical environments with elements in multiple
valence states. XANES is a useful technique that can be used
to identify elements with different local chemical structures.!*¢!
As displayed in Figure 3, Yang et al. displayed Li K-edge, P L, ;-
edge, O K-edge, and Fe L;,-edge XANES spectra of different
elements-containing compounds, which are related to the prep-
aration and electrochemical reaction process of LiFePO,. By
using this fingerprint method, in-depth information regarding
chemical environment can be obtained. XANES spectra have
the promising potential of identifying and quantifying the syn-
thesis and charge/discharge process of LiFePO,4-based electrode
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materials. Hence, it is rational to apply this XANES method to
probe elements with alternate chemical environments in other
electrode and electrolyte materials.[086]

In addition to the study of chemical environments, the
bonding structure of composite electrode materials is another
crucial factor that will influence the electrochemical perfor-
mance of batteries. It is usual to form bonding structure to bind
electrochemically active materials to the substrates, such as
Si-carbon nanotubes,”” Sn-graphene,[®?l SnO,-graphene,[¢1:6371]
LiFePO,-graphene,l® and Se-carbon nanofibers composites./’?l
As shown by Zhou et al.,’! the C K-edge XANES spectra dis-
play an obvious increase in intensity following binding to SnO,.
In addition, the bonding structure can also lead to a shift in
the edge threshold position, with new peaks and shape changes
occurring to the C K-edge XANES spectra due to electron dona-
tion from SnO,, as reported by Wang et al.l®*l XANES provides
powerful evidence to confirm the formation of bonding struc-
tures in composite materials and can improve the design and
preparation of electrode materials aimed at achieving enhanced
electrochemical performance.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Schematic illustration of: A) TSC-LMO and D) TSD-LMO. B) Mn K-edge XANES, C) Mn K-edge EXAFS, E) Ti K-edge XANES, and F) Ti K-edge
EXAFS spectra of TSC-LMO (k= 2-7.5 A”") and TSD-LMO (k= 1.7-12 A™"). Reproduced with permission.l8 Copyright 2014, Nature Publishing Group.

2.1.2. Extended X-ray Absorption Fine Structure

While the XANES spectra can provide information regarding
electronic structure and local chemical environment, the
EXAFS spectra are primarily used to determine information
about local lattice structure, including distances, coordination
number, and neighboring atom species, and to study lattice
distortion and phase changes within a material.”>7°! Since
local lattice structure plays an important role in determining
ion/e” diffusion, phase composition, and electrochemical reac-
tion mechanism, it is crucial to probe this aspect of the material
in order to achieve and further improve electrode and electro-
lyte materials.

EXAFS analysis can not only elucidate the lattice structure
(e.g., coordination environment) of electrode materials,3!76-79]
but also predict and confirm the lattice structure and phase
composition of unknown electrode materials that are often used
for LIBs and Li-O batteries.®80811 As shown in Figure 4, Lu
et al.’® used EXAFS to determine the effect of surface-doping
in LiMn,0, cathode materials, a process which demonstrated
improvement to cyclability of the material. Different from the
ALD process of preparing an amorphous TiO, layer on the
surface of LiMn,0, particles (TSC-LMO), a TiO-surface-doped
LiMn,0, (TSD-LMO) was prepared using a sol-gel method. The
Mn K-edge XANES and EXAFS and Ti K-edge XANES spectra
indicated that the valence state of Ti on the surface and in
the bulk is identical. However, two extra bonding peaks were
observed in the Ti K-edge EXAFS of TSD-LMO and suggests
diffusion of Ti*' into the surface of LMO and the formation of
surface-doped LiMn, ,Ti O, layers. This example highlights the
use of EXAFS in determining local lattice structure and phase
composition of materials with multiple valence states in dif-
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ferent regions of electrochemical materials. In addition to the
investigation of lattice structure, lattice distortion is another key
factor that can affect the electrochemical activity of materials.
Among them, Jahn-Teller (JT) distortions are a major cause for
concern and result in structural instability and capacity fading
in many cathode materials used for LIBs, including spinel and
layered lithium transition metal oxides.®>®! As the EXAFS
spectra are very sensitive to interatomic distance and coordi-
nation number, it is rational to use this technique to probe JT
transitions in electrode materials.B*%) LiMn,0, is one typical
spinel cathode material used in LIBs and suffers from JT distor-
tions induced by Mn?* situated at octahedral sites and results
in detrimental structural instability.**2l Yamaguchi et al.l®®
studied the effect of JT distortion transitions in LiMn,0y at var-
ious temperatures by extracting the coordination number and
interatomic distance from EXAFS spectra, which investigated
the phase transition of LiMn,0, at different temperature. At
low temperatures (around 200 K), the JT distortion of Mn3* is
cooperative and leads to macroscopic distortions in the material.
However, at elevated temperatures (around 300 K), the JT effect
was found to be local and induce noncooperative distortion in
Mn**Qg octahedra structures within the material. Observation
of noncooperative JT distortions has also been reported for lay-
ered LiNiO, cathode material 8389 Two main strategies have
been applied to suppress JT distortions in LiMn,0,, including
replacing Mn** with JT-inactive elements,®293 and reducing
particle size to diminish effects related to volume change. %]
As XANES and EXAFS are suitable for tracking changes to
local electronic and chemical structures of materials, the use
of XAFS can provide complimentary information of electrode
and electrolyte materials for lithium secondary batteries. Based
on the fundamental structural information of electrode and

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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electrolyte materials, the electrochemical mechanism can be
analyzed and the challenges facing the electrochemical applica-
tions can be clarified. Then the rational modification strategies
based on the fundamental investigation will be carried out to
improve the electrochemical performance.

2.2. Electrochemical Reaction and Degradation Mechanism

As discussed in Section 2.1, the electronic structure and local
chemical and lattice environment will affect the electrochem-
ical process. However, it is really difficult to predict the electro-
chemical reaction and even degradation mechanism based on
the original structure information of materials. On the other
hand, it is possible to probe the mechanism via combining
electrochemical reaction and degradation process with XAFS
characterization strategies. During electrochemical cycling,
valence states as well as the local geometric environment
undergo changes due to the diffusion of lithium and other
elements in the material. Based on this theoretical predic-
tion, lithium secondary batteries have been intensively studied
with the use of XAFS to find out what happens during the
process, including electrochemical reaction,’*%’! formation
of interfaces between electrodes and electrolytes.34100-104 [
this section, the study of electrochemical reactions as well as
degradation mechanisms of lithium secondary batteries will be
introduced and summarized with a focus on the application of
XAFS.

In order to track the structural and phase evolution of
lithium secondary batteries through XAFS, several tech-
niques have been developed up to now, mainly including ex
situ, in situ, and operando studies. During the ex situ XAFS
study, the electrochemical systems stop at desired states,
like different potential or capacity during cycling. Then the
interesting sections in the systems would be analyzed by
XAFS by disassembling batteries. In the case of in situ or
operando XAFS studies, the materials in the batteries will
be directly tested by XAFS at desired states without disas-
sembling. There are slight differences between in situ and
operando studies. While the in situ study is going to analyze
materials in batteries stopped at desired states, the operando
study needs special cells, which is in operation during XAFS
measurement.l'%-191 Compared to the in situ and operando
studies, the ex situ XAFS study displays high signal-to-noise
(S/N) ratio and resolution due to less signal influence from
battery cases and other noninteresting materials in the bat-
teries. However, the battery disassembling process in the ex
situ XAFS study would make the possible metastable state
and oxygen/moisture-sensitive samples at risk and cannot get
very accurate information. The in situ and operando studies
can avoid the possible risks resulted from the battery disas-
sembling and are preferred to get better understanding of
battery systems. Nevertheless, the in situ or operando cell
design and development are main challenges for the meas-
urement and have the lower S/N ratio problem. Therefore,
the ex situ study can be the best choice if the samples can
keep off from the risks. Fortunately, plenty of in situ and
operando XAFS studies have been realized and provide fur-
ther understanding of lithium secondary batteries.
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2.2.1. Electrochemical Reaction Mechanism

The study of electrochemical reaction mechanisms for elec-
trode materials used in lithium secondary batteries lies on
the investigation of electronic structure and local environ-
ment of electrodes during the lithiation and delithiation pro-
cess. Preliminary investigations on chemically deintercalated
electrode materials were conducted using XANES and EXAFS
to study the delithiation process in LIBs.’7:1%8] Shortly after,
ex situ XAFS characterization strategies, combined with elec-
trochemical charge and discharge were carried out to directly
analyze the electrochemical process.’”19-113] Although ex situ
XAFS can provide static information of electrodes at states of
equilibrium during the electrochemical process, dynamic elec-
trochemical behavior is unattainable through ex situ experi-
ments. Therefore, in situ and operando XAFS was developed
to attain a more holistic understanding of the electrochemical
reactions taking place during battery cycling. In this regard, the
development of cells for in situ and operando characterizations
is crucial but provides an avenue in creating a powerful tool to
probe electrochemical reactions in real time.[106.114-116]

The key point for the mechanism study is to confirm the
active element sites of electrode materials during cycling.
Numerous reports have applied the use of ex situ XANES and
EXAFS to study transition elements and oxygen of cathode
materials for LIBs during cycling. As shown in Figure 5, Qiao
et al.''y measured the Ni L; -edge and Mn L-;, edge XANES
spectra of LiNijsMn; 5O, electrodes at different states of
charge (SOC) to confirm the active sites during electrochem-
ical cycling. For this study, the XANES spectra were used to
investigate the valence states of elements during cycling by
analyzing the threshold energy position and shape with the
calculated XANES spectra of Ni?*, Ni**, and Ni*'. Their inves-
tigation determined that Mn is electrochemically inactive
during cycling and has no valence. The active element during
cycling was found to be Ni with a two-phase redox reaction
(i-e., Ni%*/Ni** and Ni**/Ni*') involved during the charge com-
pensation mechanism. Additionally, alternate reaction mecha-
nisms between the surface and bulk of the electrode material
have also been investigated by carrying out surface-sensitive
TEY and bulk-sensitive FLY detection. The Ni?" phase on
the electrode surface was confirmed to be electrochemically
inactive, contrary to Ni?* in the bulk of the material. Based on
the study of valence state change of electrochemically active
elements during cycling, the ligand environment change after
cycles can also be studied via XANES spectra. Hy et al.l''”]
measured XANES spectra of Li;,Nij,MnO, after cycles
and displayed evidence for the migration of Ni from octahe-
dral to tetrahedral sites. In addition to elucidating the func-
tion of transition metal elements in the cathode materials for
LIBs, XANES analysis can also provide information regarding
the participation of elemental oxygen during electrochemical
cycling of LiCoO, cathode material.1'® The absorption peak
shoulder in the O K-edge XANES spectra during delithiation
provides evidence for the existence of oxygen in a higher oxida-
tion state. In addition to XANES spectra, EXAFS analysis has
also been widely applied to track the change of crystal struc-
tures and structural instability during cycling, which is related
to the degradation mechanism after cycles. Kim and Yol'*"]
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Figure 5. A) Voltage profiles of LiNigsMn; 5O, cathode during the initial charge/discharge cycling. The ex situ XAS study was performed at different
states (marked with orange dots): pristine electrode (P), 50% charge state (1/2Ch), 100% charge state (1Ch), 50% discharge state (1/2D), and 100%
discharge state (1D). B) Capacity retention of LiNigsMn; sO4 cycled at 0.1 C rate. C) Ni L;- and L,-FLY and TEY XANES spectra of LiNigsMn; 5O, at
different states as shown in (A). The calculated spectra of Ni?*, Ni3*, and Ni*" were done in an octahedral crystal field. Reproduced with permission.l'!]

Copyright 2015, American Chemical Society.

studied the change in interatomic distance and structure dis-
tortions for LiCoggsAly 150, during delithiation with the use
of EXAFS. As elucidated by the k-space and R-space spectra
obtained from EXAFS analysis, all bond pairs showed decrease
in interatomic distance and the crystal structure displayed
increase in distortion with the increased Debye—Waller factor.
The obvious change of local structures can be the main reason
for the capacity degradation in the following cycles. In addi-
tion to the ex situ XAFS study of overall electrode materials
during cycling, ex situ XANES imaging techniques provide
the chance to track the electrochemical reaction in different
regions of electrode materials. Katayama et al.l'?% used the
XANES imaging of LiFePO, cathode to obtain the chemical
state maps for the electrodes at different discharge and charge
states, which can provide the evidence of lithium diffusion in
electrode materials during cycling. In principle, it is difficult
to track elemental lithium by X-ray techniques as the very low
binding energy. Several groups applied SR X-ray techniques to
track the evolution of other elements related to the lithium,
such as elemental Fe and P in LiFePO,, to reflect the distri-
bution and diffusion of lithium during cycling.['20-123] Based
on the report of Katayama et al., the reaction distribution of
the LiFePO, electrodes is inhomogeneous and the reason
is the different resistance in different parts of electrodes,
which is related to the migration of lithium ion and electron.
In the case of lithium ion, the migration in the electrolyte—
electrode interfaces and electrode particles will lead to dif-
ferent resistance.

In addition to ex situ XAFS characterization, in situ XAFS
characterization has also been carried out to study the electro-
chemical reactions and dynamics of LIB electrode materials in
real time.[*8:°1.78.120124-126] Yoo e] al.P% utilized in situ XAFS to
track the valence change of electrochemically active elements
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and changes to the crystal structure of LiNiysMn, 50O, during
the first charge and discharge process. By tracking the shape
of the Ni K-edge and Mn K-edge XANES spectra during the
first cycle, a two-step redox reaction of elemental Ni (i.e., Ni%*/
Ni3* and Ni**/Ni*) was determined. However, during the first
discharge process, at a lower region of =1V, only the reduction
of Mn*" was found to account for the charge compensation
without involving a Ni redox reaction. Furthermore, in situ
EXAFS provided evidence of possible distortions in the local
structure during the first charge process, mainly due to replace-
ment of lithium with metal ions in the Ni2*/Mn*" layer. Later,
Yoon et al.}? and Tsai et al.’®! studied NMC cathode materials
using in situ XAFS. The active elements for charge compensa-
tion mechanism are confirmed to be Ni and O. Moreover, in
situ EXAFS not only show the change of Ni—O bond length
due to oxidization of Ni?* but also provides information about
structure distortion during the charge and discharge process.
Since the Ni** is JT effect active site, the structure distortion is
confirmed by the change of Debye—Waller factor, resulting in
change of bond length. In the study by Yoon et al.?? and Tsai
et al.,’® studying charge compensation mechanism of NMC,
the Mn and Co were considered as electrochemically inactive
sites. Although the threshold energy position does not show a
distinct shift in the Mn K-edge and Co K-edge XANES spectra,
the spectra still demonstrate a drastic change in shape. Since
the shape of the XANES spectra is highly sensitive to the local
structure, the change to spectra’s shape should be further ana-
lyzed. As shown in Figure 6, Yu et al.?! applied in situ XANES
and EXAFS to study the Ni, Mn, Co K-edge during the first
charge process of Li-rich layered Li; ;Nig15C0y1Mng550,. Sim-
ilar to the results observed for NMC, as discussed above, the
Ni K-edge XANES spectra display a continuous shift in the
threshold energy position to higher energy ones, indicating

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. A) The voltage profile of Li; ,Nig15C001Mngss0, during the first charge process with the current density of 21 mAg™". Selected XAS scan
numbers are marked on the charge curve. B) Normalized Ni, Mn, and Co K-edge spectra and C) magnitude of the Fourier transformed Mn, Co, and
Ni K-edge spectra of Lij ;Nig 15C01Mng 550, during the first charge process. The inset shows a schematic illustration of the coordination environment
around the transition metal ions. Reproduced with permission.?'l Copyright 2014, Wiley-VCH.

that the oxidization of Ni** to Ni** during the first charge
process. Although the threshold energy position of the Mn
and Co K-edge spectra maintains the same position during
the delithiation process, the shape of the XANES spectra and
the Fourier transformed (FT) EXAFS spectra shows obvious
changes in the Co-O and Mn-O peak intensity. The FT EXAFS
spectra suggest that the participation of elemental Mn and Co
in the charge compensation during delithiation and the varied
change tendency in different charge states investigate that the
elemental Co and Mn are mostly related to the voltage slope
and voltage plateau regions, respectively. Through further ana-
lyzing the Debye—Waller factors, changes to the local environ-
ment around Mn also suggest structure distortions related to
Mn, which can be the main reason for the capacity fading with
prolonged cycling. Using in situ XAFS, the charge compensa-
tion mechanism in Li-rich layered Li; ,Nij15C001Mng 550, has
been confirmed and found to be different from NMC. Study of
the electrochemical mechanism can give rise to a better under-
standing of the electrochemical process and aid in the develop-
ment and preparation of advanced electrode materials.

In the case of Li-S batteries, the insulating nature of sulfur
and the detrimental effect of the polysulfides shuttle effect
are the two main challenges for the practical application and
commercialization of this promising technology.'2127:128 To
overcome these issues, it is urgent to investigate and under-
stand the sulfur redox reaction. Cuisinier et al.’! utilized
operando XANES spectra of the S K-edge to track formation
and changes to sulfur-related phases in Li-S batteries during
cycling. The operando spectra were analyzed by using standard
Ss, S¢27, S42, and S? spectra as the reference spectra to line-
arly fit the result. During the charge process, the sulfur redox
reaction undergoes step-by-step process with shorter chains
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sulfur (i.e., S42~ and then S¢?7) and final oxidization of S¢?~ to
Sg. The discharge process also shows a stepwise reaction while
the discharge capacity is mostly limited by unreacted sulfur
and not the presence of insoluble Li,S,. The investigation of
different charge and discharge processes can explain the hys-
teresis between the two events. A further understanding of
the sulfur redox reaction is crucial for the design of advanced
Li-S batteries and improve their electrochemical performance.
In addition to the application of Li-S batteries at room tem-
perature, an extended electrochemical window for the opera-
tion of Li-S batteries is required to meet practical applications
requirements for EVs. Since current ether-based electrolytes for
Li-S batteries cannot operate at high temperatures, the utili-
zation of carbonate-based electrolytes should be one potential
solution for extending the electrochemical operation window.
However, side reactions between carbonate-based electrolytes
and polysulfides lead to rapid consumption of electrolyte and
capacity degradation. To solve this issue, the reaction mecha-
nism of carbonate solvents should be further studied and a
valid solution should be determined. As shown in Figure 7A,
Xiao and co-workers1?% first studied the electrochemical pro-
cess of Li-S batteries with carbonate-based electrolytes via ex
situ XANES spectra and reported the observance of new peaks
in the spectra belonging to side reactions occurring between
polysulfides and the carbonate solvent. To overcome this side
reaction, an alucone coating was deposited on the surface of
C-S electrodes via molecular layer deposition. Utilizing this
coating layer, the occurrence of side reactions was found to be
suppressed. The investigation of Li-S batteries with different
electrolytes and modification strategies by XAFS can provide
valuable information in understanding and addressing other
challenges currently faced in the field of Li-S batteries.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.2.2. Interface Study

As the passivation interlayer between electrodes and electro-
lyte for LIBs, the SEI plays a key factor in stabilizing the elec-
trode and electrolyte during cycling. Investigation of the SEI
during cycling can lead to a comprehensive understanding of
its formation and evolution and help to design stable SEIs for
electrodes and electrolytes in LIBs. LiF has been confirmed to
be a major component of the SEI through the collection of F
K-edge XANES spectra of the surface of electrode materials,
due to decomposition of LiPFq.[3*130 Additionally, the SEI is
confirmed to be formed during the first discharge and charge
process. Qiao et al.'%l reported a more detailed study of the
SEI at different crystal planes of Sn via measuring F, O, and
C K-edge XANES and determined that the components of the
SEI are primarily LiF and Li,CO; and from due to electrolyte
decomposition. However, which crystal plane is exposed will
affect the composition of the formed SEI on Li,CO; with LiF
being the main composition on Sn (100) and (001) surfaces,
respectively. Furthermore, the effective passivation of LiF has
been confirmed to prevent decomposition of electrolyte while
the Li,CO; layer shows continuous growth and consumption
of electrolyte. In this regard, the formation of LiF as a primary
component of the SEI is essential for stable electrochemical
performance of LIBs. The XAFS spectra provide a powerful
monitoring strategy to study the evolution of SEI of designed
electrode materials and contribute to the decision about what
structure and composition are rational to form stable SEI and
realize highly improved electrochemical performance.

On the other hand, the electrolyte can also have a crucial influ-
ence on the solid-liquid interface at electrode materials prior to
electrochemical reaction. By using total-reflection fluorescence
XAFS (TRF-XAFS), Takamatsu et al.'%?l and Yamamoto et al.'3!]
studied the electronic structure of electrode/electrolyte inter-
face of LiCoO, and LiFePO, in LIBs after immersion into car-
bonate electrolyte. Through two detection modes (TEY and FLY),
elemental Co at the surface of LiCoO, was determined to be
reduced by the electrolyte with negligible influence on elemental

Small Methods 2018, 1700341 1700341

Co in the bulk of LiCoO, and LiFePO,. The reduction of Co at
the surface results in an initial degradation to the capacity. More-
over, Co and Ni L;,-edge XANES spectra of LiNiggCoyg 15Al 050,
also confirm the reduction of elements in electrodes materials
following electrolyte contact and results in a cationic disordered
phase near the surface and seriously impedes charge transfer.'%4
As the side reaction at the interface can be probed by XAFS,
related challenges can be overcome by coating with a passivation
layer prior to contact with the electrolyte.

3. Synchrotron X-ray Diffraction

XRD is a powerful technique to determine crystallographic
information of crystalline materials, including cell parameters,
strain, and microstructural information and has been widely
applied in lithium secondary batteries.[32133 Based on different
working principles, there are three typical X-ray diffraction
techniques, including X-ray powder and single-crystal diffrac-
tion and X-ray Laue diffraction. While the first two techniques
use monochromatic X-ray, the last one can apply polychromatic
X-ray to test materials combined with 2D detectors.[3*136] Com-
pared with the laboratory XRD, SXRD shows higher brilliance
and flux and tunable energies of X-ray beam due to the synchro-
tron resource, which can strengthen the intensity of signals and
shorten testing time. The high intensity of SR X-ray beam flux
makes SXRD suitable for microprobe characterization (X-ray
microdiffraction) to track microstructure of electrode or elec-
trode materials evolution during cycling 1221371381 Additionally,
owing to the large range of tunable energies of SR X-ray beams,
energy-dispersive X-ray diffraction (EDXRD) has been inten-
sively developed to probe the different sections of electrode
materials with the ability to penetrating the testing batteries
with metal cases.[12113%1401 SXRD can provide a high level of
structural detail and time resolution for electrode and electro-
lyte materials. As discussed in the XAFS section, the structural
investigation of lithium secondary batteries plays a crucial role
in studying electrochemical reaction mechanisms and stability.

(10 of 21) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In situ and operando SXRD has been intensively carried out
to study the electrochemical reaction mechanism of insertion,
conversion, and alloy-type electrode materials with a focus on
tracking structural and phase evolution and the formation of
defects and strain in lithium-ion,'*1-1# Li-S/Se,[28.98.150151]
and Li-0,/">>"154 batteries with cycling and operation at various
temperatures.

3.1. Electrochemical Reaction in LIBs

In the case of LIBs, Thurston el al.l'>*l showed an early attempt
in the investigation of structural changes during cycling via
SXRD at 1996. Through measuring the SXRD patterns of elec-
trode materials at different discharge states, lattice parameters
changes during the electrochemical reaction were studied.
Shortly after, several electrode materials were studied using in
situ/operando SXRD technique to track the lattice parameters
and phase variation during the cycling, showing the evidence of
the electrochemical reaction mechanism, such as layered and
spinel oxides.[144156:157]

Based on the collection of real-time electrochemical cycling
data, intermediate phases were found to form during cycling
reaction. While monoclinic Li-rich Li, VO, phase has been found
to be formed during the cycling of VO,, some solid-solution
intermediates have been confirmed during the electrochemical
reaction LiNiysMn, 50,.11431%8 In addition to the investigation
of stable intermediates during electrochemical cycling, time-
resolution SXRD (TR-SXRD) was used to capture and track
metastable phases formed during the cycling process.[>*102 Ag
shown in Figure 8, Orikasa et al.'®!l studied the formation of
nonequilibrium intermediate phases during phase transitions
between LiFePO, (LFP) and FePO, (FP) via TR-SXRD. A single
new diffraction peak was observed during the cycling process,
indicating the formation of an intermediate phase. The inter-
mediate phase was then confirmed to be metastable due to the
disappearance of this new peak during the relaxation process
following electrochemical cycling. Furthermore, the calculated
lattice constant values based on the SXRD patterns suggest that
the metastable intermediate phase is a Li,FePO, (x = 0.6-0.75)
solid-solution phase. Moreover, the formation of a metastable
intermediate phase during cycling would contribute to the high
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rate performance of Li,FePO,[1®*161] In addition to the electro-
chemical mechanism study of LFP through SXRD, microprobe
SXRD can also be used to track the reaction distribution of LFP
during cycling. Additionally, the lithium distribution and diffu-
sion in electrode materials can be analyzed through tracking the
distribution of LFP and FP.['22123] Strobridge et al.'?* applied in
situ microprobe energy-dispersive X-ray diffraction to track the
electrochemical reaction in LFP during cycling and confirmed
the inhomogeneous distribution in electrodes. Through ana-
lyzing the distribution of LFP and FP in the electrodes in the
coin cells, the lithium distribution can also be studied. Along
with the electron migration in electrodes, the lithium diffusion
in electrolyte and electrode can control the reaction distribution.
The higher current densities would break the uniformity of
reaction and lead to inhomogeneous distribution. By providing
a detailed electrochemical reaction mechanism, SXRD can also
be utilized to determine the reason for the energy decay of elec-
trode materials by tracking variations in structure during elec-
trochemical cycling. Through elucidating the variation in lattice
parameter during and after cycling, irreversible changes to the
structure are considered as the main reasons for capacity decay
in Li; 5Nig15C0g.1Mng 550,.31 Additionally, the irreversible vari-
ation in microstrains could also lead to the voltage decay of Li,
Rulg 75 Tig 5503.'*!

3.2. Electrochemical Reactions in Li-S and Li—O Batteries

Owing to excellent resolution of structure for electrode mate-
rials, SXRD has become a valuable characterization strategy
for investigating complicated redox reactions involved in Li-S
and Li-O batteries. For instance, Tan et al.% prepared a
Li,S@graphene composite as an electrode material for Li-S
batteries and reported the use of in situ SXRD to study the
sulfur redox reaction. As shown in Figure 9, the intensity of
the diffraction peaks for Li,S displayed a gradual decrease with
the appearance of Sg phases during the initial charge process,
indicating a phase transition from Li,S to Sg. Afterward, the Sq
phase was determined to be consumed quickly accompanied
with the formation of Li,S during discharging. However, no
obvious diffraction peaks appeared to be related to Li,S, indi-
cating the amorphous characteristic of the formed Li,S at a fully
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Figure 8. A) Time-resolved SXRD patterns for Li,FePO4 during cycling at the current density of 10 C. B) Detailed SXRD patterns during the first
discharge and second charge reactions. The voltage profiles are displayed at the right. Reproduced with permission.l'®!l Copyright 2013, American

Chemical Society.

Small Methods 2018, 1700341

1700341 (11 of 21)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

www.small-methods.com

Charge

Discharge

L 1

Voltage (V)
1.52.02.53.03.5

(111)(200) LiaS (220) (311)222)

Intensity (a.u.)
=]

20 25 3.0 3.5 40
20 (degree)

12 16 20

Time (h)

© Voltage (V)

Sg Ss Ss Sg S8 C Li2S S‘x

Intensity (a.u.)
[ = -]

1.7 1.8
20 (degree)

19 20 21 22

Figure 9. A) Initial charge—discharge voltage profiles of Li,S@graphene electrode. B) In situ SXRD pattern and C) its enlarged plot of the Li,S@
graphene electrode during the initial charge—discharge process. The black, red, and blue arrows reveal the diffraction peaks of L,S, Sg, and graphene,
respectively. Reproduced with permission.[>% Copyright 2017, Nature Publishing Group.

discharged state. However, these results are contrary to ex situ
diffraction results, where crystal Li,S was detected following
lithium intercalation.?®! Nelson et al. compared the results from
operando and ex situ SXRD information and demonstrated
that crystallized Li,S might be related to the post-treatment of
samples. The results reveal the significant importance of in
situ SXRD for dynamic study of electrochemical processes. The
use of in situ and operando SXRD characterization strategies is
capable of providing accurate information and can further the
understanding of Li—S batteries and accelerate the development
of advanced Li-S batteries with high energy density.

Similar to Li-S batteries, Li-O batteries demonstrate a high
theoretical energy density but suffer a myriad of difficulties
such as the oxygen crossover effect (OCE), decomposition of
electrolytes, and slow kinetics.'1%3] To determine the root
of these issues, it is crucial to understand the electrochem-
ical reaction mechanism and formation of byproducts (e.g.,
LiOH and Li,CO;). Benefiting from in situ/operando SXRD
characterization, significant progress has been made in the
investigation of the mentioned reaction mechanism.[52-154
Ryan et al.'®2 utilized in situ SXRD to confirm the reversible
formation of Li,O, on air electrodes with a variation in par-
ticle size during the discharge process, indicating a two-stage
growth process with primary and secondary nucleation sites.
In addition, the lithium anode has also been investigated via
the microfocused SXRD (u-SXRD).'3l It was demonstrated
that side reaction at the lithium anode would convert Li to
non-electrochemically active LiOH during the electrochemical
process. The side reaction was predicted to be a result of ether-
based electrolyte decomposition, resulting in the production of
H,O0 at the cathodes during discharge and charge. Continuous
decomposition of the electrolyte and consumption of lithium
were found to lead to rapid capacity fade and eventual cell
failure. The further understanding of the Li-O battery system
requires intensive investigation, including development of
lithium anode and electrolytes to improve structural stability
and cyclability.

Small Methods 2018, 1700341 1700341

3.3. Thermal Instability of Electrodes for LIBs

In addition to the electrochemical performance of electrode
materials for LIBs, safety issues, especially ones related to
thermal abuse, are another major barrier to the practical appli-
cations of this promising technology.1¢1%%l In this regard, the
thermal stability of electrode materials plays a crucial role in
the overall thermal safety of LIBs. The operation of these cells
at elevated temperatures could lead to phase changes and
decomposition of electrode materials with conditions dete-
riorating at discharged and charged states. The thermal insta-
bility of electrode materials needs valid solutions to prevent
possible resulted battery failures and dangerous thermal run-
away. Therefore, the systematic study of thermal instability is
urgently required to obtain a comprehensive understanding of
potential hazards.

In the case of cathode materials for LIBs, delithiated states
usually present thermal instability, while the fully lithiated
states are generally considered to be thermally stable.l167-16%
Several reports present the study of thermal instability of del-
ithiated cathode materials via use of in situ SXRD. As shown
in Figure 10, Nam et al.?” utilized in situ TR-SXRD to track
phase changes in Lij33Nij5Cog15Al5050; (Lig33NCA) and
Lig 33Niy/3C0;,3Mny 30, (Lig33NCM) without contacting elec-
trolyte during heating. Phase changes can be recorded by
observing changes in peak intensity of specific phases. The
two overcharged electrode materials showed different thermal
instability, with Lij 33NCM displaying enhanced thermal endur-
ance compared to Liy33NCA. By ramping up the temperature
from ambient conditions to about 460 °C, Lij 3;3NCA was found
to undergo change from rhombohedral to spinel and finally
to a rock salt phase. However, for Lij33NCM, the temperature
for phase transition from spinel to rock salt was found to be
much higher due to the existence of a Co;0, spinel struc-
ture in Lij33NCM when heated above 400 °C. Apart from the
influence of structure and composition on thermal stability,
exposed chemical environment was also found to effect thermal
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Figure 10. TR-SXRD patterns of the overcharged A) Lig33NiggC0015Al0,0s0, and B) Lig33Niy;3C0q,3Mn; 30, during the heating process from room
temperature. The heating rate is 2.4 °C min~'. The subscripts R, S, and RS denote rhombohedral, spinel, and rock salt structure, respectively. The
subscript O1 represents CdI2-type MO2 (M = Ni, Co, and Mn) structure. Reproduced with permission.?’l Copyright 2013, Wiley-VCH.

stability. Chen et al.l'”®171] studied the effect of electrolyte com-
ponents on the thermal instability of Li;_,(Ni;;3C0;,3Mny,3)0,90,
and Lij,_Nig15sMng55Co010, via in situ SXRD. Variations
in the SXRD pattern during the heating process confirmed
the negative effect of organic electrolyte solvent on electrode
materials, providing electrons to facilitate the decomposition
of electrode materials. Interestingly, LiPF4 salt presents a dif-
ferent function on the thermal decomposition reaction in the
two materials. LiPFgy can lead to the formation of MnF, on
the surface of Li;,_Nij15sMng55Co,10,, which can shield the
active electrode and slow down thermal decomposition. How-
ever, for Li;_(Nij;3Coq/3Mny 3)090,, LiPFs was found to accel-
erate decomposition and is rooted in a proton intercalation
mechanism. Benefiting from in situ SXRD characterization,
the understanding of thermal reactions in cathode materials
for LIBs becomes deeper and comprehensive. A better under-
standing of the thermal failure mechanism is crucial to the
rational design of electrode materials, in favor of enhancing
thermal safety of LIBs.

3.4. Surface Microstructure of Solid-State Electrolytes for LIBs

In addition to tracking the electrochemical reaction distribu-
tion in electrode materials through X-ray microdiffraction,
X-ray Laue microdiffraction has also been used to study the
effect of surface microstructure on solid-state electrolytes for
LIBs by tracking the grain orientation direction and grain
boundaries distribution.'’?l Due to the increasing demand of
high safety and energy density of LIBs, SSEs have attracted
intense research attention to replace liquid-based electrolytes.
However, the low ionic conductivity is the main challenge
for the solid-state batteries.”>17°] As the prepared SSE is
always ceramic electrolytes with polycrystalline and plenty
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of grain boundaries, the impedance and lithium diffusion
will be affected by the microstructure of SSE. It is urgent to
find out how the grain boundary structure affects the elec-
trochemical performance. Cheng et al.l'’?l carried out the
X-ray Laue microdiffraction of garnet phase Al-substituted
Li;La;Zr,0y, (LLZO) solid-state electrolytes to study the effect
of grain boundary structures on the ionic conductivity. As
shown in Figure 11, the grain orientation and misorientations
of neighboring grains in LLZO samples with large and small
grains have been studied, showing similar surface structure.
By comparison, the higher ionic conductivity of LLZO with
small grains can be attributed to the larger amount of surface
layer grain boundaries and the grain orientation and grain
boundary misorientation effects show no major influence on
ionic conductivity.

4. X-ray Microscopy

The XAFS and SXRD techniques discussed above have been
intensively developed to obtain structural and composition
information of electrode and electrolyte materials for lithium
secondary batteries, showing wide-spread application. In prin-
ciple, the acquired spectra usually provide average information
for the samples tested and heterogeneous composition of the
material cannot be tracked. However, the heterogeneous charac-
teristics of electrode materials, especially during the cycling,
have been demonstrated as the main origin accounting for the
complicated behaviors of materials, including cracking, failure,
and instability.'’®l Hence, structural and compositional inves-
tigation at the nano- and microscale is of great importance to
probe the heterogeneities of materials and mechanisms that are
shielded by characterization techniques that only provide aver-
ages. The characterization at this length scale can be provided

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 11. A) Histograms of angles between grain orientation (100) direction and sample plane normal for LLZO with large grains (top) and LLZO
with small grains (bottom). Grain orientation mapping of B) LLZO with large grains and C) LLZO with small grains. D) Histograms of misorientation
angles of LLZO with large grains (top) and LLZO with small grains (bottom). E) Misorientation angle mapping of LLZO with large grains. Reproduced

with permission.'72 Copyright 2015, American Chemical Society.

by several techniques, such as SEM, TEM, and SXM.["””! Con-
sidering the working principles, several SXM techniques have
been applied in the study of lithium secondary batteries, such
as TXM, XTM, XPM, and u-XRF spectroscopy. The application
of X-ray microscopy techniques for LIBs and Li-S batteries will
be summarized and discussed in this section with a focus on
TXM and XTM.

4.1. Transmission X-ray Microscopy

TXM is analogous to visible light bright-field microscopy,
probing the morphology of samples illuminated with quasi-
monochromatic X-rays. Morphological investigation 1is
achieved by recording the intensity of transmitted X-rays to
reflect the different attenuation coefficient of specific areas
in the sample.'’% Since the attenuation of specific elements
is related to X-ray energy and shows elemental characteris-
tics near the X-ray absorption edge, the distribution of spe-
cific elements can be investigated via TXM. Furthermore,
based on the characterization strategies, TXM can be carried
out in two modes, that is, full filed (FF-TXM) and scanning
(STXM) mode. FF-TXM is achieved by focusing transmitted
X-rays with the use of an objective zone plate lens. This is
different from STXM which applies focused incident beam
through zone plates to probe one small spot at one time. This
difference provides FF-TXM and STXM with a unique tech-
nical advantage in performing X-ray microscopy in less time
and can be done using a lower dose of radiation. Both tech-
niques are capable of probing samples at the nanoscale and
provide similar morphological information. Benefiting from
the modified imaging configuration and through the use of
beam-focusing equipment, a resolution of 20 nm and below
can be achieved by TXM.['78 Furthermore, TXM is usually
performed in combination with other synchrotron techniques,
such as fluorescence yield!"”?! and XAFS!'® to obtain struc-
tural and chemical information simultaneously. The features
of TXM make it suitable and rational to probe heterogeneities
in lithium secondary batteries.

Small Methods 2018, 1700341 1700341

FF-TXM and STXM have been intensively applied to
probe structural changes in electrode materials during
cycling of cathode and anode materials for LIBs and Li-S bat-
teries.28181-183] For instance, Nelson et al.?®! utilized FF-TXM
to track the structure variation of a sulfur/super P composite
particles during lithium intercalation and deintercalation, as
shown in Figure 12. During the discharge process, particles
underwent a slight expansion and the dissolution of polysulfide
resulted in a more porous structure and an increase in the
absorption efficiency of the background around the particle.
Furthermore, a comparison of the sulfur intensity in the par-
ticle and the background and structural changes during the
following charge process suggest that the formed polysulfide
during the discharge process was primarily trapped in the
super P matrix. However, a small amount of dissolved poly-
sulfide can lead to rapid capacity fading. TXM provides direct
evidence of structural variations in electrode materials during
electrochemical cycling and provides essential information in
the study of reaction mechanisms.

Since the structural variation information of electrode mate-
rials acquired from TXM and STXM is not enough to provide
a holistic picture of the electrochemical reaction, it is required
to get the further phase and chemical information of the var-
ious parts of electrode materials during cycling. As discussed
above, XANES analysis is a powerful technique to accurately
probe the electronic structure and local chemical environment.
XANES has been combined with TXM to elucidate variations
in phase and chemical states and morphology evolution of
electrode materials during electrochemical reaction simultane-
ously.l'”7:180 However, the acquisition mechanisms of XANES
spectra for FF-TXM and STXM are different based on the
technical principles. In the case of STXM, a series of XANES
spectra are obtained via scanning energy across the X-ray
absorption edge of the interested elements point by point to
form the spectra mapping.!'®¥ As for FF-TXM, a series of TXM
images are initially recorded as a sequence of X-ray photon
energies across the absorption edge. Then changes to the
TXM intensity at each pixel or point, as a function the photon
energy, can be used as the XANES spectra.l'818 In spite of
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Figure 12. A-I) Operando TXM images of a sulfur/super P composite particle during operation, where the letters “D” and “C” correspond to the dis-
charge and charge states at different voltage values and the voltage plateau states. Images are taken at 6 keV. The brighter section indicates more sulfur
throughout the thickness. The green outline around the particle in (A) is replicated in (C) to show the change in particle size and porosity. The scale
bar is 10 um. Reproduced with permission.?8l Copyright 2012, American Chemical Society.

the different realization strategies of FF-TXM-XANES and
STXM-XANES, the two techniques show a similar capability
in providing chemical and morphological information with
similar spatial resolution. Furthermore, by analyzing a series of
XANES spectra at different points with a reference spectrum
of standard samples, chemical and phase state mapping of the
electrode can be obtained.

LiFePO, as a promising cathode material for LIBs and has
been intensively studied with the use of TXM-XANES to give
a comprehensive picture of phase transformations during
cycling.[33183.186-188] Ag discussed in the SXRD section, a meta-
stable intermediate phase was determined to form during the
phase transition of LiFePO, at high charging rates and is not
observed at lower charging rates.'] Hence, the phase transi-
tion behavior of LiFePO, is suggested to be rate-dependent.
Wang et al.?%l carried out FF-TXM-XANES imaging to track the
phase transition of LiFePO, at low and high charging rates. As

Small Methods 2018, 1700341 1700341

shown in Figure 13, a mapping of the phase state is acquired
by fitting a XANES spectra at various points of charge along-
side reference XANES spectra for LiFePO, and FePO,. By com-
paring the mapped phase transition, a clear rate-dependent
mechanism is observed for LiFePO,. While LiFePO, particles
undergo a concurrent transition with homogeneous phase dis-
tribution at a low rate, two coexist phases are observed during
the phase transition at elevated charging rates. In addition to
the single particle, the phase transition behavior of many-par-
ticle LiFePO, electrode was also found to be rate-dependent.
Chueh et al.87188] studied the effect of charging rate on the
intercalation of LiFePO, particles in phase transition by STXM-
XANES. The many-particle electrode displayed particle-by-
particle-like phase transitions at low rates, but more concur-
rent transition behavior was observed at a higher charge rates.
Additionally, Boesenberg et al.133 utilized FF-TXM-XANES to
track the phase and morphology evolution of LiFePO, during
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Figure 13. Temporal phase transition of LiFePO, at: A-F) a high charging rate of 1C, and G-L) a low charging rate of 0.02C. The phase mapping is
acquired by linearly fitting XANES spectra of each pixel with LiFePO4 and FePO, reference spectra at different charged states. The scale bar is 10 um.

Reproduced with permission.*l Copyright 2014, Nature Publishing Group.

lithium deintercalation and showed that a heterogeneous phase
transition can induce cracks in the electrode material. A hetero-
geneous phase transition and induced cracking of other elec-
trode materials, including NMC and LiMn,0,, has also been
studied using FF-TXM-XANES,[8%1%] and was found to be not
rate-dependent. During the primary stages of lithium deinter-
calation, phase transitions begin to display heterogeneity, and
may stem from volume-change-induced stress. Clarification
of rate-dependent phase transition mechanisms and particle
cracking provides fundamental information about the lithium
deintercalation process of electrode materials and suggests
that the rational design of electrodes must accommodate het-
erogeneous phase changes in order to improve electrochemical
performance.

4.2. X-ray Tomographic Microscopy

XTM is an X-ray microscopy technique based on the same prin-
ciples as computed tomography (CT).'!l Similar to TXM, a
collimated and coherent X-ray is transmitted through a sample
that is rotated at various degrees to obtain the desired data.
During sample rotation, a series of projected images will be col-
lected that will reflect the total absorption of the sample in a
specific orientation. Using a tomographic reconstruction algo-
rithm, a 2D cross-sectional XTM image of the sample can be
obtained. Furthermore, 3D spatial distribution images can be
constructed using 2D XTM images of the sample. Moreover, as
the attenuation of specific elements is highly related to photon
energy, TXM is an element-sensitive technique that can be used
to investigate the distribution of elements. Hence, the micro-
structural heterogeneity of electrode materials for LIBs can be
probed via XTM.

The 3D microstructure of electrode materials and prepared
electrodes have been studied using XTM.?7192193] In the case
of LiNiy4Mn, 4Cog,0,, Lin et al. utilized XTM to elucidate the
behavior of metal particle segregation, especially at the surface
section of secondary particles. As nickel at the surface becomes
depleted, secondary particles demonstrate performance associ-
ated with particles that are Ni-poor and Mn-rich. In addition
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to single electrode particles, the microstructure of electrodes
prepared with graphite and NMC has also been investigated by
XTM.71931 As for electrodes prepared using NMC and addi-
tives (i.e., binders and carbon black), XTM has been carried out
to track the microstructure of the materials distribution and
inside crack in electrode materials after pressing electrodes.
The study of electrodes via XTM highlights the ability of this
technique to probe the microstructure of materials at various
length scales. This includes nanometer resolution for single
particles and micrometer resolution for electrodes. Hence,
microstructure variations in electrodes, including active par-
ticles and the porous nature between active particles, can be
tracked via TXM to elucidate information regarding the route
for electrochemical reactions.

Alloy-type anode materials for LIBs have attracted research
attention, but many of these materials suffer from huge
volume changes during the lithiation/delithiation process.'%
To improve the cyclability of these anode materials, there is an
urgent need to investigate microstructural changes. Recently,
morphological variations in Sn and Ge -based anode materials
have been investigated using TXM. These studies have resulted
in advancements in improving structural stability during
cycling 18119519 As shown in Figure 14, Ebner et al.'*l tracked
the structural evolution of SnO as an anode material for LIBs
during the lithiation process using TXM. By obtaining a set of
2D cross-section attenuation coefficient data along with 3D ren-
dering images, revolution of the SnO particles during discharge
process was attainable. As the attenuation coefficient is related
to material composition, the lithiation mechanism was found
to proceed via a core-shell process, undergoing conversion
reactions and lithium alloying reactions. In addition, volume
change-induced cracks have been investigated to tend to ini-
tiate and grow along the pre-existing defects. Afterward, the
structure of materials would be damaged owing to the volume
change was irreversible. In addition to SnO, Ge and Sn, as an
anode material, have been investigated using TXM and display
a similar volume change and crack formation behavior.[81:1%]
The huge volume change and induced cracks further pulverize
the electrode material, resulting in rapid capacity fading. TXM
provides high 3D spatial and time resolution and can be used
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Figure 14. Morphology evolution of SnO particle. A) Coronal and B) transverse cross-section XTM images of a SnO particle during lithiation
process. White arrows point to crack locations. C) Schematic illustration of particle phase evolution and crack growth leading to zigzag morphology.
D) 3D rendering of subvolume visualizing zigzag morphology in multiple particles. Reproduced with permission.%l Copyright 2013, American

Association for the Advancement of Science.

to track chemical and morphological changes in electrode
materials. The TXM investigation would make a great contri-
bution to the comprehensive understanding of energy mate-
rials, improving advanced structure design to solve the capacity
fading challenges.

5. Summary and Perspective

Here, we summarized the recent progress in the application
of SR techniques for the study of lithium secondary batteries.
Owing to the development of third generation SR sources,
various techniques have been widely applied to investigate elec-
trode and electrolyte materials. With a focus on XAFS, SXRD,
and X-ray microscopy, measuring principles have been intro-
duced to explain how these characterization techniques are
employed in various research projects. The discussed charac-
terization techniques can provide several types of resolution,
including structural and chemical states, local environment,
spatial and time resolution. In the case of structural and chem-
ical investigation, the electronic structure, chemical environ-
ment, and crystal structure have been intensively investigated
using XANES, EXAFS, and SXRD. The high sensitivity of the
techniques makes a great contribution to probe the materials
with coexistence phases, showing what elements, chemical
states, crystal structures, and chemical environment exactly
are involved. Additionally, structural and chemical states in
different parts of bulk materials always display heterogeneous
characteristics, which can be probed via the X-ray micros-
copy techniques, including TXM and XTM, showing high
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spatial resolution in 2D and 3D investigation. The combina-
tion of average and heterogeneous information is important
to obtaining a comprehensive picture electrode and electrolyte
materials. Furthermore, various characterization strategies,
based on ex situ, in situ, and operando, have been highlighted
and demonstrates the importance of time-resolution-based
investigations. The electrochemical reaction, structural and
chemical changes during battery operation determine the elec-
trochemical performance, which plays a crucial role in the
practical application of batteries. The characterization strate-
gies performed by combining with the electrochemical process
and other treatment (e.g., thermal abuse) provide an essential
opportunity to track the electrochemical reaction and structural
and chemical changes in real time. The characterization result
with the several types of resolution is of vital significance to the
comprehensive understanding of battery research. The new
insights of reaction mechanism, electrode failure, and interface
evolution would promote the advanced design and preparation
of electrode and electrolyte materials.

Regarding the future direction for the application of SR tech-
niques in next-generation high-energy lithium secondary bat-
teries, the combination of various characterization techniques,
and further improvement of resolution and development of
new techniques are of great importance to battery development.
First, the combination of different techniques has been already
carried out to probe vast information (e.g., structure and com-
position) of materials simultaneously, such as TXM-XANES. The
further combination of techniques with various characterization
resolution, especially combining time resolution with others to
real-time monitor materials could benefit the understanding and
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development of batteries. Second, the resolution discussed above
should be further improved to obtain more accurate and compre-
hensive information. As for the chemical states and local envi-
ronment, higher spatial and energy resolution is required to not
only realize qualitative analysis but also quantitative calculation.
The more detailed quantitative investigation result can achieve
the better understanding of unclear reaction mechanism. In
addition to the improvement spatial and energy resolution of SR-
based techniques, the time resolution should also be enhanced
to meet the demand of better understanding of batteries cycled
at high current densities, where rapid degradation and nonequi-
librium reaction mechanism need further understanding.'¥:1%%]
As for the most in situ or operando studies, the current densities
of tested batteries are always very low to increase the cycling time
for measurement. Fast detectors and data acquisition systems
for SR-based techniques should be further developed to realize
quick measurement, such as microstrip silicon detectors.[19-200]
Finally, the development of new techniques includes two factors.
The first one is the modification in configuration of electrochem-
ical cells for SR techniques, which should be suitable for charac-
terization to get enough signal intensity (e.g., fluorescence and
transmitted X-ray) and enable the same electrochemical reaction
under normal operation conditions. The second one is related to
the analysis of obtained data from several SR techniques, such as
theoretical calculation of XANES, transformation from micros-
copy data to 2D and the 3D mapping. As the SR techniques
display the powerful ability to probe and track states evolution
in batteries and provide rational suggestions for modification of
batteries, the future development of lithium secondary batteries
can be accelerated via the involvement of SR techniques, thus
contributing to the commercialization of next-generation high-
energy lithium secondary batteries.
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