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Although lithium-ion battery (LIB) has acquired commercial success as a sustainable power source, it still suffers from the
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multiple challenges for the future applications. In order to further develop next-generation batteries, the dynamics of

structure change, charge transfer, and ion diffusion occurring inside the battery need to be deeply understood by advanced

characterization techniques. (Scanning) transmission electron microscopy-electron energy loss spectroscopy ((S)TEM-EELS)

is an effective method for the nano-scale detection of structural and chemical information in materials. This review

systematically introduces the advantages and fundamentals of (S)TEM-EELS and its unique applications in LIB.

1. Introduction

Rechargeable LIB as advanced power source has exhibited a
level of extraordinary competence in the fields of portable
electronic devices and novel hybrid/electric vehicles.}?
Furthermore, these applications inspire the development of
more superior LIB with higher energy, faster charge/discharge
rates, longer cyclic life, and better safety reliability. As the most
crucial components in the LIB, optimizing the current electrode
materials and exploiting new electrode materials with stable
electrochemical performances are also extremely necessary.3#
However, all of these goals need an in-depth understandings of
the relationship between the structure changes of battery
materials and their performances during electrochemical
process, the degradation mechanism during cycling and aging,
the thermal decomposition behaviour at raised temperatures
by utilizing various characterization methods, and their
combinations.>8

In recent years, tremendous efforts have been made to
develop advanced characterization techniques, such as X-ray,
electron microscope, Raman and thermogravimetry.®13 Among
them, X-ray techniques, involving X-ray scattering (such as X-ray
diffraction, XRD), X-ray spectroscopy (such as X-ray absorption
spectroscopy, XAS) and X-ray imaging (such as transmission X-
ray microscopy, TXM), were widely applied on the
characterization of LIB under ex- or in-situ conditions, which
provide valuable information about the structural evolution,
charge transfer and solid electrolyte interphase (SEl) formation
inside battery.'*1> They have the obvious advantages of high
energy resolutions and non-exotic requirements for the sample
preparation. However, their spatial resolutions are relatively
poor. Although the current spatial resolutions can reach the
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scale of a few nanometers by using synchrotron radiation beam
focused by a zone plate, it is still difficult to simultaneously
probe the fine structural and spectroscopic changes that occur
in the battery, which occurs at much smaller length scales.
Scanning auger electron spectroscopy (AES) was reported to
have sufficient spatial resolution for the probe of element
distribution, but the triggered charging effects of sample usually
lead to more complicated analysis about chemical shift,
especially for the lithium transition metal oxides with low
electron conduction frequently used as cathode materials.16:17
Besides, energy dispersive X-ray spectroscopy (EDS) is also
regarded as a powerful tool to detect the components of
materials with high spatial resolution.1® Unfortunately, it does
not have the ability to deal with the light elements like lithium
(Li). which is particularly important for LIB.

In contrast, EELS is an analytical technique sensitive to light
elements, which is based on collection of the changes in kinetic
energy of inelastic scattered electrons to investigate the
spectrum of excitations in matter.1%20 Practically, EELS is usually
combined with TEM or STEM, and Scheme 1 presents a detailed
schematic diagram of STEM-EELS. In STEM, high-energy
electrons (typically 60-300 keV) are used as incident electrons
to interrogate the sample. They can be focused into a very small
probe size by the electromagnetic lenses. Currently, sub-0.1 nm
is achieved by using an aberration-corrector above TEM
specimen, thereby increasing the spatial resolution to atomic
dimensions.?! The converged electron beam will then pass
through the specimen. High-angle annular dark-field (HAADF)
images can be captured using an annular detector to collect
scattered electrons with high angle. Simultaneously, EELS can
also be acquired using the transmitted beam after passing
through a magnetic prism. This is one of the key advantages of
EELS performed in (S)TEM, enabling easily achieve atomic-level
images and spectra at the same time.?2 When the transmitted
electrons are collected at small scattering angle, the transitions
of core electrons basically follow the dipole selection rule.?® At
this time, EELS is essentially equal to XAS and capable of probing
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the energetics and coordination environments of materials,
which is very useful for studying the localized structure and
chemical states in the LIB.

By virtue of the aforementioned advantages, (S)TEM-EELS has
gradually became a necessary method to account for the
microscopic transport of Li* ion, oxygen release and charge
transfer of transition metal in the current reports.?*-2” However,
to our knowledge, there is no systematic review that
summarizes the applications of (S)TEM-EELS on LIB to date. In
this paper, we reviewed the basic principle of EELS and its
different applications in the field of LIB. Furthermore, we also
put forward reasonable prospects for the future development
that should be helpful and bring new insights to other
researchers.

Convergence angle
~ 10 mrad

Incident probe
probe size ¢~ 0.1 nm

Z-contrast
image

HAADF detector

Scheme 1 Schematic diagram of STEM-EELS.

2. Fundamentals of EELS
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Fig. 1 (a) Schematic illustration of a typical energy-loss spectrum, and
three main edges for LIB: (b) Li-K edge, (c) O-K edge and (d) TM-L
edges. (b) Reprinted with permission from ref. 33. Copyright 2011,
American Chemical Society. (c) Reprinted with permission from ref.
34. Copyright 2020, American Chemical Society. (d) Reprinted with
permission from ref. 35. Copyright 2004, American Physical Society.

When high-energy electrons impact matter, some of electrons
will interact with the constituent atoms by electrostatic forces.
This is due to the fact that the incident electron and the
components of an atom (nucleus and atomic electrons) are all
the charged particles. Under this interaction, these electrons
will be scattered (changed in direction) either elastically (no
energy exchange) or inelastically. Since the mass of atomic
nucleus is much greater than electron’s, the energy exchange of
interaction between incident electron and nucleus is extremely
small and usually unmeasurable. Hence, the incident electron
interacting with the nucleus is considered to be elastically
scattered. On the other hand, inelastic scattering involves the
interaction of incident electron with atomic electrons, in which
the incident electron loses an appreciable amount of energy to
excite the atomic electrons to higher energy level. Recording
the primary process of electron excitation gives rise to
corresponding EELS spectrum.

As shown in Fig. 1a, a typical EELS spectrum is composed of a
zero-loss peak (ZLP), low-loss and high-loss regions. ZLP, as its
name implies, appears at 0 eV and suggests the transmitted
electron without suffering measurable energy loss. It includes
all the elastically and quasi-elastically scattered electron (like
phonon scattering) components. When the thickness of
specimen is less than plasmon mean free path (MFP), ZLP is the
most intense characteristic peak in the EELS spectrum, and the
full width half-maximum (FHWM) of ZLP can act as indicator of
spectral energy resolution. Low-loss region usually refers to the
energy loss region of 0 to 50 eV, which corresponds to the
excitation of electrons in the outermost atomic orbitals within

This journal is © The Royal Society of Chemistry 20xx
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a matter.282° The prominent feature in low-loss region is a
broad peak (called as plasmon) located at 3-30 eV, originating
from the collective resonant oscillations of valence electrons. In
addition to the collective responses, the excitation of single
electron also can be observed in the form of fine-structure
peaks at low-loss region, which represents the interband
transitions between valence and conduction bands. Deeply
analysing low-loss spectrum can get various information such as
the thickness, dielectric constant, band gap and free-electron
density of sample.

High-loss region, ranging from 50 eV to several thousand
electron volts, corresponds to the excitation of atomic electrons
in the inner shell.3° Owing to strong binding with the nucleus,
collective effects of these electrons are negligible, and inner-
shell excitation mainly refers to the transitions of core electrons
to unoccupied states above Fermi level. Their excitation
presents the profile of ionization edges in the spectrum and
superimposes on the exponentially decreasing background. The
threshold of the ionization edge, corresponding to core-
electron binding energy, is a characteristic value for particular
atom and electron subshell. Based on this, component elements
can be distinguished in the specimen. Furthermore, after
accounting for the background, edge intensities also allow
quantitative analysis of the elements. The intensity fluctuations
from 10 to 50 eV after the edge onset represent EELS near-edge
fine structure (ELNES), which alludes to the density of empty
electronic states.3132 ELNES analysis is usually coupled with
Density Functional Theory (DFT) calculations to determine local
crystallographic and electronic structures of the excited atom.
Beyond near-edge region, there is also a region of weaker and
extended oscillations known as extended energy-loss fine
structure (EXELFS). Similar to extended fine structure of XAS
(EXAFS), the signals in this region can be used to analyse the
bond length between atoms and their coordination numbers.

Since the LIB materials commonly contain Li, O and transition
metal (TM) elements, we focus on the typical Li-K edge, O-K
edge and TM-L edges spectra as shown in Fig. 1b-d,
respectively.33-3> From Fig. 1b, various Li-containing compounds
show the significantly different fine structures of Li-K edge
based on their different atomic environments surrounding Li.
Normally, these distinctions can be recorded as fingerprinting
to identify the chemical composition of materials. In the O-K
edge of Fig. 1c, it is clear that the prepeak is sensitive to the
valence state of TM. The prepeak of O-K edge stems from the
transition of electrons from O-1s core level to unoccupied O-2p
states hybridized with TM-3d orbitals, and its intensity directly
reflects the extent of TM34-O,, hybridization.3¢ In addition, as
displayed in Fig. 1d, the TM-L edges are characterized by two
white lines of Lz and L,, corresponding to the transition of
electrons from 2p;, and 2p;;, spin-orbit split levels to
unoccupied 3d states of TM.3” The relative energy position and
intensity of these two lines strongly rely on the 3d orbital
occupancy and hence on the oxidation state of TM elements.3%
40 Comprehensive analysis of these three edges is remarkably
helpful to explain various phenomena occurring at the
electrochemical process.

This journal is © The Royal Society of Chemistry 20xx
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Several factors can affect EELS detection and elemental
analysis. Multiple inelastic scattering occurs when the thickness
of specimen is greater than the MFP for inelastic scattering
(roughly 100 nm at 100 keV). It can significantly enhance the
plasmon intensities, leading to an increase in the background
contribution, thereby drowning out the signal of ionization
edges in a spectrum. Furthermore, the mixed inelastic
scattering involving core-level and plasmon excitations will
resultin a broad peak above ionization threshold. Currently, the
unwanted multiple inelastic scattering contribution can be
removed by Fourier transform deconvolution techniques
(Fourier-Log and Fourier-Ration methods) at the cost of adding
some noise. To ensure a sufficient signal/noise ratio, it is best if
the thickness of specimen is close to and lower than MFP, and
the ultrathin specimen should be avoided. On the other hand,
in the case of acquiring high spatial resolution STEM-EELS, it is
inevitable to introduce beam damage due to the overlapping of
scanning probes. Battery materials like layered transition metal
oxides are easily converted to spinel or rock-salt structures
under intense electron beam. Therefore, a good balance
between the probe current, spatial resolution and the acquired
signal/noise ratio should be made to avoid the beam induced
artifacts.

3. Applications of EELS for LIB

3.1 Tracking of Li* ions migration
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Fig. 2 (a) Voltage profiles of LisTisO1, nanoparticles and the
corresponding EELS spectra selected with an interval of 120 s during
the first cycle at 2 C rate. (b) Intensity ratio of the two prepeaks, M
and S (Iy/ls) as a function of Li concentration (x) at different rates (1
C,2C,3C, and 8 (). (c) Calculated Li-EELS spectra of LizTisO1;, (x =0,
1, and 2) for Li at 8a sites and Lis,TisO4, (x = 1, 2 and 3) for Li at 16c
sites, respectively. Adapted with permission from ref. 43. Copyright
2020, The American Association for the Advancement of Science.

With the increasing demands of customers, the fast-charging
capability has become an indispensable skill for next-generation
LIB. The fast-charging battery usually require electrode and
electrode active materials to possess high ion diffusion
coefficients.#42 However, experimental results demonstrated
that the lithium titanate (LisTisO1,) anode exhibited poor Li
diffusion in both its phases, but still possessed extraordinary
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rate performances, which conflicts with conventional ideas. To
thoroughly clarify the underlying mechanism, Zhang et al.
designed a novel TEM grid-based electrochemical cell for the
operando Li-EELS measurements with high spatial and temporal
resolution.*® The corresponding results are shown in Fig. 2a.
During discharging-charging, it is found that the main peak of Li-
EELS remains almost unchanged at the energy position,
whereas the prepeak region presents obviously different fine
structures. A new prepeak labeled as “M” appears at the
electrochemical process, but it is absent at the charging and
discharging products. Furthermore, the Li-EELS tested at
different current rate indicated the intensity of prepeak “M” is
strongly rate-dependent (Fig. 2b). This presented features in the
Li-EELS spectra provide the vital information about the
occupancy and fast migration of Li* in the metastable
intermediates (Liz.xTisO1,) located along the boundary between
the two phases. DFT calculations validated that the prepeak of
“M” results from the splitting of Li-O anti-bonding states
associated with the local distortion of face-sharing Li polyhedral
(Fig. 2c).

Hence, a detailed mechanism about the migration of Li* in
Li4TisO1, during the electrochemical process was presented by
the authors. Firstly, the observed high-rate performance stems
from the rapid migration of Li* at boundary between the two
phases, which involves face-sharing Li polyhedral. At each step
of migrating Li*, the number of face-sharing Li polyhedral in
transition state is less than it in initial and final states. The
relatively reduced repulsion between Li* in the transition state
likely benefits to decline the activation barrier. On the other
hand, the local distortion of face-sharing Li polyhedral also can
reduce the effective coordination numbers of Li, especially for
the electrode at high rate with more highly distorted Li
polyhedral. Hence, when Li* ion migrates through the three-
coordinated oxygen face, the change in Li coordination is
minimized, thereby further reducing the activation barrier.
Combining these two aspects of factors, the migration of Li* in
Li4TisO1, during the electrochemical process exhibits the low
migration barrier.

3.2 Monitoring of local charge density around O atoms
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Fig. 3 (a) Density of states calculated for NiO, LiNiO,, and NiO, and
difference in electron density distribution between LiNiO, and NiO,
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on (1 10) and (1 0 4) planes. (b) O-K edge ELNES and (c) schematic
electronic structures of NiO, LiNiO,, and NiO,. Adapted with
permission from ref. 46. Copyright 2005, American Chemical Society.

Lithium transition metal oxides are the most commonly used
electrode materials for LIB, and it is well known that they store
charge through the rapid extraction/insertion of Li* ions.4%5
However, about the changes of electronic structures during the
extraction/insertion process are still short of full understanding.
Conventional chemical idea assumes that Li and O atoms are
and 0% Hence, the
extraction/insertion of Li* ions are considered to just influence
the charge of TM atoms. This description lacks information on
local electronic structure and also neglects the electronic
configuration of covalency. In view of this, Koyama and co-
workers investigated the detailed electronic structure of NiO,
LiNiO, and NiO, by first-principles calculations and EELS.®
Among them, the NiO, was prepared by electrochemical lithium
extraction of LiNiO,. The density of states and charge density
distribution based on first-principles calculations (Fig. 3a)
manifested notable decreases in charge density at nickel and
oxygen atoms after lithium extraction from LiNiO; to NiO;. This
implies that the oxygen atoms also take part in the solid-phase
redox reaction of LiNiO,. The experimental EELS results of O-K
edges are exhibited in Fig. 3b. As above discussion, normally,
the intensity and position of O-K edge prepeak becomes
stronger and shifts to lower energy loss with the increase of TM
valence, owing to the enhanced TMj34-O,, hybridization and
decreased TM-3d energy. However, it is found that the O-K edge
energy of NiO, is not suitable for this rule. The prepeak of NiO,
is located at a higher energy than that of LiNiO,. Furthermore,
the energy of main peak is also higher than that of NiO and
LiNiO,. The whole shift of O-K edge toward higher energy
suggests the reduction of electron density at oxygen atoms, in
accordance with first-principles calculations. The reason can be
explained as follow: the increased oxidation of the nickel atoms
strengthens the covalent bonding between the nickel and
oxygen atoms with the extraction of Li* ions, thereby leading to
a relative reduction in electron density around the oxygen
atoms. A schematic diagram about electronic structures of NiO,
LiNiO, and NiO, was built, as shown in Fig. 3c. The prepeak
energy of NiO, is affected by the combined energy changes of
O-1s level and Ni-3d band.

ionized as Li* ions in the oxides.

3.3 Detection of the chemical state of TM atoms

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 (a) Atomic-level STEM-HAADF image of a bare NMC811
cathode after cycling with corresponding FFT patterns inset. (b, c)
STEM-HAADF image and corresponding EELS spectra acquired from
the regions. Reprinted with permission from ref. 49. Copyright 2019,
American Chemical Society. HADDF images and corresponding line-
scan EELS profiles of the normal electrode (d) and the activated
electrode (e). Reprinted with permission from ref. 50. Copyright
2020, Elsevier.

Cyclic stability is an extremely important performance indicator
for the practical applications of LIB. Therefore, a large number
of research groups conducted extensive investigations on the
degradation mechanism involving structural evolution of
electrode materials.*”#8 For the layered transition metal oxides,
it is well known that the layered structure phase will be
gradually transformed into spinel phase and eventually
deteriorated into rock-salt phase the long-time
electrochemical cycles. The phase transition of materials can be
accurately identified by high-resolution TEM (HRTEM) and
diffraction patterns (Fig. 4a).*° Along with phase transition, the
induced valence changes also can be fully detected by EELS. As
shown in Fig. 4b, a line-scan EELS was performed on a cycled
electrode particle from bulk to surface, and the corresponding
test results are presented in Fig. 4c. The decrease of O-K edge
prepeak is an indirect evidence for the reduction of TM valence
states. Not only that, both the increased Ls/L, ratios and the
shifts of L-edge toward lower energy further indicate the
decline of TM valence states at the particle surface, which is
mainly due to fact that the surface is frequently subjected to the
attack of electrolyte. The precise valence states of
corresponding elements can be determined by combining DFT
calculations and comparing fine structure with standard
spectra.

However, the materials with same phase structure is difficult
to distinguish by high-resolution TEM and diffraction patterns.

via

This journal is © The Royal Society of Chemistry 20xx
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For example, there are currently three well-known Mn-based
spinel phases: LizMns0;, (Mn#*), LiMn,04 (Mn3+/4*), and TM30,-
type (Mn2*/3*). The best way to distinguish them is to utilize
their differences in valence. Recently, Zhang et al. reported a
novel Li,TMs3,0,4-type spinel shell prepared by preliminary
electrochemical activation to protect the interior electrode
material.>® The EELS results demonstrated the obviously stable
structure in the bulk by the help of preformed spinel shell (Fig.
4e). Furthermore, the pre-formed spinel shell showed a lower
Mn valence than the spinel phase produced by routine
electrochemical cycling (Fig. 4d and e). A further detailed
analysis about the energy positions and ratios of L;; indicated
that the spinel structure caused by electrochemical cycles
belongs to LiMn,04-type, and the preformed spinel shell
belongs to Li,TM3_,04-type.

Conclusions and outlooks

In this review, the advantages and fundamentals of (S)TEM-EELS
as a nanoscale characterization technique were summarized in
detail. The high sensitivity for light elements and high spatial
resolution make (S)TEM-EELS very suitable for detecting the
local structures and chemical states inside LIB. Various
phenomenon occurring in the battery involving the migration of
Li* ions, the local electronic structure changes and phase
transition were also discussed from three typical EELS edges
based on the most common elements in the LIB materials,
which are difficult to illustrate by other characterization
methods.

In recent years, EELS technique has gained significant
progress with the ever-increasing number of applications. This
has been especially true for improvements in spatial and energy
resolution with the development of more advanced aberration-
corrector and monochromator, which provides more
possibilities in the characterization of LIB.>153

Cation doping has long been regarded as an effective way to
improve the performances of layered electrode materials.>*>6
According to their own characteristics, doping atoms can reside
in the Li slabs or the TM slabs, resulting in different roles on
electrochemical performances. Researchers have typically
relied upon theoretical calculations to predict the structure and
coordination environments of heteroatoms, whereas
atomically-resolved EELS can provide a truly local investigation
of chemical state of heteroatoms. Furthermore, during the
electrochemical process, highly active electrode surface is
frequently subjected to the attack from electrolyte, thereby
yielding severe structure degradation. To address this issue, the
conventional mitigation strategy is to passivate the surface with
inactive coating (such as Al,O3 and AlF;).>7>8 However, there is
still no in-depth understanding of the relationship between
surface active sites and coatings. Atomically-resolved EELS is
also expected to reveal their relationship. Apart from these, the
minor energetics changes at defects, the incubation of cracks
and structure transition in particle boundary all require more
explanations with the help of ultra-high spatial resolution EELS.

On the other hand, low-loss region is not often used in the
analysis of LIB materials. While with greatly improved energy

J. Name., 2013, 00, 1-3 | 5
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resolution in monochromated EELS, more fine structures can be
resolved in low-loss region. It was reported that the fine
structures in the interband transition regions of several cathode
materials are unique and sufficient to be used as fingerprint
analysis.>® Another advantage of monochromated EELS is its
ability in detecting chemical species without direct electron
beam interaction with sample. The signal acquisition of low-loss
region is not as dependent on the sample thickness and electron
doses in comparison with the high-loss region. This could be
used for studying local chemical changes of beam sensitive
substances such as SEl layer and electrolyte. In addition, recent
publication showed that monochromated EELS enables detect
local phonon changes induced by a stacking default.®® This
capability may also be used to study the evolution of Li in
electrode materials, since local phonon changes depend on Li
distribution.
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