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Advanced Electron Energy Loss Spectroscopy

for Battery Studies

Zu-Wei Yin, Wenguang Zhao, Jianyuan Li, Xin-Xing Peng, Cong Lin,* Mingjian Zhang,
Zhiyuan Zeng, Hong-Gang Liao, Haibiao Chen, Hai Lin,* and Feng Pan*

As a powerful tool for chemical compositional analyses, electron energy loss
spectroscopy (EELS) can reveal an abundance of information regarding the
atomic-level electron state in a variety of materials, including the elemental
types as well as their valence and concentration distributions, and the
structure-related atom radial distribution. Benefiting from its unique capabili-
ties and the newly developed advanced transmission electron microscope
(TEM) configurations (i.e., in situ bias, in situ heating, cryo-TEM, etc.), EELS
has facilitated the battery studies in various aspects. Here, a brief introduc-
tion of EELS is provided. Thereafter, a description of the recent progress in
studying battery materials using EELS is provided, and finally a look ahead on
the future development of EELS techniques and their applications in battery

studies is provided.

1. Introduction

Owing to the benefits such as high energy density, high oper-
ating voltage, long cycle life, and environmental friendliness,
rechargeable Dbatteries have become the foremost means of
electric energy storage for electronics and transportation.
The structural and compositional evolutions of the key com-
ponents including electrodes, electrolytes, and interphases
must be studied for pursuing high-performance batteries.l!
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Electron energy loss spectroscopy (EELS),
which is now extensively equipped inside
the transmission electron microscope
(TEM) to provide useful atomic-level
information on the elemental types with
their valence and concentration distri-
butions, and the structure-related atom
radial distribution, has already been vali-
dated as a very effective tool in studying
the battery materials.’l In comparison,
other alternative techniques with sim-
ilar functions, i.e., X-ray photoelectron
spectroscopy (XPS), X-ray absorption
spectroscopy (XAS), Raman spectroscopy,
inductively coupled plasma-mass spec-
troscopy (ICP-MS), may only give limited
and average information from the
sample surface at a large micro-scale or are difficult to be con-
ducted in situ.l!

In recent years, several advanced TEM/EELS configurations,
including the various types of in situ bias, in situ heating, and
cryo-TEM, have been developed.™ These configurations have
allowed for the successful observations of some previously
unknown structural and compositional evolutions, such as the
nanoscale solid electrolyte interphase (SEI) on the Li metal,
cathode electrolyte interphase (CEI) on the layered oxides,
Li K-edge evolution, thermal-induced material degradation,
and metal-valence distribution evolution in electrodes during
charge/discharge, etc.l

In consideration of the widespread applications and signifi-
cant achievements of EELS in battery research, there is now a
serious shortage of the reviews and perspectives focusing on
the battery chemistries studied by EELS. To our knowledge, the
existing reviews/perspectives on the TEM studies in batteries
mostly focus on the crystal structure evolutions unveiled by
imaging ) There have also been some reviews about the bat-
tery studies using the X-ray based techniques with functionali-
ties comparable to EELS, but these techniques are incapable
of providing the local information at the nano/atomicscale.l®!
For EELS, although there are several reviews published, they
only focus on the methodology, such as the surface plasmons
characterization,”! EELS tomography,® high spatial and energy
resolution EELS,® etc. In comparison, this review comprehen-
sively covers the unique EELS capabilities that are different
from other characterization alternates, as well as some newly
advanced configurations developed for EELS, widespread appli-
cations of EELS in material-related fields, and some recent work
utilizing EELS in battery studies. We believe that it will spark
fresh ideas for employing EELS to probe the battery materials.

© 2021 Wiley-VCH GmbH
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Table 1. Comparisons of EELS with other characterization technique

5 [2.3,4b-d10]

Techniques Working principle Signal acquisition Spatial resolution Detecting depth Capabilities
EELS Inelastic scattering of incident Transmission electrons Atomic level =100 nm Elemental types, valence state (0-5 keV),
electrons with samples valence and concentration distributions,
ratio of different elements, coordination
environment, chemical bond, RDF
Soft XAS  Inelastic scattering of incident X-ray ~ Secondary electrons/ =1 um 5-10 nm for TEY, =100 hm Elemental types, valence state
Photons with samples fluorescence for TFY (200-2000 eV), coordination environment,
Electron spin state
Hard XAS  Inelastic scattering of incident X-ray Fluorescence/transmission =1 um =ium level Elemental types, valence state (2-20 keV),
photons with samples photons RDF
XPS Inelastic scattering of incident X-ray ~ Secondary electrons =1 um 1-5nm Elemental types, Valence state, Chemical
photons with samples bond
TXM Inelastic scattering of incident X-ray ~ Transmission photons 20-30 nm =100 nm Elemental type, valence state (200-2000
photons with samples eV), valence distribution, coordination
environment,
EDX Excitation of elemental charac- Elemental characteristic Atomic level <1um Elemental types, element concentration
teristic X-ray photons by incident X-ray photons distribution, ratio of different elements
electrons
NS Elastic/inelastic scattering of inci- Scattering neutrons =1 mm >100 mm Coordination environment, RDF
dent neutrons with samples
FTIR Adsorption of incident infrared ray Transmission or reflection 1um 5-10 nm Chemical bond
photons by samples infrared ray photons
Raman Inelastic scattering of incident  Scattered Raman photons =1 um 5-10 nm Chemical bond
photons with samples (by transmission or
reflection)
ICP-MS Molecular dissociation to achieve m/z value / / Elemental type, ratio of different elements
m/z value

2. Unique Capabilities of EELS

As listed in Table 1, typical chemical compositional analyses for
the battery studies include the electron-based techniques (e.g.,
EELS, energy dispersive X-ray spectroscopy (EDX), etc.), X-ray
based techniques (i.e., XPS, XAS (including both soft and hard),
TXM (transmission X-ray microscopy), etc.), neutron scattering
(NS), Raman spectroscopy, Fourier transform infrared spectro-
scopy (FTIR), ICP-MS, etc.}l When comparing these techniques,
it can be observed that EELS possesses obvious advantages
over others. 1) EELS has the most comprehensive capabilities,
including characterizing the elemental types, valence state,
valence and concentration distributions, ratio of different ele-
ments, coordination environment, chemical bond and radial
distribution function (RDF), while other techniques (e.g., XAS,
TXM, Raman, etc.) only have part of such functions.'”! 2) EELS
shows the highest spatial resolution at atomic level, which ben-
efits from the recent advances in the monochromators, direct
electron detectors, and spherical aberration correctors, while
XPS, XAS (both hard and soft X-ray), NS, Raman, and FTIR can
only provide average information at micro-scale due to the low
spatial coherence of X-ray, neutron, and infrared ray, etc. For the
X-ray based imaging technique of TXM, it exhibits a spatial res-
olution of 20-30 nm.["?) 3) EELS can provide the bulk material
information (detecting depth of =100 nm), while Raman spec-
troscopy, FTIR, XPS, and soft X-ray in the total electron yield
(TEY) mode can only offer the surface information (detecting
depth of < 10 nm) because of the low incident energy. 4) Among
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all the techniques that can be used to characterize valence
states (i.e., EELS, XPS, XAS, TXM), EELS is the only one pos-
sessing the capability to detect the low energy region (e.g.,
< 100 eV), which makes it the one-of-a-kind tool for identifying
the light elements like Li. Besides, although EDX can deliver
the atomic-level elemental mapping information in the similar
way that EELS does, the electronic structures, coordination
numbers, bonding states, and band gaps are unfortunately
unavailable, in addition to the lower quantification accuracy
than EELS due to the low-energy (<1 keV) X-ray absorption.[®!
Compared with EDX, EELS also possesses a substantially
higher collection efficiency, implying that it can be operated
at a lower dose to minimize the beam damage.!% For XAS, it
can provide almost the same functions as those of EELS when
the soft and hard XAS are combined. For example, the extend
X-ray adsorption fine structure (EXAFS) of the hard XAS can
also offer the RDF function similar to the extended energy-loss
fine structure (EXELFS) of EELS. However, XAS is rather diffi-
cult to be available and also more expensive as it requires huge
and specialized equipment to speed the electrons. In contrast,
EELS is more flexible and can be easily accessed in the labora-
tory TEM. In addition, because the incident energy of XAS and
EELS is just 5-20 keV, whereas that of the electron diffraction is
200-300 keV, EELS can be combined with the electron dif-
fraction to achieve RDF with atomic-level spatial resolution.
ICP-MS are difficult to operate in situ and to directly observe the
bulk changes. In comparison, EELS can be in situ conducted
and allows the materials to be studied beyond nanoscale.[2#dl
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Figure 1. Setup and typical data of EELS. a) Schematic illustration of the typical EELS setup. b) Scheme showing the typical EELS data and the meaning
of different peak positions. Reproduced with permission.l Copyright 2011, Springer.

Figure 1a schematically shows the typical postcolumn EELS
setup, in which the electrons received by the EELS detector can
reflect the material information.!'! Presently, the EELS instru-
ment is commonly employed in conjunction with a TEM or
scanning transmission electron microscope (STEM) to pro-
vide microscopic local or even atomic-level information. In the
TEM, the electrons generated by the thermionic or field emis-
sion gun are accelerated by the anode inside the acceleration
tube and then interact with the specimen. During the process
when the incident electrons transmit the specimen, some elec-
trons can interact with the atom nuclei or the atomic electrons.
And based on the energy changing, these interactions can be
classified as either elastic or inelastic scattering. Elastic scat-
tering happens when the incident electrons interact with the
nuclei without electron energy loss (not considering the larger-
angle scattering, especially the head on collisions), which is
widely used in the diffraction- and imaging-based techniques in
TEM. When the accelerated electrons interact with the atomic
electrons through the Coulomb force, a specific energy loss of
the incident electrons occurs as the inelastic scattering, due to
the excitation of the atomic electrons to the higher quantum
number Bohr orbitals. After transmitting the specimen, the
outgoing electrons including the transmission electrons, elastic
scattering electrons, and inelastic scattering electrons will
be focused by the in-column or postcolumn magnetic prism,
where they will be separated and focused at different positions
and further recorded by the electron detectors/cameras due to
their energy difference. Therefore, the EELS will be achieved
and visualized when comparing the energies between the inci-
dent and outgoing electrons. And in a typical EELS spectrum
(Figure 1b), ¥l the zero-loss peak is formed by the transmission
and elastically scattered electrons; the valance loss is caused by
the excitation of the valance electrons to the conduction band;
the plasmon peak is generated by the longitudinal wave-like
oscillations of the weak bound electrons; the ionization edge is
resulted from the core—shell electrons to the empty state. Fur-
ther in the practice, the valance loss can be used as the finger
print to determine the compounds; the plasmon peak com-
bined with the zero-loss peak is efficient to calculate the spec-
imen thickness; the ionization edge is commonly employed to
identify the elemental types as well as their electronic states.
Especially for the 3d transition metal elements, the so-called
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“white line” caused by the not fully occupied 3d orbitals is quite
sensitive to the element states, which can be easily interpreted
in most cases by analyzing the edge position or the L;/L, peak
ratio (after deconvolution) (right line in Figure 2a). More details
of the EELS working principle have been clarified by Carter
e al.'% and Egerton.'3]

Thanks to its high spatial resolution, EELS is thus widely
adopted to probe the chemical difference between the mate-
rial surface and bulk. A typical application of EELS in meas-
uring the chemical composition from bulk to surface of layered
cathodes is displayed in Figure 2a," and the exemplary atomic-
level elemental (Ni, O, Cr) and valence (Ni**/Ni**) distribu-
tions achieved by EELS are demonstrated in Figure 2b.2% The
recently developed 4D STEM-EELS technique can even realize
the 3D chemical structure of materials (Figure 2c).’> The inno-
vative sensitive detector and fast electron camera substantially
enhance the signal-to-noise ratio (SNR) of the high energy-
loss area, making it achievable for the EXELFS and the RDF
analyses. The RDF is also known by the name of the electron
pair distribution function (ePDF), which is similar to the X-ray-
based pair distribution function (PDF), but when combining
with electron diffraction, it can provide significantly higher spa-
tial resolution.'®l A typical EELS in the high energy-loss area
with corresponding RDF analysis is shown in Figure 2d.[""

As stated above, such capabilities of EELS make it a one-of-
a-kind tool for battery studies. To date, the conventional EELS
technique that provides 2D elemental (e.g., Li, Si, O, C, tran-
sition metals (TMs), etc. in battery materials), valence, and
concentration distribution information, has been frequently
employed to analyze the inhomogeneity and chemical struc-
ture evolution in battery materials (i.e., cathodes, anodes, solid
electrolytes, etc.).2<™ However, as far as we know, the battery
studies using the innovative 3D EELS tomography and RDF
techniques, which have been applied in other nanostructure
and defect characterizations, are still scarce.[2>:15]

3. Emerging Advanced EELS Configurations
for Battery Studies

In the recent decade, several advanced TEM configurations
have been developed for battery studies, including the in situ
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Figure 2. Unique capabilities of EELS. a) Chemical composition analysis of the layered LiNiggMng;Coq 0, cathode from surface to bulk. Reproduced
with permission.[l Copyright 2019, American Chemical Society. b) Atomic-level elemental and valence distribution analyses of the Ni@NiO/Cr,0j3 het-
erostructure. Reproduced with permission.[?3 Copyright 2015, Wiley-VCH. c) The 3D chemical structural probe of the FeO/Fe;0, core—shell nanocubes.
Reproduced with permission.™l Copyright 2016, American Chemical Society. d) EXELFS and RDF analyses. Reproduced with permission.l”] Copyright

2019, Cambridge University Press.

bias (Figure 3a—d),*>418] the cryogenic holder (Figure 3e),”) and
the in situ heating (Figure 3f).12% Specifically, the in situ bias
rigs include the electrochemical liquid open cell (Figure 3a),/
the electrochemical solid-state open cell (Figure 3b,d),!® and
the electrochemical liquid close cell (Figure 3c).*dl Attributed
to them, the TEM imaging and corresponding EELS spectra of
battery materials are now achievable not only under different
thermodynamics conditions but also in a variety of dynamic
environments (e.g., electrochemical solid/liquid or solid/solid
systems, heating, cryogenic, etc.).

The probe-type electrochemical open cell using ion liquid
as the electrolyte was first demonstrated to study batteries by
Huang et al. in 2010,2U after which it was used and further
upgraded by Zhang et al. (Figure 3a).* In Wang and Zhang’s
setup, the nanoparticles (LijTisO;, or FeF,) loaded on a TEM
grid was used as the working electrode, with a Li-coated
tungsten tip employed as the counter electrode.??l Following
that, the probe-type electrochemical solid-state open cell
(Figure 3b),[® the micro-electromechanical system (MEMS)-
type electrochemical solid-state open cell (Figure 3d),®"! and
the MEMS-type electrochemical liquid close cell (Figure 3c)
were developed.l*!] For the first two and the last cell types, solid
electrolyte and liquid organic electrolyte were used, respec-
tively. However, for the MEMS-type electrochemical liquid
close cell, the thick SiN, and liquid layers make it practically
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impossible for the high-resolution TEM imaging and EELS
spectra.l’423]

The probe-type electrochemical solid-state open cell uses the
alkali nitrides/oxides (i.e., Li,O, Na,O, etc.) as the solid electro-
lyte (Figure 3b),°><133 which are formed by the nitridation/oxi-
dation of the alkali metals exposed to air, allowing the individual
EELS measurements for both the anodes and cathodes. The
MEMS-type electrochemical solid-state open cell simulates the
real all-solid-state batteries (Figure 3d),°>“'" and can be uti-
lized to simultaneously observe the anode, cathode, electrolyte,
and the interfaces. A similar MEMS-type chip can likewise be
employed to conduct the in situ heating with a matching holder
(Figure 3f).2024 Since 2017, the cryo-TEM has been developed
to study the battery materials, with Cui and co-workers being
the first to use it.'”) The cryo-TEM holder’s low temperature of
<100 K allows the observation of the instable species under the
electron beam, such as the Li dendrites, solid electrolyte inter-
phase, etc.[?’!

4. Widespread Application of EELS
in Material-Related Fields

Due to its distinct advantages over other chemical composi-
tion characterization techniques (e.g., XPS, XAS, Raman, ND,
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Figure 3. Scheme of the advanced EELS configurations. a) Electrochemical liquid open cell. Reproduced with permission.*l Copyright 2020, American
Association for the Advancement of Science. b) Probe-type electrochemical solid-state open cell. Reproduced with permission.'® Copyright 2011,
American Chemical Society. ¢) Electrochemical liquid close cell. Reproduced with permission.?*dl Copyright 2014, American Chemical Society. d) MEMS-
type electrochemical solid-state open cell; Reproduced with permission.['8%] Copyright 2016, American Chemical Society. ) Cryo-TEM holder and the
sample preparation process. Reproduced with permission.[®l Copyright 2017, American Association for the Advancement of Science. f) In situ heating

set-up. Reproduced with permission.?% Copyright 2019, Elsevier.

etc.), EELS offers a wide range of applications in various mate-
rial-related fields, such as nanotechnology, materials/physical
chemistry, energy storage and conversion, etc.'>2% For instance,
EELS can be used to determine the material composition after
thermal treatment,?% (electro)chemical reactions,’?”) strain
treatment,*! aging 1264 semiconductor processing,*®! etc., and
detect the intermediate states during these processes.”?% And
with proper configurations, in situ EELS observations can also
be conducted.l?:’]

In the material-related fields, the rechargeable battery is a
typical complex system since it involves the changes in both
the bulk and interface structures, formation of the inter-
mediate products, ion migration, thermal instability, etc.’!
Similar phenomena have been observed in supercapacitors,
(photo)electrocatalysis, corrosion electrochemistry, electro-
deposition, etc.,% and thus the advanced EELS configurations
employed in the battery studies can also be applied in other
fields exhibiting these phenomena. Therefore, reviewing and
summarizing the applications of EELS in battery studies is
rather significant to both the battery and EELS development,
i.e., searching for the innovative methods to explore the bat-
tery mechanisms at different scales and the novel EELS appli-
cation fields.
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5. Applications of EELS in Battery Studies

EELS has already promoted the battery understandings with
respect to the chemical compositional analyses in the elemental
and valence concentrations and radial distribution with high
spatial resolution, which has further achieved some impor-
tant progress in the battery studies when combined with the
emerging advanced configurations. This section summarizes
some most important applications of EELS in batteries and
related achievements, which mainly include five aspects: the
battery material composition analyses, intermediate states char-
acterizations, dynamic Li* behaviors, interfacial behaviors, and
thermal stability.

5.1. Battery Materials Composition Analyses

For different types of batteries (e.g., Li/Na/Mg/K/Zn-ion,132
Li-S,B3 metal-air,?¥ all-solid-state,®] etc.), EELS can explic-
itly identify their components of the cathodes, anodes, and
electrolytes. And the high spatial resolution of EELS also
allows for the precise atomic-level element distribution, elec-
tron states, and defects. For example, atomic-level EELS and
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Figure 4. Atomic-level element distribution analyses. a) STEM image and corresponding EELS signals from different elements at various sites
d—f). STEM images at the b) [001] zone axis and c) [010] zone axis. Reproduced with permission.B Copyright 2019, Wiley-VCH.

STEM were employed by Xiao et al. to demonstrate the suc-
cessful synthesis of a novel copper and magnesium co-sub-
stituted Naj3Niy sMn,;3Cuy9Mgy 130, cathode by confirming
the element types at different sites and the crystal structure
(Figure 4).’Y Combining EELS and STEM, the structural unit
of the prepared material can also be well examined. Nicholls
et al. adopted the atomic-level EELS to probe the bonding in
the nitrogen-doped graphene (Figure 5a).3%l Carbon atoms
surrounding the nitrogen atoms at different sites were identi-
fied to explore the effect of the dopant on the electronic state
of graphene. In comparison to pure graphene, a shift in the
carbon K-edge was observed in the area around the nitrogen
atoms, which was ascribed to the C-N bonds. Lee et al. com-
bined atomic-level EELS and first-principle calculations to
determine where the Fe antisite defects in the LiFePO, cathode
came from (Figure 5b).1””) The results revealed that the Li vacan-
cies (Vy;) were confined in the 1D channels along the b-axis,
whose shuttling between the neighboring Fey; (Fe at the Li
sites) was responsible for the Li/Fe antisite. Guo et al. have also
discovered the similar Li/Fe antisite from the EELS and STEM
combination.®]

Coating, doping, and integrated structural modifications at
the nanoscale are useful ways to improve the electrochemical
performance of battery materials. Compared with other micro-
scale chemical composition characterization techniques (e.g.,
X-ray based, Raman, ND, etc.), EELS has distinct benefits. Liu
et al.,, for example, utilized TEM imaging, ND, and EELS in
the protonated solid electrolyte Lig,5Aly,5La3Z2r,0, (LLZO) to
quantitatively unveil the individual mobility and lattice occu-
pancy of the H* and Li* ions (Figure 5c—),1% and found that
a deep ion exchange of Li* by H" resulted in a 70 (+ 2)% Li
loss in the pristine LLZO (Figure 5d). Meanwhile, the notice-
able changes in the O K-edge fine structure showed alterations
in the O ions’ chemical bonding, further confirming the Li* and
H* ion exchange in the LLZO structure.* Using atomic-level
EELS/TEM, magnetic susceptibility measurements, and XRD,
Guo et al. validated the homogeneous distribution regarding
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the Mn ions at the Fe sites in the Mn-doped LiFePO,.’® In
addition, other researchers have also applied EELS to study
the nanocoating carbon on the LiFePO,, artificial SEI on the
Ni-rich layered oxide,"? core-shell Si-C composite,!! P2/03
biphasic layered oxides,*! Ni-doped MnO,,*! hollow sulfur-
rich carbon,* and other battery materials.

5.2. Intermediate State Characterizations

Understanding the battery charge—discharge mechanisms as
well as the designs and modifications of high-performance
battery materials requires the accurate determination of the
intermediates.”] For the stable battery materials, the widely
used procedure for disassembling the cycled cells proceeds
inside a glove box, and the target materials are then moved
into a TEM for structural and compositional characterization.
Such a simple approach has already achieved many significant
findings, such as the phase transition and the metal element
segregation during cycling,”# and the reaction mechanisms
of metal-air batteries,] etc. However, for some instable bat-
tery intermediates, the above ex situ characterization is far
insufficient. Hence, the in situ electrochemical TEM configu-
rations (liquid/solid-state open cell, liquid close cell, and envi-
ronmental TEM) were developed, enabling EELS as an efficient
technique to perform the operando characterizations of the bat-
tery intermediates.

Figure 6a depicts a typical application of EELS in the
phase determination of charged LiFePO,[*! According to
the nanoscale chemical and valence state of each individual
Li,FePO, particle probed by EELS, the lithium reactivity cannot
be explained by the classical shrinking core model. In different
charge states, the studied particle was always observed with
the FePO, core and the LiFePO, shell.*¥] The typical lithiation
behavior of the conversion-type Fe;O4 electrode is shown in
Figure 6¢.1! From the results of the XAS and in situ TEM/EELS
coupled with the probe-type electrochemical solid-state cell, it
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was determined that the capacity fading of Fe;0, was a kinetics-
dependent issue, which was mainly attributed to the formation
and augmentation of the passivation layers (internal and sur-
face). Similar phase transformation and phase/metal separation
behavior were also observed by TEM/EELS in various electrode
materials, such as Co;0,°% Fe,0;,°! sulfur,*P overcharged
LiCo0,,P? Li-rich layered oxides,”* Li,TisO,, etc. For the Li-
rich layered cathodes, EELS has been applied to investigate the
injection of the oxygen vacancies into the bulk lattice, which is
responsible for the layered-to-spinel phase transformation.3"!
Ex situ EELS has also been utilized to identify the transition
products in the charge—discharge process of the metal-gas bat-
teries, such as the Li-0,,>! Li-CO,,5% Na-C0,,P"! Li-CO,/
0,,58 Na-0,,5% Na-N, %0 etc. Combing the environmental
TEM and the probe-type electrochemical solid-state open cell,
Huang and co-workers conducted the first in situ TEM/EELS
study of a Na-O, battery (Figure 6b).>*'The oxygen reduction
reaction (ORR) of the Au-coated MnO,-nanowire air-cathode
was characterized by the NaO, nanobubbles formed from the
Au catalysts, leading to an 18-fold increase in volume on the

Adv. Funct. Mater. 2022, 32, 2107190

2107190 (7 of 18)

MnO, nanowire surface, while the EELS results demonstrated
that the NaO, intermediate was rapidly disproportionated to the
Na,0, and O,, thus resulting in the NaO, nanobubble collapse.

In spite of the achievements in detecting the intermediate
products by both the ex situ and in situ EELS coupled with
the electrochemical solid-state open cells, the operando EELS
studies in a liquid cell are still quite challenging. To our best
knowledge, there is only one report regarding the in situ EELS
study in a liquid cell.l*!) With the valence energy-filtered TEM
and the liquid flow cell, for the first time, Holtz et al. suc-
cessfully utilized the nanoscale EELS to obtain the in situ Li*
distribution mapping of the LiFePO, particles in an aqueous
electrolyte, which was reflected by the Fe ion distribution
(Figure 6d).*d! In both the solution and the particles, obvious
differences between the charged (Figure 6d, medium) and the
discharged states (Figure 6d, left and right) were observed in
the 5 eV spectroscopic images. When compared with the dis-
charged ones, the charged particles showed brighter regions
from the Fe*" ions (indicated by the white arrows in Figure 6d),
which corresponded to the delithiated FePO,. The brightest
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particles represented the FePO, that were completely delithi-
ated, while the overall small rise in the intensity may indicate
the partially delithiation. These bright FePO, regions disap-
peared upon discharge, suggesting the transition back to the
LiFePO,. These results indicated the competing delithiation
mechanisms, including the modes of the core—shell and the
anisotropic growth occurring simultaneously for various parti-
cles under the same conditions.

5.3. Dynamic Li* Behaviors

Direct observation of the Li* ions inside the operating LIB is
of great significance for a better understanding of the battery
working mechanisms and issues.[®!l Due to the technical limi-
tations, the energy resolution for Li is relatively poor for the
X-ray based technologies (e.g., XPS, XAS, etc.), which makes
them almost incapable of the direct Li* observation. Fortu-
nately, EELS is a one-of-a-kind tool for detecting the light Li ele-
ment.[% Utilizing EELS coupled with advanced electrochemical
TEM configurations, some researchers have reported the obser-
vations regarding the dynamic Li* behaviors during cycling
(e.g., migration pathway,* Li element distribution, %18 etc.).
Applying EELS, Hightower et al. performed the first study
on the electronic states of the Li-intercalated graphite.%3] Their
results indicated that the Li K-edge of the LiCy was almost the
same as that of the metallic Li, while the C K-edge was only
minimally altered by the Li presence. Accordingly, only a few
charge transfer from the Li atoms to the C atoms was suggested
in the LiCq, which was opposite to the previous surface XPS
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results. Wang et al. investigated the Li chemical distribution
and bonding in the intercalated graphite.* The discharged
graphite’s electronic structure was determined from the near-
edge fine structure of the Li and C K-edges together with the
ab initio calculations. As observed in the high-resolution TEM,
direct Li mapping in the graphite disclosed some nanoscale
inhomogeneities (i.e., nonstoichiometric regions), which were
associated with the local phase separation and structural dis-
order. Gu et al. used STEM and EELS to successfully observe
the atomic-resolution lithium staging in the partially delithi-
ated LiFePO,. Their results suggested that the residual Li* ions
preferred to occupy every second layer along the b-axis in the
partially delithiated LiFePO,.[] The Li distribution in the dis-
charged Si anode and the core-hole effect in the delithiated
LiCoO, were also unveiled by EELS.2

Coupling EELS with the electrochemical liquid open cell,
Zhang et al. firstly realized the real-time monitoring of the Li*
kinetic pathways in the fast-charging Li,TisO;, (Figure 7a).d
Taking advantages including the high-spatial resolution as well
as the high Li K-edge sensitivity to the local Li environment,
the operando EELS results revealed the Li* ion migration in the
Li4TisO4, from its initial tetrahedral 8a site to the polyhedral site
as an intermediate and to the final octahedral 16¢ site in the
Li;TisOq,, which was responsible for the fast charge behavior.
Gao et al. employed EELS to investigate the chemical environ-
mental changes for Li and Mn to better understand the phase
transition mechanism of the spinel LiMn,0, (Figure 7b).1¢ The
cation migration and anion shift, that is, Liiyanedral = Lioctahedrals

M1, ctahedral = Metrahedral = MNoctahedral, and Olow symmetric site ~
Ohigh symmetric siter induced the phase transition from the spinel
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to the rock-salt while keeping the oxygen sub-lattice framework
virtually unchanged.

The advanced MEMS-type electrochemical solid-state open
cell has facilitated the direct observation of the distribution and
the electronic states of Li in both the electrodes and solid elec-
trolytes. By using operando EELS, Nomura et al. achieved the
dynamic imaging of the Li in the LiCoO,/Li-Al-Ge(T1i)-Si-P-O/Li
solid-state battery (Figure 7c).*! The Li concentration mapping
and corresponding Li/Co ratio results indicated that the Li*
ions migrated not only along the vertical but also the parallel
direction to the electrode/solid-electrolyte interface, causing the
Li concentration to vary spatially at the nanoscale during the
electrochemical reactions. Wang et al. used EELS to visualize
the real-time interfacial phenomena related to the Li* transport
in the all-solid-state LiCoO,/LiPON/Li battery (Figure 7d).1s!
According to their findings, the LiCoO,/LiPON interfacial
impedance was induced by the chemical changes instead of
the space charge effects. The Li metal deposition/stripping
in a mixed ionic-electronic conducting solid electrolyte was
recently observed by the in situ TEM and further validated by
the EELS.””] Similarly, the Li electrodeposition dynamics in
the liquid aprotic electrolyte was also visualized via the in situ
TEM, which was later confirmed by the EELS.%8!

5.4. Interfacial Behaviors

When the electrodes react with the electrolytes at the inter-
facial regions, the electrode/electrolyte interphases are
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formed, including the SEI for the anodes and the CEI for the
cathodes.'®3?l The instability of these interphases has been
widely known as one of the crucial reasons for the battery
capacity loss.'“%°l Therefore, the electrode/electrolyte interphase
observation is highly helpful in understanding the interfacial
phenomena. And thanks to the development of the electro-
chemical cells for TEM, the in situ monitoring of the inter-
phase formation/evolution is now possible. Furthermore, the
cryo-EELS even allows the composition determination of some
instable SEI and CEI films.

Because of the limited spatial resolution and the influ-
ence from the electrolyte in the electrochemical liquid close
cell, in situ TEM/EELS observation of the SEI/CEI in the bat-
teries using the commercial liquid electrolyte is currently
almost impossible. Ex situ EELS is then applied to examine
the SEI composition on different electrode materials, such as
graphite,’” Si,”! hard carbon,’? FeF,,”3 etc. To reduce the
electron beam damage, Boniface et al. utilized the low-loss
EELS (< 50 eV) to analyze the SEI evolution on the Si anode
(Figure 8a).’Y The different plasmon peaks attributed to the
SEI components (e.g., LiF, Li,O, carbonates, Si, Li-Si alloy,
carbon black, etc.) make it possible to observe the SEI evolution
during charge—discharge if a sufficient SNR can be attained.
They discovered that the SEI at the particle scale was extremely
heterogeneous and evolutional with prolonged cycling, owing
to the SEI accumulation and the transition from the Li-rich car-
bonate-like compounds to the Li-lean ones.

Since the thermal damage and the knock-on effect from the
incident electrons in TEM can be effectively mitigated using
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liquid nitrogen,” the invention of the cryo-EELS has opened
a new door to analyzing the beam-sensitive components in
the electrode/electrolyte interphases. So far, the cryo-EELS
has been successfully employed to study the SEIs on the Li,7®!
Sn,”! and Si anodes,”® as well as the CEIs on the spinel” and
the Ni-rich layered cathodes,®% etc. For instance, Zachman
et al. adopted the cryo-EELS to investigate the compositional
elements of the Li dendrites as well as their interphase layers in
the Li-metal batteries using the liquid LiPF4/ethylene carbonate
(EC)-based organic mixture electrolyte (Figure 8b).*! From the
Li and H K-edge mapping, they identified two dendrite types
on the Li anode surface: type-I was the partially oxidized Li
metal while type-II was the homogenous lithium hydride (LiH).
And according to the C, O, and F K-edge mapping, the oxygen-
rich SEI layer was exclusively detected in the type-I dendrite,
while the fluorine-rich structures were always found in both
the dendrite types. Similar experiments were also conducted by
Cui and co-workers,®!l who proposed that the LiF could not be
dominant in the Li anode passivation nor did it affect the Li*
ion migration through the compact SEI film. They also used
cryo-TEM/EELS to explore the influence of the fluoroethylene
carbonate (FEC) additive on the SEI,"® and found that the mul-
tilayer SEI was formed on the Li anode in the FEC-containing
electrolyte, rather than the mosaic SEI in the EC/diethyl car-
bonate (DEC) electrolyte. Gu and co-workers employed the
cryo-TEM/EELS to study the SEI on the Li anode cycled in the
EC/DEC electrolyte as well as the effect of the sulfur-containing
additives (Figure 8c).8?l The TEM images, EELS mapping (Li,
O, C, S), and the S and C K-edge spectra from the Li metal to
the SEI surface were employed to determine the distribution of
the Li,0, Li,CO;, and Li,SO, compounds. The results showed
that the Li,CO; was continuously distributed in the outer SEI
and reacted with the electrolyte to generated gas, leading to
the dynamically evolving porous SEI. The sulfur-containing
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additives caused the SEI to preferentially form the Li,SO, and
the over-lithiated lithium sulfates and lithium oxides, which
encapsulated Li,COj; in the middle, limited the SEI thickening,
thus tenfold extended the battery life.

The CEI composition on the cathodes has been in contro-
versy for a long time, due to its much lesser quantity when
compared with the SEI on the anodes.!'] Cui and co-workers
adopted the cryo-EELS/TEM to study the CEI on the Ni-rich
layered cathode cycled in the EC/DEC electrolyte (Figure 8e).5%
They found that under normal operating conditions, no inti-
mate coating existed at the single-particle level. However, after
brief external electrical shorting, the solid-electrolyte inter-
phase, which normally occurred on the anodes, may develop
on the cathodes and be in situ electrochemically converted into
the conformal and stable CEIL. The cryo-EELS results of the
conformal CEI (mapping and fine structures of C K-edge, O
K-edge, and Mn L-edge) indicated the organic polymeric com-
position of the alkyl carbonates, and the absence of the fluo-
rine peak demonstrated that LiF was not a CEI component. In
addition, the missing Mn signal also indicated the negligible
TM loss during forming the CEI, which uniformly coated the
whole electrode. Cryo-EELS was also used to determine the CEI
composition on the high-voltage spinel LiNi;sMn; 0, cathode
cycled in the novel carbonate-free sulfone-based electrolyte./”)

The development of the MEMS-type electrochemical solid-
state open cells has enabled the real-time observations of the
electrode/electrolyte interphases. Wang et al. investigated
the nanoscale interfacial phenomena in a LiCoO,/LiPON/Si
(LiPON: lithium phosphorus oxynitride) nanobattery by in situ
EELS.8" Based on the STEM images and the Li K-edge concen-
tration mapping, an unanticipated disordered interfacial layer
existing between the LiCoO, cathode and the LiPON electrolyte
was found inherent without cycling. And upon charging, the in
situ EELS (Li, O, Co K-edge) demonstrated that this interfacial
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layer developed into the highly oxidized Co-ion species together
with the lithium oxide and lithium peroxide. Hood et al.
observed the dynamic evolvement of the LiPON-Li interface
during the contact and biasing by in situ EELS/TEM.B3 The K-
edge EELS mapping of the Li, P, and O elements and the fine
structures regarding the electrode and the interface indicated
the formation of a thin interface layer (=60 nm) at the LiPON-Li
interface during the contact, which comprised two conductive
compounds (P-rich and P-deficient/O-rich) that ensured the
interfacial electrochemical stability while also acting as a valid
passivation layer (Figure 8d).®3 Several similar EELS characteri-
zations on the interfacial structure of the all-solid-state batteries
(i.e., LiCoO,/Li-Al-Ge-P/Li, etc.) have also been reported.l>®34

5.5. Thermal Stability

The thermal stability of the battery materials and their inter-
mediate states during the electrochemical cycling is critical

for the safe operation of batteries since they can cause the
thermal abuse and even fire.®) When an in situ heating holder
and EELS are combined, a one-of-a-kind method can be cre-
ated to observe the thermal-induced changes in the nanoscale
structures and the electron states of the battery materials (e.g.,
LiCoO,,*! Ni-rich layered oxides,® Na,CoO,,®" etc.). Upon
heating, the thermal-induced phase transition always happens
in various battery materials, which can be efficiently tracked by
the helpful EELS to explore the related influencing factors.

Jo et al. compared the thermal stability of the delithiated Ni-
rich layered oxides with different Al contents using the in situ
TEM and EELS.®% By analyzing the changes in the AE (Epuin —
Epre-edge) Of the O K-edge and the Ni and Co I, -edges from the
Li,Nig 835C0015Al.0150; (NCA83) and the LiNiygCog15Aly050;
(NCA80) cathodes, the role of Al in the Ni-rich layered cathodes was
elucidated (Figure 9a,b). The layered NCA83 transformed to the
rock-salt phase earlier with worse thermal stability than NCA80,
indicating that Al could suppress the formation of the completely
charged domains like the CoO,-type O1 phase. The suppression
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effect thus inhibited the TMs reduction, particularly Co, which
improved the thermal stability of the Ni-rich layered cathodes. By
TEM and EELS, Pokle et al. observed a similar layered to rock-
salt phase transformation in the Ni-rich Li(Nijg5C0g15Mngs)O,
cathode [®® The results suggested that such a phase transition pre-
ferred to occur at the internal interface, thus raising the intragrain
heterogeneity. Hwang et al. explored the TM composition effects
on the local thermal stability of the charged Li,Ni,Mn.Co,_, ,O,
cathodes (y, z = 0.8, 0.1; 0.6, 0.2; 0.4, 0.3).% The Ni-richest mate-
rial (Li,NiygMny;Cog;0,) instead of those with the other compo-
sitions was the most thermally unstable even at significantly low
temperatures, as evidenced by the alterations in both the elec-
tronic structures and the phase transition onset at the tempera-
tures as low as 100 °C. EELS indicated that these changes in the
Li,NiygMny;Coy;0, material were driven by the Ni ions’ thermal
reduction, which was further deteriorated by the existence of the
additional redox that occurred at 4.2 V (Figure 9c).

For the widely used layered oxide cathodes, the intrinsic
mechanism of the thermal-induced phase transition is
intriguing. As a nanoscale probe sensitive to the chemical
environment of the cathode atoms (Li, Ni, Mn, O, etc.) and
related defects, EELS has been applied to explore the origin
of the thermal-induced phase transition. For instance, Sun
et al. used the in situ EELS and TEM imaging to evaluate
the oxygen release during heating the Li,CoO, cathode after
the high-voltage (4.6 V) cycling (Figure 9d).°” From the EELS
line scan, the O/Co ratio at the surface was lower than that
in the bulk, suggesting the continuous oxygen loss near the
surface region. Furthermore, they found that such thermal
degradation was proceeded through the oxygen vacancies and
facilitated by the cation migration and reduction. Because the
kinetic degradation aided by the vacancies was a short-range
process, they proposed that reducing the surface fraction would
be a highly effective mitigating strategy.’®) Sharifi-Asl et al.
reported the similar oxygen release during the thermal degrada-
tion (phase transformation) of a chemically delithiated Li,CoO,
(Figure 9e),1*! which was strongly dependent on the facet ori-
entation. Combining the STEM images as well as the O K-edge
and Co L,3-edge evolution during the heating treatment, they
found that the oxygen release) occurred on the particle sur-
face of the chemically delithiated Li,CoO, (x = 0.45, 0.7). They
further associated this local oxygen evolution with the phase
transitions, which spanned from the layered to the spinel and
finally to the rock-salt structure when exposed to the elevated
temperature.?] Yan et al. also reported the similar oxygen
release and phase transition behaviors in the delithiated Ni-rich
LiNiy ¢Mng,Cog,0, cathode.’l They claimed that the thermal
stress related to the electrochemical-induced phase heteroge-
neity and the internal pressure caused by the oxygen release
were the major force driving the intragranular cracks, which
resembled the “popcorn” fracture mechanism. The thermal sta-
bility of other electrode materials, like the P2-type Na,CoO, and
the graphene, has also been investigated by EELS.[7:2]

5.6. Others

Besides the above studies, EELS also has many other bat-
tery-related applications, e.g., regeneration of the battery
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cathodes, | changes in the electrodes after aging, %4l prelithi-
ation of the electrodes,® electrolyte degradation mechanism
under the electron beam,®® etc. They all involve the elemental
distribution and the electron state changes.

For example, Shi et al. combined the atomic-level TEM
imaging and EELS to investigate the structure of a relithiated
degraded LiNij5Cog,Mng;0, (NCM523) cathode.’®] When the
bulk Li K-edge EELS spectra of the degraded and the regener-
ated NCM523 samples were compared, a considerably larger Li
content was found in the latter. In the O K-edge spectra, the
pre-edge structure below 534 eV corresponded to the state tran-
sition of the TM 3d and the oxygen 2p orbitals. The intensity
decrease in the pre-edge structure of the degraded NCM523
suggested the change in the bond covalency between the TM
and the neighboring oxygen, which was caused by the genera-
tion of the Ni-O like rock-salt phase on the material surface.
However, there was no discernible difference in the pre-edge
structure from the surface to the bulk in the regenerated
NCM523, manifesting the surface structure recovery. Nagpure
et al. utilized EELS, TEM imaging, and theoretical calcula-
tions for investigating the effects of the LIB aging on the local
electronic structure of the LiFePO, nanoparticles.**d Both the
experimental and calculated O K-edge and Fe L,;-edge sug-
gested the active Li loss from the LiFePO, host in the aged
battery, corresponding to the capacity loss. To achieve both the
high capacity and stability, Sun et al. reported a Li;N prelithia-
tion additive in the layered oxide and the LiFePO, hybrid elec-
trodes.®® They adopted EELS to confirm the dense surface
passivation layer comprising the crystalline Li,O and Li,COs;,
which protected the active materials from the atmosphere and
enabled the Li3N particles to be stable under the ambient con-
ditions. By employing the valence-band EELS characterization,
Abellan et al. investigated the real-time degradation mechanism
of several electrolytes (LiAsFq/EC/DMC, LiAsF¢/DMC, LiAsF¢/
DMSO(dimethyl sulfoxide), LiTf(lithium triflate)/ DMSO) under
the electron beam.® The main degradation products in these
four electrolytes appeared to contain arsenic, which may be
existing in the form of the AsF; or the completely reduced As®.
These in situ (S)TEM-EELS results are comparable with the
previous stability experiments conducted under the real-time
battery operation, together with the decomposition products
and mechanisms similar to the reported ones.

6. Conclusions and Perspectives

In summary, owing to the distinctive capabilities as well as
the recently developed advanced measurement configurations,
EELS has been successfully employed to study various impor-
tant battery issues and made significant progress, such as
the atomic-level element distribution and the electronic state
determination of the electrodes, exploration of the interme-
diate states during cycling, in situ monitoring of the dynamic
Li* migration/distribution, instable SEI composition on the Li
metal surface, interfacial phenomena of the all-solid-state bat-
tery, thermal stability of the electrode materials, etc.

However, in spite of these battery studies achieved by EELS,
there are still some challenges and opportunities remained. 1)
Development of the advanced configurations for EELS, e.g., in situ

© 2021 Wiley-VCH GmbH
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(e.g., electrochemical) cryo-holders, high-resolution liquid close
cells, etc., still requires much effort and will further facilitate the
battery studies. 2) Because the Li* migration is usually difficult to
be characterized by other conventional techniques, more atten-
tion should be devoted to employing the in situ EELS for revealing
the in-depth Li* migration in the electrode materials, including
different types of cathodes and anodes for LIBs and other novel
batteries (i.e., Li-S, Li-O,, etc.). 3) Although the EELS-based RDF
analysis for the battery materials has received little attention in the
past decade due to the low SNR, the newly developed highly sensi-
tive detectors and cameras have opened up new opportunities of
using EELS as an efficient tool for the nanoscale RDF analysis,
especially for the amorphous phases and defects. Therefore, the
combination of the RDF analysis and the in situ configurations
is very promising. 4) Development in the ultrafast camera and
highly sensitive detector also benefits the energy resolution of the
plasmon peak and the operability of the 3D EELS tomography,
which will further promote understanding the crystal and chem-
ical structures of LIBs and other alkali-metal (i.e., Li, Na, K, etc.)
batteries through the combination of 3D EELS with cryo-TEM.

Overall, it is believed that EELS will undoubtedly play a more
powerful role in studying the next-generation battery due to its
distinct capabilities, enabling the comprehensive understand-
ings regarding the elemental types with their valence and con-
centration distributions, and the structure-related atom radial
distribution in battery materials. Further utilization of the EELS
technique in the battery studies may need to be focused on
exploring the innovative in situ configurations and improving
the energy and spatial resolution.
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