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Abstract

Recently, transition metal compounds (TMCs) haveenbeemployed as
high-performance electrode materials for lithiumn idbatteries (LIBs) and
supercapacitors (SCs) owing to their high specid@pacities, high electrical
conductivity, and high chemical and thermal st&pilWhile the characterization of
electrochemical properties of TMC anodes is welledigped, new challenges arise in
understanding the structure-property relationshlpansmission electron microscopy
(TEM) is a powerful tool for studying microstructlicharacteristics. With TEM and
related techniques, fundamental understanding of ti@ microstructures affect the
properties of the TMC nanostructured anodes cammpeoved. In this article, the
application of TEM in characterization of some tgi TMC anode materials
optimized through structural engineering, elememtaping, surface modification,
defect-control engineering, morphological contedt. is reviewed. Emphasis is given

on analyzing the microstructures, including surfatrectures, various defects, local

2



chemical compositions and valence states of tiansthetals, aimed at illustrating a
structure-property relationship. The contributiord duture development of the TEM
techniques to elucidation of the electrochemicalpprties of the TMC anodes are

highlighted.

1. Introduction

The rapid growth of global population and econongeutly requires alternative
and sustainable sources of energy. As the eleceivargy can be converted from
various forms of energies such as solar energyd viidal and geothermal energic,
the ability to store electrical energy in a higfieééncy way is the treasure sought by
scientists and engineers in the hope of meetingléisees of green power source and
sustainable development in the realm of new enerdie 2]. Lithium-ion batteries
(LIBs) and supercapacitors (SCs) are two majortieted energy storage devices [3]
that will meet the future demand. LIBs have a lagdiole in energy storage device
for a variety of applications such as portable tetegsc equipment, electric vehicles,
aircrafts and smart electrical grids as well as rewergy storage infrastructures,
because of their high operational voltage, highrgneensity and long cycle life as
compared to lead-acid, Ni-Cd and Ni-MH batteri@sspite of the great success in the
past two decades, the development of LIBs has eshtd a bottleneck recently [4].
SCs, also known as electrochemical capacitors, pramide a bridging function
connecting conventional capacitors and rechargdadikeries. SCs can be classified
as electric double layer capacitors (EDLC) and @geeapacitors [5]EDLCs store
charges through absorption/desorption of ions tonfelectric double layers, while
pseudocapacitors involving Faradaic redox reactiextsibit a much higher energy
density [6-8].

To fulfill the future requirements, energy storatgvices with high power, high
energy density, and long cycling stability are lyghalued. Electrode materials are

the fundamental key components for energy storagees that largely determine the



electrochemical performance of energy storage devi®]. In general, electrode
materials can be classified into three categoneduding carbon-based materials,
metal compounds and conducting polymers. Recentiythe other hand, transition
metal compounds (TMCs) have attracted great intasethey can offer a multitude of
electrochemical device opportunities in LIBs andsSRecause of higher theoretical
capacity, safety, sustainability, environmental igeity in operation and relatively

high electronic conductivity as well as potentialbww cost [10, 11]. Most of the

developed TMCs such as metal oxides/hydroxidesalnmétrides, and metal sulfides
are often used as anode materials in LIBs and SCs.

The properties of anode materials are largely edlato their chemical
composition, crystallographic structure, surfacerahteristics, structural defects,
electronic structures as well as to a delicaterptdy among these factors [12]. With
respect to improving the electrochemical perforreanof TMC anodes,
nanostructuring, surface engineering, introducirggedts and constructing hybrid
structures are the major effective strategies. &hssuctural modifications often
provide a large surface area, unique surface andrfage structures, more
electroactive sites, good electron transport kasethierarchical porous channels and
short ionic diffusion distances, resulting in botlast kinetics and high
charge/discharge capacities [13]. In this regdti@ating the detailed microstructure
of TMC anodes can help us to explore the struciumaperty relationships, clarify the
mechanisms of the enhancement of the electrocheprioperties, and thus facilitate
structural optimization of the energy materialeoted for different applications.

TEM is a powerful tool for directly imaging the mastructural characteristics of
nanostructured materials. In general, conventiom&M techniques, including
bright-field (BF) and dark-field (DF) imaging, setearea electron diffraction (SAED),
high resolution TEM (HRTEM) and energy dispersiveray spectroscopy (EDS),
provide information of particle size and morphologgystal structure, as well as local
chemical composition. Over the past ten years, THaklevolved into a full analytical
tool with a sub-angstrom resolution, which allowisect visualization of atomic

columns. For example, atomic arrangements in thetsiral defect sites can be well
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resolved using aberration corrected scanning TEWVE{®) or HRTEM. In addition,

when coupled with electron energy loss spectrosa@ilS) and/or EDS, TEM

provides the opportunities to obtain electroniadiire and elemental distribution
information at atomic scale [14]. Nowadays, thetest#-the-art TEM achieves a
resolution of about 50 pm and is still extending ftinctions, which brings new
imaging possibilities.

To date, many transition metal oxides and nitritkese been employed as
high-performance electrode materials for LIBs a@$ $ecause of their capability of
storing lithium through a conversion mechanism.H\the help of advanced TEM
techniques, the origin of the properties of theseda materials encoded in their
microstructures can be elucidated. Several revi#ieles covering such subjects have
been published [9, 15-19]. To illustrate a propatiycture relationship, the
importance of obtaining high resolution images apdctra is obvious. Nevertheless,
it is equally important to correctly extract andeirpret the information coded in the
image and spectrum data. Hence, the purpose ofawisw will be on analyzing the
structural features of a few selected TMC anodeeriads and understanding their
structure-related electrochemical performancesstRire will introduce the recent
progress of TEM characterization methodologies ath@ir capabilities on
investigating electrode materials. Then, the appibn of different TEM approaches
toward the TMC anode materials optimized by varistrategies will be described.
The main focus will be paid on the structural clhtgastics including morphologies,
surface characteristics, interface structures targkefects, chemical composition and
electronic structures, which may affect their prtipe. We hope that our review can
provide a fundamental understanding of the stratttimaracteristics of TMC anodes
and their electrochemical response, and thus offeai guideline for possible future

optimization of their properties.



2. Methodology

2.1 HRTEM

TEM imaging utilizes the information contained imetelectron waves exiting
from the sample to form an image. In general, gracting with a specimen, both
the amplitude and phase of the incident electr@amsle modulated. The modulated
electrons carrying with their amplitudes and phasgestranslated into image contrast
by the image formation system [20]. Amplitude castrresults from the amplitude
modulation caused by variations in mass-thicknessterference within a crystal
[21]. Phase contrast stems from the interactiothefincident electrons with a phase
object that introduced a small phase shift to tleeteon exit-wave. The interference
of the electron waves different in phase contributethe formation of phase contrast
image [22]. HRTEM imaging is mainly based on phesetrast, which is sensitive to
the atom distribution in the specimen and allowgstal structural imaging at an
atomic resolution. To obtain 2D HRTEM images, ofteroneeds to tilt the sample to
an on-axis orientation so that the incident beamaide with a crystallographic axis,
enabling the diffraction of various crystal plarmesl interference between transmitted
beam and diffracted beams. Meanwhile, a correspgndiiffraction pattern encoding
diffracted amplitudes can be obtained [23-25]. Tgtease preserved in HRTEM
images can be combined with the amplitude containedectron diffraction patterns
to discover the atomic structural features [26fhaligh, in comparison with X-ray
and neutron diffraction methods, the atomic posgian crystals determined by
HRTEM are not so accurate. On the other hand, d@estrong interaction between a
high energy electron beam and a solid specimemiatscattering amplitudes for
electrons are about 1@1C times as large as they are for X-ray and neutromsy
very small amount of sample are needed to yieldnmgéul HRTEM images and
selected area electron diffraction (SAED) patte@mnsequently, nanocrystallites and

local structures at sub-nanometer scale in pasticteg. individual defects, can be



imaged.

With regard to the investigation of energy materidRTEM can provide
valuable information about the internal structufettee electrode materials such as
crystallographic orientations, defects, surface amerface structures, which are
closely related to the crystal growth mechanismg #me possible process of
electrochemical reactions. For example, Shao-Hetnal. [27] reported the
visualization of atomic columns in LiCgQCelectrode using focal series HRTEM
images, which can be applied in determining thesiong of lithium and vacancies in
transition metal oxides. Liet al. [28] revealed the dynamic lithiation process at the
surface of single crystal silicon with atomic regmn. Recently, it has been shown
that the cation and oxygen deficiency in transdiametal oxides, such as manganese
oxides, titanium oxides, vanadium oxides, iron esidand tin oxides, can be
confirmed by using HRTEM [29-34However, it should be noted that one may run
the risk of error in correlating HRTEM image to tA®mic structures of specimens,
since the contrast in HRTEM images changes draaibtiaith specimen thickness
and defocus, owing to the so-called multiple scateeffect, and is also strongly

dependent on the resolution of the microscopy 385,

22HRSTEM

Using a finely focused electron probe to scan aaafined region of specimen,
signals in STEM imaging are generated by the elastattering between the incident
electron beam and the sample. The electron seajtangles vary according to the
sample characteristics such as structure, atonmbeuand composition. By adapting
the suitable camera length and convergence ar@e;jm of the scattered electrons
can reach to specific annular detectors [37]. i3 thay, elements with different
atomic numbers contained in the sample can bendisBhed by detecting the
intensity of scattered electrons hitting the anndktector. Therefore, STEM imaging

can provide directly interpretable incoherent casitrreflecting atomic numbers,
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which is contrary to HRTEM imaging that the contrés sensitive to both of the
defocus value of imaging forming lens and of thengla thickness. The annular
detectors can be cataloged according to their c@alle angles. Annular dark field
(ADF) detector, positioned around the central Hriigld detector, is used to gather
electrons scattered at angles in the range of 104&@, aiming at detecting heavy
elements. HAADF-STEM imaging is based on large engutherford scattering
(larger than 50-60 mrad) [38, 39] of fast electrofige intensity of the projected
image is approximately proportional to the squafeth®@ atomic number of the
element contained in the sample, known as Z-canitrzeging [40] Areas with high
intensity in a HAADF-STEM projection of a nanocrigistepresent a region with a
higher average atomic number [41]. As a result, HPADF technique is most
sensitive to heavy elements, and relative chemidarmation can also be obtained
from HAADF-STEM images. However, both ADF and HAAD&ETEM imaging
exclude the electrons scattered by light eleme3fig Recently, the newly developed
annular bright field (ABF) detector that positionedthin the illumination cone of
focused electron beam permits direct visualizatbtight elements such as oxygen
and nitrogen atomic columns as well as heavy atamthe same time [42, 43].
Coupling with different annular detectors, STEM gimay plays a crucial role in the
study of crystal and crystal defects, as well &sithaging of individual atoms. For
example, atomic columns of heavy elemental dopamdslight elemental atoms, such
as In-doped ZnO [44], N-doped graphene [45], Ewgdsdloped AIN [46]gtc., can be
well resolved using STEM mode. Applications of HFEEBT on energy materials over
the past decade have mainly involved visualizatibatom sites in cathode materials,
e.g. LiCoO, [47], LiMNn,O,4 [48] and LiFePQ@[49, 50]. Furthermore, recent reports on
anode materials including fiisO12 [51], FeF, [52] and SnO [53] have demonstrated
that STEM imaging can reveal electrochemical lithistorage mechanisms in atomic

scale.



23 EDSand EELS

Apart from basic imaging techniques, other elenspaeific techniques, such as
EDS, electron energy loss spectrum (EELS) and gridtgred TEM (EFTEM) are
also powerful tools for clarifying the chemical wtture, chemical bonding and
valence state as well as chemical environmenteoTt¥IC anode materials. Both EDS
and EELS are based on the inelastic scatteringasif électrons with atoms in a
material [54]. During the scattering process, d fdsctron transfers energ\E to
excite an electron to an unoccupied state. TheeliostgyAE of the fast electron can
be determined through an EELS spectrometer andlibamsed to generate EFTEM
images. After exciting the inner shell electroh® duter shell electrons are de-excited
by emitting characteristic (X-ray) photons, whia@nde detected by an EDS detector.
Consequently, using EELS spectrometer and EDS tdetebhe energy loss electrons
and X-rays yielded by the interaction between ebecbeam and the probed species
enable qualitative and quantitative element angsljz5].

EDS is often combined with STEM that acquires dgrmme at a time, which
allows line profiles or elemental mapping from aafic line or a region of interest in
the specimen. This technique is particularly sugabr heavy elements with high
fluorescence yield [56]. With the development okmhbtion corrected STEM that
improves the spatial resolution and sensitivitySiiEM techniques to sub-Angstrom
scale , it has been demonstrated that chemicalimmadg atomic scale can be obtained
[57-61].

EFTEM permits analysis of a wider range of elemleditstribution, in particular
for light elements because the elemental maps radaiby selecting core-loss
ionization edges at specific energies provide higheometrical signal collection
efficiency, better chemical sensitivity and energgolution as compared to EDS [62].
Spatial resolution of better than 1 nm and detediimit of less than a monolayer of
elements are readily attainable in EFTEM [63, Gd].order to give quantitative
images of the distribution of a specific elemenERTEM, the background generated

by plural-scattering should be calculated and tlkebtracted to leave the edge
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intensity. Such background removal procedure isenmmmplicated in comparison
with the intense peaks and low background lev&Drs.

EELS can be utilized to obtain information on tlemposition, valence state,
chemical bonding information and electronic struesuof solid state materials [65].
When combined with STEM, site-specific measuremeftiocal compositions and
electronic structure can be obtained by EELS. &pedsolution down to single atom
scale is attainable by spectrum imaging [66]. Eflsys a unique role in studying the
charge storage process as both chemical and bomdfimgnation of the electrode
materials can be obtained. Recent STEM-EELS ingastins on graphene [67],
single crystal Si [28], BP [68], E©3 [69, 70], andi-M0O3 [71] have demonstrated its
capability in revealing the electrochemical lithoasit process and the conversion
reaction mechanisms. It should be noted that sHIEES is an analytical technique
based on inelastic scattering of fast electronsltipie scattering of the inelastic
signal restricts the electronic structural analysig specimen thickness less than 70

nm for most materials [72].

3. Application of HRTEM and HRSTEM

3.1 Oxygen deficient Fe,O3; nanorods

Hematite ¢-Fe,03) holds great promise as a negative electrode dgmenetric
supercapacitors (ASCs) because of its large thealespecific capacitance and
suitable working window in negative potential [784]. However, pure hematite
materials are of limited application potential doethe low conductivity and power
density [33, 75]. Oxygen vacancies iaFe,0O3 can serve as shallow donors, and
introducing oxygen vacancies inteFe,0O3 can improve its donor density and surface
properties, thus enhancing the electrochemicalopednce othe materials [33].

Hence, investigation on the oxygen-deficient stritect provides a fundamental
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understanding on the relationship between defeemdtry and the electrochemical
properties obi-Fe,0s.

Several TEM studies have shown that oxygen defigiegenerated an ordering
superlattice structure im-Fe0Os. For example, Cvelbaet al. [76] reported the
formation of a modulated structure w¥e0; induced by oxygen vacancies. HRTEM
and corresponding FFT showed a superlattice staicteature with ordering of the
oxygen-vacancy planes. Using HRSTEM imaging, eeal. [77] found a periodic
contract caused by vacancy-ordering planes in axggdicienciesi-Fe,0Oz; hanowires.
Similarly, experimental and simulated HRTEM invgation revealed a long-range
oxygen-vacancy ordering planes aAFe,03 nanowires and nanobelts [78, 79]. The
occurrenceof these superstructures could be explained by thendioon of
oxygen-vacancy-ordered planes. Such oxygen vanm@sults in thep-type
conductivity ofa-Fe,03[78].

In other studies, stacking faults and twin defeetse found in the synthesized
Fe,Oz; nanostructures, in which no oxygen-vacancy-ordenvas observed. This
might be ascribed to the increase of oxygen vaeanbensity and their migration that
destroy the modulated structure [77, 80]. Recehtlyet al. [33] reported the planar
defect microstructure of oxygen-deficiente,O3; nanorods and their electrochemical
properties as anode for SCs. The morphology-B&03; nanorods obtained through
thermal decomposition GcFeOOH under a Natmosphere (denoted as NBg was
studied by BF TEM. (as shown Fig. 1). The porousonad is composed of a bundle
of nanowires about 8 nm in diameter, indicating tih& nanorod is polycrystalline.
The corresponding SAED pattern (the inset of Fa). that looks like a diffraction
pattern of single crystal suggests the crystalthénrod are well orientated. In other
words, the “single crystal™like diffraction pattercould be explained by the
overlapping SAED patterns originated from individgangle crystalline nanowires
with approximately the same orientation. The Faouiileered reconstructed HRTEM
image (as shown in Fig. 1c) clearly shows the zjgaaangements of the lattice
fringes, indicating the presence of planar deféstiscking faults) perpendicular to the

(113) planes. In addition, the intensity profileagFle) of the defect region in Fig. 1d
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revealed the uneven d-spacing of the (100) planls. observed lattice distortions
and the variation of the (100) d-spacing could fbgsbe related to the oxygen

vacancy defect sites caused by the oxygen defielevitonment during the synthesis
process [77]. Furthermore, the presence off Bpecies were detected by X-ray
photoelectron spectroscopy (XPS), which suggest&t txygen vacancies were
formed in N-FgOs; [33]. Therefore, it can be speculated that theenlesl planar

defects could be attributed to the oxygen vacanikidaced by thermal treatment
under a N atmosphere. These oxygen deficierfte,;0O3 nanorods exhibited enhanced
capacitance and cycling stability, which is possithue to the formation of oxygen

vacancies that serve as shallow donors [33]. Eleb&mical impedance experiments
were further conducted by Let al. [33], which confirmed the enhancement of the

donor density in the N-E©3; as compared with pure 2.
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Figure 1. TEM investigation of N-Fg3; nanorods. (a) Bright field image and the corresiiumn
SAED pattern (the inset). (b) HRTEM image. (c) Egéal HRTEM image showing defects. The
zig-zag arrangement of the lattice fringes indiddtg the red lines can be ascribed to the planar
defects (stacking faults). The red arrow showsdistocation defects. (d) HRTEM image of the
defect structure, showing the contrast variatiactuged by the defects. (e) Intensity profile of the
red square region, indicating the uneven d-spacfrthe N-FgO; defect structure. (Reproduced
with permission of [33])

3.2 Polyhedral Fe;0O,4 nanoparticles

Fe;04 has been considered as a promising anode mdtarialBs because of its
high theoretical capacities (924 mA H)glow-cost and environmental benignity [81,
82]. Its structure is cubic with the unit cell paxeter,a = 0.839 nm, space group

13



Fd3m. Nanosized E@®, crystals with well-defined shapes have attractedaty
attention because of the size and surface eff@t83], as well as the shape effect.
Table 1 shows the first discharge capacity of(dzeanode materials with different
morphologies. As the shape, that determines th&artermination and surface
atomic arrangement, is crucial to the electrochamproperties [84, 85], it is

necessary to acquire information on the crystalpiology of FeO, nanoparticles

(NPs).
Table 1 The specific capacity of & anode differ in morphology
Morphology Current First discharge Reference
density capacity
Fe;O, nanoparticle clusters 0.1Ag 850 mAh ¢ [86]
Fe;0, hollow nanoparticle 0.1Ag" 800 mAh ¢ [87]
aggregates
FesO4nanocrystals 0.2C 1200 mAH g [88]
Fe;0,4 rhombic dodecahedra 0.2C 1147 mAh g [89]
Fe;O, submicrospheres 0.1Alg 910 mAh g [90]
Grapecluster-like R©,@C/carbon 0.1 Ag" 926 mAh g [91]
nanotube nanostructures
Commercial Fg0,hanoparticles 0.1AY 790 mAh g [92]
hierarchical FgO, 0.2Ag" 1336 mAh ¢ [93]
microspheres/graphene
Fe,;0, polyhedral nanoparticles 0.1Ag 1067 mAh ¢ [94]

To date, a variety of TEM techniques have beenizatl to obtain the 3D

morphological features of nanocrystal with sizesléean 100 nm. The routine
characterization techniques include BF-TEM andtedecdiffraction. The shape and
the type of exposed facets of nanocrystals cadémified by a combined analysis of

the interplane angles between the facets, TEM isaged electron diffraction

14



patterns of the crystals. For example;e,03 nanocrystals with hexagonal bipyramid
shape and rhombohedral shayere identified by measuring the angles betweeh eac
two surface planes in BF image and indexing theesponding SAED pattern [95].
Another approach for examining 3D morphologies I5TEM imaging.Caplovicova

et al. [96] developed a weak beam dark field techniqueharacterize the 3D shape
of TiO; nanocrystals. The thickness changes depicted inwdak beam dark field
images revealed that the anatase crystals congistettagonal bypyramidal
morphology. Furthermore, the shape and the expasddce planes can be estimated
on the base of projected two-dimensional HRTEM iesagStroppaet al. [97]
evaluated the three dimensional morphology of SpedoSn@ nanocrystals by
combined use of experimental HRTEM image, multesskimulated HRTEM images,
and Wulff construction as well as surface energy imitio calculations. The
approaches mentioned above are based on the peiciprystallographic analysis of
a series of 2D projections and with the assumpti@t the surface structure is not
reconstructed. An alternative technique to identifg 3D morphology is electron
tomography, which enables the reconstruction of Siape from 2D projections
through a mathematical algorithm. Xat al. [98] reported the 3D morphology
reconstruction of octahedral Cg@anocrystals using TEM tomography BF tilt series
from —50° to +70° at a 5° angular increment. Howgetlee missing wedge artifacts
have been considered as one of the most importetienges in the field of electron

tomography [54].

Recent reports have shown the characterizationhef3D morphology and
electrochemical properties of & NPs by utilizing electron crystallography. For
example, Zhengt al. [99] determined théruncated octahedral shapeFeO, NPs
around 12 nm based on the [100], [101] and [11Gjgated HRTEM images. Xet al.
[89] performed a geometrical analysis for;®g nanocrystals using HRTEM and
electron diffraction, revealing that the rhombicddoahedral shaped crystals were
enclosed by highly active {110} planes. These @algsthave shown superior

electrochemical properties, which can be ascribedhe higher surface energy.

15



Similarly, Caoet al. [88] reported FgD, nano-cubes that delivered an initial discharge
capacity of 1200 mAh g at 0.2 C.

Recently, we demonstrated the morphological charaettion of FeO,; NPs
around 12 nm [94]. The surface terminations #uedshape were estimated by electron
crystallography. It should be noted that it isidiift to perform orientation adjustment
due to the finite size and sample drift. Howevesyetul control of the TEM
conditions and a wide observation up to 900 indigidNPs with diferent view
directions allow us to examine the particle shape surface terminations. Projected
images of the F©, particles along the [100], [110] and [111] zoneswf the cubic
unit cell are displayed in Fig. 2(al), (b1) and)(odspectively. Fourier filtering was
employed to extract the lattice fringe informatioSurface terminations were
determined while dferent crystal facets were parallel to the viewingeation. It
should be noted that a single HRTEM image is a &ijeption of a 3D particle. It is
still questionable whether the observed smoothaserfs a profile image of a facet or
an image of an edge of the crystal [100]. Examamatf multiple HRTEM images

along different zone axes by rotating the crysta avercome this problem.

Figure 2. HRTEM images and geometrical models of polyhed&OF nanoparticles viewed
along (al) [100], (b1) [110] and (c1) [111] zonesxPanel (a2, b2, c2) are the corresponding Fast
Fourier Transform (FFT) patterns. Panel (a3, b3 ac8 the corresponding projected shapes of the
3D structural model. (Reproduced with permissioftd)

Based on the crystallographic data obtained froffferéint projections, an

idealized geometrical structure of 26-facet rhombartahedron that consists of 6
16



{100}, 12 {110} and 8 {111} facets was proposed (@sown in Fig. 2a3-c3). There
are 24 identical vertices and 52 edges on each bivoimoctahedron, féering

low-coordinated atoms that can have a strong impectthe chemical activity.
Particles with truncated octahedron morphology vadse identified by imaging the

surface facets in profile, as shown in Fig. 3.

@ {100}
o {111}

randomly oriented

i i<110> °100>

Figure 3. HRTEM images of truncated octahedraf@genanoparticles projected along (a) [110],
(b) [100], and (c) [110] orientations. (d) Geometmodels of the truncated octahedron enclosed
with {100} and {111} facets. (Reproduced with pession of [94])

According to the morphological features and thewdino rates of different
crystallographic orientations, a possible growtlchamism of the NPs was proposed.
Fig. 4 illustrated the shape transformation of ploéyhedral FgO, NPs. Firstly, the
Fe;04 nuclei tend to form an octahedron bound by thetrsiadble {111} planes. Later,
glycol (PEG) that acts as a capping agent absantthe high energy {100} planes,
resulting in a 14-facet truncated octahedral sh¥ith increasing reaction time, the
particle would grow further into a 26-facet polyhed as a result of the slow growth
of both {100} and {110} planes. Therefore, the firghape of the R©®,; NPs is a
mixture of series of 14-facet truncated octahedrad &6-facet polyhedra.
Galvanostatic charge-discharge measurements shinaedhe NPs delivered a high

initial discharge capacity of 1067 mA h'§94], which could be attribute to their
17



small size and abundant exposure of edges andredmthe multi-faceted polyhedral

structures, ffering low-coordinated atoms that act as actives $aelithium storage.

PEG adsorbs on {100}

Truncated
octahedron

" —
%

Fe30a nuclei Regular >
octahedron PEG adsorbs on {100} and {110}

B
rhombicuboctahedron

Figure 4. Schematic illustration of the proposed growth naeidm that lead to the formation of
truncated octahedral and rhombicuboctahedrgDfaanoparticles. {110}, {111} and {100}
facets are coloured yellow, red and blue, respelgtifReproduced with permission of [94])

3.3 Defectsin TiO,

TiO; is an inexpensive and electrochemically stableic@muctor. However, as
an electrode material for SCs, Ti€uffers from relatively low electrical conductivity
and poor electrochemical activity [101]. Recentorép demonstrated that introducing
defects in TiQ can address these limits and thus improve spec#pacitance and
stability of TiO, materials [102, 103]. The detailed microstructuradestigation is
critical to understand how the defect structurduirices the electrical conductivity
and electrochemical activity of T¥OThe defects characterization is a typical problem
solved by TEM. Froschét al. [104] carried out HRTEM studies on defective 710
nanorods before and after cycling. The aberratmmected high-resolution TEM
image revealed hillocks, terraces and surface gations as well as lattice bending,
which dfer openings to Li diffusion channels and thus fatihg the reversible Li

incorporation. Chenet al. [105] presented HRTEM analysis of the surface

18



hydrogenated Ti@nanocrystals. A thin layer of hydrogenated dismedesurface on
the crystalline TiQelectrode was discovered by HRTEM. Similarly, @iwal. [106]
investigated the microstructure of hydrogenatedlerufiO, nanoparticles. Fourier
filtered HRTEM images indicated the hydrogenatinduced crystal defects such as
dislocation lines and grain boundaries, which cly @n important role in Li-ion
diffusion efficiency. It was found that these hygeoated Ti@ crystals can facilitate
the charge transfer process and capacity retention.

Another example of characterizing hydrogenated, Wé&s presented by Lu [102].
In the study, HRTEM and HAADF-STEM results visuallgmonstrated the presence

of dislocation defects in the hydrogen heat tredi€d (denoted as H- Tig).

o

\ » B S . —_ K ‘
Figure 5. (a) Bright field image, (b) SAED pattern, (c) HRWEmage and (d) HAADF-STEM
image after Fourier filtered reconstruction of HdiO, nanowire.

BF TEM image (Fig. 5a) shows the rod-like structofeTiO,. The corresponding
SAED pattern as shown in Fig. 5b can be indexeth¢orutile phase Ti@single
crystal structure (JCPDS No. 65-0192) with highstailinity. However, the shape
and intensity of diffraction spots indicate thaisitan imperfect crystal. The streaks in
the SAED pattern (as indicated by yellow arrows)esd a high density of lattice
defects in the structure. HRTEM image (Fig. 5c)lexted at the top of nanowires
edge (red square region) shows the lattice frirgfe00) and (011) planes of the
rutile structure, suggesting that ti@Qrew along the [100] direction amdaintained

the same phase after hydrogen treatment. MorebdRTEM analysis indicated the
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characteristics of defects. The uneven d-spacimgdistortions of the lattice fringes
can be clearly observed. Domains with differentgemaontrast can also be identified.
These findings suggest the existence of high demtects in the structure. For
gualitative study of the crystal defects, HAADF-SWEmaging and Fourier filtering
were performed. Fig. 5d shows an inverse Fourltaréd transform image viewing
along the [@1] direction. As the bright spots correspond toatamic columns of Ti,
the defect sites can be clearly identified. In #ddj the distribution of atomic
displacements in the defect core (as shown by medwa) can be discerned,
confirming the presence of dislocation defects.eflasn the TEM analysis, it was
found that hydrogenation treatment generated a Hegisity of dislocation defects.
Combined with XPS studies that identified the fotiora of Ti*" ions [102], it is
speculated that the dislocation defects could pbsdie attributed to the oxygen

vacancies.

3.4 S-doped Bi,Te;

Tuning the electronic structure of Be; through introducing dopants represents
an effective approach to further enhance their ighliichemical properties [107].
Recently, it was demonstrated that S-dopedS@&icrystals exhibited enhanced
electrochemical performance as anode for lithiumbatteries. It is believed that the
sulfur dopants can improve the electrical condiigtiid08]. The effect of doping is
well known, but the crystal structure after dopargl the distributions of the dopants

are objects of many intensive studies.

Z-contrast imaging technique is a powerful tool tbe characterization of doped
microstructuresSignals in Z-contrast image is proportional to dlibe square of the
average atomic number of the probed sample voluBkibata et al. [109]

demonstrated the atomic-scale observation of wywh@loped grain boundary in

alumina using aberration-corrected Z-contrast STBSIshown in Fig. 5, the doped
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Y atomic columns are clearly imaged with very sgronontrast and form a
monoatomic layer structure in the core of the bampdZ-contrast imaging was
utilized to investigate the microstructure of, B(Se) compounds such as Be;
[110], Bi;Se [111], Mn-doped BjTe; [112] and BjiTe,;Se s [113]. Although
quintuple layer consisting five alternating Bi amd(Se) atomic layers can be well

resolved, the distribution of dopant atoms needsetéurther clarified.

Figure 6. Z-contrast STEM images of the Y-doped grain bomydéserved from two orthogonal
directions parallel to the interface plane. (Repiaal with permission of [98])

In our recent study, HAADF-STEM imaging was empldye investigate the
distribution of S dopants in Bie; [107]. Contrast intensity analysis was used to
estimate the preferential occupation sites of dtgpdfor the analysis of location and
distribution of S dopants in Ble;, the [100] zone axis of Bie;is selected and
aligned accurately as in this orientation Bi andafemic columns can be viewed
separately. Fig. 7shows a Z-contrast STEM image viewed along the][tid@ction.

Brighter contrast corresponds to the atomic coluwinBi, while relatively weaker
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contrast represents the atomic columns of Te. &itfehine profiles of S-doped Bies
and simulated image based on undopeddiwere compared. For pure JBe;, peak
intensities of every Te atomic columns are unifasis shown in the simulation
profile (Fig. 7d). By contrast, three Te columndiéi different intensities in the
experimental intensity profile (Fig. 7c). As theaker intensity of Tel columns can
be mainly attributed to their lower average Z coredawith bare Te columns, such
relatively weak contrast indicates that S dopaatsigdly replace Te atoms in the Tel
columns. This is in common with the results obtdibg Dycuset al. [113] in which it

is determined that Se dopants iR preferentially occupy Tel sites.
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Figure 7. (@) FFT filtered HAADF-STEM image of S-doped ,Bi#;. (b) Simulated
HAADF-STEM image of undoped-Blies. (c) Intensity profile of FFT filtered STEM imag#
S-doped BiTe; along the red arrow. (d) Intensity profile of thedoped-BiTe;image along the
yellow arrow. (e) Unit cell structure model of,B&;. Tel refers to the Te atomic columns between
Bi columns, while Te2 and Te3 columns are neighthane the van der Waals gap (Reproduced
with permission of [107])

To further evaluate the distribution of S dopamstimations of the intensity
profiles in a number of regions of interest (ROlgrev performed. The result (as
shown in Fig. 8b) shows that the contrast of all €elumns is weaker than that of
Te2 and Te3 columns, suggesting that S atoms prdfally substitute Te in the Tel

sites. Besides, the uneven intensities in Te2 a&lcblumns suggest that S dopants
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should be randomly distributed in such Te sitetenisity profile analysis reveals that
S prefers to occupy the Tel sites until it is cartgdy substituted, which is in
agreement with previously reported results [1134]11n summary, the intensity
variation of the Te column in HAADF-STEM images dam explained by the partial
and uneven substitution of S. Te columns with leasiirast intensity correspond to
the preferential occupation sites of S atoAlthough S atoms do not have sufficient
contrast to be seen in the image owning to thedowhe sulfur-containing columns

are visible as weaker contrast compared with pareclumns.
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Figure 8. (a) STEM image ofS-doped BiTes. Regions of interest (ROI) for contrast intensity
analysis are marked as “a-f". (b) Intensity prafitef the ROl in (a). Red arrows show the analysis
direction of intensity profiles. (Reproduced witermission of [107])

4. Application of EELS and eemental
mapping
4.1 Microstructural evolution of TiO, and TiN

During the charge-discharge cycles, electrochemita@rge storage reactions

occur at surface or in a thin-layer region of aetimnaterials (several tens of
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nanometers from the surface) [3]. Therefore, thedewtanding of the

charge-discharge mechanisms and the electrochemézdtion between TMC

electrodes and electrolyte largely relies on thsirface structural characteristics,
especially the surface composition, active sitesdaiion states and elemental
distributions [115]. Elemental mapping and EELSI|gsia are now widely used for

the analysis of these surface and interface relasecks.

TiO, is a promising alternative anode to carbonaceoatemals in LIBs, as it
can provide superior safety, chemical stability arah-toxicity. Gaoet al. [116]
reported a new electrochemical reaction mechanigmoltiserving the lithiation
process of TiQ nanotube. HRTEM revealed the nano-islanddikO, crystal with
cubic structure was formed at the surface layéi©f nanotube during the lithiation.
EELS analysis showed that the lithiation startethwhe oxidation state of 4
reduced to T, resulting in the formation of amorphous,TiD, intercalation
compound. The further intercalation of Li ions imOF nanotubes stimulated an
amorphous to crystalline phase transformation. phigse transformation was found
to be associated with the local inhomogeneity irdistribution, which was revealed
by STEM-EELS elemental mapping. Based on in sitenubal and structural
analyses, the authors proposed a new reaction misahdor the lithiation behavior
of amorphous Ti@nanotubes.

TiN holds great promise as an electrode materialSi6s due to its superior
electrical conductivity (4000 ~ 55500 S/cm) and hatcal stability [117, 118].
However, previous studies found that TiN electrpdeformed in alkaline electrolyte
solution stifered from substantial capacitance loss (28% retentf initial
capacitance after 400 cycles), while the underlydegradation mechanism remains
unclear [119, 120]. Chemical identification for théN electrode after cycling test can
help to understand the origin of the instability ®N nanowires. Here, we
demonstrated the spectrum imaging investigatiaevweal the mechanism causing the
capacitance loss of TiN. In addition, the differefetween EELS and EDS spectrum
imaging results are compared and discussed.

Fig. 9a shows a HAADF-STEM image of TiN nanowirdteia 3000 cycles.
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Nanowires with rough surface can be observed. SHEN- mapping was performed
and the spectrum image pixels were summed to peothecspectra (as shown in Fig.
9b) that shows the characteristic N K392 eV), O Kt (523 eV) and Ti k& (4508 eV)
peaks. Additionally, STEM-EDS elemental mappingglasnw in Fig. 9c-e) illustrates
that not only Ti and N, but also O are uniformlgtdbuted in the nanowires. The
presence of O implies that the instability of Tildatrode may be due to the formation
of oxides during cycling. Nevertheless, it shoutdrioted that in EDS mapping the
elemental distribution is generated by integratthg peak intensity with a given
width of integration window. For the best elemeatettability, the integration width
for the peak of interest should be 1.2 times thiewidth-at-half-maximum (FWHM)
[121]. In this case, the integration energy winddasN Ka peak and Ti b peak
(456 eV) can contribute to the integrated intensityhe nearby O K peak, which
may produce artifacts that the O element map displas homogeneously distributed.
Although we set a mapping window from a region rtearN Ko peak containing no
element X-ray peak and subtract the map to remaakdvound contribution, the

resultant elemental map still cannot provide fursggatial distribution details.

Counts
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e

Figure9. (a) HAADF-STEM image of a representative TiN nan@wi{b) Summed spectrum
corresponding to (a). (c-e) STEM-EDS elemental nedf@s, O and N, respectively.

In order to accurately identify the chemical comfpos and elemental
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distribution, STEM-EELS analysis were carried o8TEM-EELS can collect and
storage an entire spectrum at every pixel to gémesadata set, which can later
produce elemental maps at a given energy and cahspectra from a selectedage
region. Through spectrum-image data processingditebutions of Ti, N and O in a
TiN nanowire are obtained (as shown in Fig. 10agah be seen that the surface of
the nanowires are enriched with i@ addition, it is clearly in the color-mixed map
that pink regions contain both Ti and N, whereathbG and O are collocated in
surface, indicating the formation of oxide shefigy. 10b shows a summed spectrum
from a surface region of the TiN nanowire, in whitte characteristic N-K edge,

Ti-L, sedges and O-K edge can be identified.
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Figure 10. (a) STEM-EELS elemental map of TiN nanorod, showingdtstribution of Ti, N, and
0. (b) Summed spectrum extracted from the specimage pixels.

Furthermore, to compare the valence state of Tsurface and core region,
spectrum data from the surface and inner part®ihdmowire (as shown in Fig. 11a)

were extracted and further processed by power-laekdround subtraction and
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second derivation. In the second derivative spattfas shown in Fig. 11e and Fig.
11f), the onset of N-K edge can be fixed to 401T\s, the chemical shifts of Tk

white lines can be identified.
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Figure 11. (a) HAADF image, (b) Summed spectrum extractednftbe surface region of TiN
nanorod, (c, d) EELS spectra extracted from thésar(blue lines) and inner region (red lines),
showing the N-K edge and the Ti4 edges, respectively. (e, f) Second derivative spect
corresponding to (c) and (d), respectively.

Comparing with the inner region, there is a cheimgtdft of 0.4 eV to higher
energies in the spectra extracted from the surédcH-TiO,, suggesting a higher
oxidation state. This result indicates the formatd Ti** in the surface as a result of

oxidation after cycling. Therefore, EELS analysseaaled that the instability of TiN
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electrode should be due to the formation of thetedehemically less active THO
layer on TiN surface [117, 118h summary, the mechanism causing the capacitance
loss for the TIN nanowires electrode was reveal&d.EM-EELS has been
demonstrated to be a technique which can be véigbke in forms of both mapping
and spectroscopy data. On the contrary, STEM-ED&sser to generate elemental
distribution maps which can be made without priarokledge of specimen
composition. However, some experimental conditismsh as sample thickness, peak
overlap, background processing, detector countatgsrand dead times can induce

erratic fluctuations which may lead to misinterpdetesults [62].

4.2 Carbon coated TiN

Surface coating has been proven to be importaneéiwient in suppressing the
interfacial side reactions, alleviating the decosipon of the electrolyte, improving
ionic and electronic conductivities and bufferifge tvolume change upon cycling
[122]. Elemental mapping has been conducted foradherizing the chemical
distribution of many coated structures, for exampl&l-BaTiO; core—shell particles
[123], MnOY/TIN nanotube coaxial arrays [124], TiN—porous cert)125], TIN@Si
core—shell nanorods [126], T#AC/MnQO, core-shell nanowires [127] and so on.
These anode materials exhibited improved cycling ete performance, which can
be ascribed to the homogeneously distributed sairfagers with high conductivity
and stability. However, while using STEM-EDS mappircare should be taken to
specimens containing N and Ti, because thedNp&ak (392 eV) and Tid_peak (456
eV) were so close that the resultant map coulduastipnable. On the other hand, the
spatial distribution of Ti and N can be well di#atiated by EELS through detecting
the ionization edges of Ti L-edge (485 eV) and hdge (401 eV).

Fig. 12 shows an example of identifying the elerakdistribution of carbon
coated TiN nanowire using EFTEM imaging. A threexsw method was employed

by selecting the core-loss ionization edges of €dge at 284 eV, N-K edge at 401
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eV and Ti-L; 3 edge at 485 eV [128]. The width of the energy windAE of carbon,
nitrogen and titanium was set to be 10 eV. FigcE)(shows the C-K, Ti-l; and
N-K core-loss images. It can be seen that the masoare of TiN core-C shell type.
The thickness of the outer carbon layer is about2lnm, which is in consistent with
the HRTEM result. EFTEM analysis evidenced a car@us carbon enriched layers
on the surface of TiN nanowires, which could siabilthe electrochemically active

TiN nanoawire arrays electrode without sacrificthgir performances [129].

Figure 12. (a) SEM image, showing the size and morphologyilf nanowires that were grown
on carbon fibers. (b) HRTEM image of TIN@C, showthg carbon layer with thickness of 1.5
nm, (c-e) EFTEM image obtained by a three windoveshod, showing the elemental distribution
of Ti, N and C, respectively. (Reproduced with pisgion of [129])

4.3 MnOz-xnanorods

MnO, is an attractive pseudocapacitive material withhhiheoretical specific
capacitance [130]. However, its poor electrical dwmtivity (10° -10° S cm?)
severely restricts its practical application ashipgrformance electrode material for
SCs. Hydrogenation treatment is a major approacheribance the intrinsic
conductivity of transition metal oxides [102, 13Tp better understand the effect of

hydrogenation treatment, it is important to studywhthe valence state of Mn is
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modified in the hydrogen treated structure.

In the EELS core-loss spectrum, the integral iritgmatio of the Ls (2p*? — 3d)
and L, (2P — 3d) excitation peaks is sensitive to the changienvalence states of
transition metal cations [132-135]. Therefore, tixédation states of transition metal
cations can be identified by measuring the integrantensities of 3 edges. In
addition, the electron-energy-loss near-edge strast(ELNES) of the O-K edge are
related to the electronic states in the unoccugeaduction band in the case of
transition metal oxides, which can also be usedhbiain the information about the

valence state of transition metal cations.

One such example is the EELS analysis for the mgehation induced mixed
valence Mn@., nanorod as demonstrated by Zbiaal.[136]. EELS experiment was
conducted at an energy range containing the wdnd the O-K edges, with an
energy resolution of 0.9 eV. The background wadraated by a power-law fitting in
the pre-edge region of the spectrum. The oxidagtate of Mn ions were evaluated
according to the intensity ratio of Mn-k edges and the EELS fine structure of O-K
edges. The TEM and EELS instrument was firstlybratied in both TEM-diffraction
mode and STEM mode using standard Mra@d MO, samples so as to compare
with the literature reported values [132, 133, 1B38]. Fig. 13 shows a typical EELS
spectra of the untreated Mphanorods and hydrogenated MnQ@denoted as
H-MnO;) nanorods acquired in TEM-diffraction mode. Themglmant sharp peaks
observed in the EELS spectra are theahd L, ionization edges of Mn. TheslL,
integral intensity ratio of the untreated Mn@anorods was calculated to be 2.2,
which can be related to the oxidation state of Mt39]. The ls/L, integral intensity
ratio of the H-MnQwas calculated to be 3.2, suggesting that not bhi§/" but also
Mn?* and Mri* should exist in the sample. Besides, the ELNE®-#€ edge can be
used to analysis the valence state of Mn sincg&thand 4s states of Mn hybridized
with O 2p orbitals [140]. As compared with MpQhe relative intensity between the
prepeak around 530 eV (labelled @k a) and the second peak at 5-10 eV above
threshold (labelled apeak b) in the H-MnQ spectrum is smaller than that in the
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MnO; spectrum. Since the intensity of the prepeakleted to the occupancy of the
Mn 3d orbitals, the reduced intensity of prepeakdiMinO, suggests a reduction of
the oxidation state of Mn. This result further icated that the H-Mn©Oshould be a

mixed valence compound [141, 142].

Furthermore, the valence state of Mn in the surfacd central part of the
nanorod were analyzed in STEM mode. STEM-EELS amalwas applied to five
hydrogen treated Mnfhanorods, and a high reproducibility of the spefda@tures
was found. The EELS spectra from the surface of #HOMnanorods (Fig. 14b)
showed that the 4L, intensity ratio was 3.1, indicating that there Bhe**, Mn**and
Mn** cations in the surface of H-MnROIRs. Meanwhile, the 4L, intensity ratio of
the central part of H-Mn© nanorods, which combined the core and surface
information of the rods, was calculated to be ZBis suggests that more Kin
existed in the central part of the nanorod. Allsthelear differences in EELS spectra
demonstrated a variation of the valence state ®Mh ions. Based on TEM results,
new structure MgO, (other than normal Mn£) can be identified within surface of
nanorod, indicating the hydrogenation induced s@faeduction of Mn@ The
superior conductivity and capacitive performanceHsMnO, were confirmed by
cyclic voltammetry, charge-discharge measurememdsehectrochemical impedance
spectroscopy [136]. According to the above resthis,coexistence of multivalent Mn
and the surface charge storage play an importd@timoaccelerating the kinetics of
the surface redox reactions as well as electromitianic transport properties, and

thus enhancing its electrochemical performances.
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Figure 13. EELS spectra of untreated Mp@anorods and H-Mn{hanorods.
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Figure 14. (a) HAADF-STEM image of the H-Mn©nanorod. (b) EELS spectra from the surface
and central part of the H-Mnanorod, showing the intensity of Mp-edges.

4.4 V6013

Mixed-valence vanadium oxides are promising eledromaterials for
pseudocapacitors [143]. The incorporation of dopattt vanadium oxidesan
introduce multivalent vanadium cations into theustire and thus improve the

capacitive performance. Characterizing the dopifgments is one of the most
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significant challenges in TEM.

Several reports showed the TEM investigation orsthéctural characteristics of
the doped vanadium oxides. Using selected are&r@hediffraction analysis, Leet
al. [144] demonstrated the inhomogeneous doping of N&owires with W. Zhaet
al. [145] compared the morphology ob®s/TiO, nanoparticle before and after sulfur
doping. BF TEM showed that the S-dopedOJTiO, nanoparticles were more
uniform in morphology and less agglomerated thar thndoped sample.
Asayesh-Ardakangt al. [146] reported the aberration corrected HRSTEMgm@ of
W doped \{.xO, nanorod. The substitution of W with VV atoms in tmgstal structure
was confirmed by atomic resolution HAADF image. EBIBmental mapping further
revealed the homogeneous dispersion of W in thewize.

Zhai et al. [147] demonstrated an example of investigating rtherostructures
and chemical composition of S-dopegO{/3nanowires via HRTEM, STEM-EDS and
EFTEM mapping. Fig. 15a shows a HRTEM image of $heoped ¥Oi13nanowire.
However, this lattice resolved HRTEM image does pratvide evidences for sulfur
dopants in ¥O.3. Another example also showed that HRTEM do notligueflect
the doping effects. Ishiwatet al. [148] conducted HRTEM analysis for Cr and Ti
doped \MO; nanocrystals, in which doping induced defects weo¢ observed.
Therefore, elemental mapping is desired to obthe dhemical information of the
doped vanadium oxides. STEM-EDS was employed totifyethe distribution of the
S dopantsThe sulfur elemental map (Fig. 15b) defined cle#nky spatial distribution
of S in an individual nanowire, which confirmed tisatfur is uniformly distributed.
Due to the fact that the Volpeak (510 eV) and Odkpeak (523 eV) are overlapped,
the resultant O K signals may be false and invalidate the elemeisaiibution map.
Therefore, it is still necessary to employ EFTEMaging to confirm the elemental

distribution of S-doped ¥O;s.
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Figure 15. (a) Lattice resolved HRTEM image collected at tHgesof a S-doped D13 hanowire.
(b) HAADF-STEM image of S-doped®,3nanowires and the STEM-EDS mapping of V, O and
S obtained from the selective area in the dashed(Beproduced with permission of [147])

Fig. 16 shows that V, O and S are homogeneoustyildised in the nanowires,
which are in consistent with the STEM-EDS resulisemical composition studied by
TEM successfully confirmed the introduction of sulfdopants in the 303
nanowires. Combined with electrochemical analygiss found that sulfur-doping

reduces the charge-transfer resistance and inctieasen diffusion coefficient [147].

Figure 16. (a) TEM image of S-doped (0,3 nanowires, (b-d) EFTEM image obtained by
three-window method using Vzl,0-K and S-K edges, respectively.
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5. Conclusion and outlook

TiO,, TIN, MnO,, Ve0s, a-FeOs; FeO, and BpTe; have been extensively
investigated as anodes for LIBs and SCs. Variowgegfies, including morphological
control, surface modification, defect-control eregring, elemental dopingtc., have
been developed to improve the performance of thesee materials. As research on
boosting the electrochemical properties of anodetena@ds through structural
engineering continues, the ability to image andrattarize the microstructural
features of the structurally modified anode matgrinas become increasingly
important. TEM has been proven to be quite useful and powarfthe investigation
on TMC nanostructured anodes. The advanced TEMwsllos to determine the
structure of a complex surface and interface, tealedopant atoms in the lattice, to
measure the surface valence state and generateiceheramposition distribution
maps. In this review, we summarize thentributions of the TEM techniques to
understand the electrochemical properties of TM@das, with emphasis on
analyzing and interpreting the structural inforroaticoded in image and spectrum
data.

The most standard procedures for microstructurestgation, including BF,
SAED and HRTEM, provide crystallographic informatjdattice structures and even
three dimension morphological description of namtglas, offering opportunities for
the examination of their facet-dependent electrotbal properties. Also,
morphological analysis based on SAED and HRTEMaf&er insights into the shape
evolution and growth mechanisms of nanocrystals.

Besides the routine applications of morphologiesd alattice structure
characterization, one of the most outstanding dmutions of TEM on developing
TMC anodes is to observe the structural changesaimo- or even atomic-scale in
defect-control engineering. For instance, the idieation of defect structures

obtained by thermal treatment under ¢t N, atmosphere has verified the capability
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of offering valuable information about the lattidestortions by HRTEM imaging.

Moreover, advanced TEM techniques like HAADF-STEMshdemonstrated the
ability to detect and characterize not only thematoarrangements in the structural
defect sites, but also the distribution of dopantthe atomic columns, all of which
being closely associated with charge carrier camagon, conductivities, and

transport properties in TMC anodes.

Additionally, it has been shown that the elementapping by means of
STEM-EDS and EFTEM provides considerably betterngbal information when
probing a complex structure. However, the use ofentiban one technique should be
applied in order to validate the elemental mapsoAbackground signals should be
carefully subtracted in order to get complementasults, especially for elements
with low concentrations. Apart from imaging techieg such as HRTEM and
chemical mapping, EELS spectroscopic analysis pagsicial role in understanding
the behavior of TMC anode because it can provitiable valence state detection on
one hand, and better chemical sensitivity on theroin particular, EELS shows great
advantages in revealing the possible chemical psogethe charge-discharge cycles
by offering the opportunity to monitor the valerstate of transition metal elements.

The successful structural analyses of morphologsesface characteristics,
interface structures, crystal defects, atomic ithstions, chemical composition and
valence states as well as electronic structures tamonstrated that TEM can make a
significant contribution to understand the chargestoarge mechanisms, to elucidate
the origin of the superior properties and to expldhe structure-properties
relationships. Nevertheless, concerning the aceuratestigation on the structural
features of TMC anodes, special attention shouldodid on sample preparation,
particular imaging conditions and image contrastalysis to avoid the
over-interpretation of the TEM data. All of the exales mentioned above are highly
dependent on the competent operational skills amviedge on data interpretation
and analysis. Still, TEM is considered as one @ thost powerful tools for the
determination of complex structures. While comhbgnirthe state-of-the-art

monochromized and Cs-corrected TEM/STEM with imksitechniques, the
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micro-mechanisms for the superior electrochemicaperties of TMC anodes are
continuing to be further uncovered, and the acm®rd of high performance novel

anodes is expected.
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Appendix Abbreviations

ABF annular bright field

ADF annular dark field

ASCs asymmetric supercapacitors

BF bright-field

DF dark-field

EDS energy dispersive X-ray spectroscopy
EDLC electric double layer capacitors

EELS electron energy loss spectroscopy
EFTEM energy filtered TEM

ELNES electron-energy-loss near-edge structures
FWHM full-width-at-half-maximum

HAADF high angle annular dark field

HRTEM high resolution transmission electron rogaopy
LIBs lithium-ion batteries

NPs nanoparticles
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PEG polyethylene glycol

SAED select area electron diffraction,

SCs supercapacitors

SEM scanning electron microcopy

STEM scanning transmission electron microscopy
TEM transmission electron microscopy

T™MC transition metal compound

XPS X-ray photoelectron spectroscopy
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High lights

Analyzing structural characteristics of transition metal compound anode by TEM
Vacancy defect structures and dopant distributions were investigated by
HR(S)TEM.

Valence state of transition metal elements was analyzed by EELS

Chemical information of complex structures was obtained by elemental mapping.



