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16.1. INTRODUCTION

Downsizing of electronic components demands energy storage
systems with high energy and power densities, and thus continuously drives
battery research and development efforts. The most commonly used batteries
in portable computers and cellular phones are lithium rechargeable batteries'.
In these batteries, chemica energy stored in the positive eectrode isrel eased
and converted into electrical energy during discharge through an intercalation
(insertion) process by which lithium ions are incorporated within the host
structure of the positive electrode material. During charge, the process is
reversed (de-intercalation) and eectrical energy is applied to remove lithium
ions from the positive electrode. Lithium transition metal oxides that host
mobile lithium ions on the interstitial sites have been studied as positive
electrode materials and the intercaation and de-intercalation processes of
lithium ions are accompanied by redox of transition metal ions. The energy
output of lithium rechargeable batteries is dependent on the voltage upon
which lithium ions are inserted and the number of intergtitial sites that can
accommodate lithium ions in the host structure. Idedly, intercaation and de-
intercalation of lithium ions and redox of transition meta ions, should leave
the host structure intact. In practice, however, variation in lithium content in
the host structure leads to lattice expansion or contraction, migration of
trangtion metd ions and loca or globa lattice distortion as a result of
ordering of lithium and vacancies or Jahn-Teller distortion of transition metal
ions. These structural changes can 1) induce stresses and strains within lithium
transition metal oxide crystals, 2) affect the eectronic conductivities of
lithium battery materials, and 3) lead to irreversible phase changes and thus
decrease in energy outputs of lithium batteries. Therefore, much research has
been focused on characterizing structural changes of lithium transition metal
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oxides associated with lithium intercalation and de-intercalation, and
modifying material chemistry to suppress phase transformations and to
optimize lithium battery performance.

Layered O3 Li,CoO,”*, Li,NiO,>® and LiMnO,>™, spind
Li,Mn,O,™ and oalivine Li,FePO," are the most studied positive eectrode
materials in the last two decades'®"’. Layered Li,CoO, and Li,NiO, are stable
upon lithium intercalation or de-intercalation despite the fact that several
phase transformations are observed from lithium composition x =1 to x= 0.
Of significance, lithium and vacancy ordering’, Jahn-Teller induced'®, and
metal-insulator™® transformations have been reported. On the other hand,
layered Li,MnO, host structure is not stable upon lithium intercalation or de-
intercalation and transforms to a spinekrelated structure® . Spinel LiMn,O,
structure is stable upon eectrochemical cycling but can undergo many
interesting phase transformations induced by Jahn-Teller distortion*® or charge
ordering®®®. Extensive research efforts have focused on understanding the
structural changes underwent in these lithium transition metal oxides and their
effects on lithium battery performance

Conventiona bulk analytical techniques, such as X-ray and neutron
powder diffraction and electrochemical characterization, are used routinely to
provide overal, averaged chemical and structural information on lithium
battery electrodes. Although the bulk diffraction techniques enable accurate
determination of distances and angles of atoms in the volume-averaged crystal
structures, they are insensitive to spatially localized phase transformations and
ordering transitions of lithium and vacancies or charges in lithium electrode
materials. In particular, Garcia-Adeva et al. have recently pointed out the
ambiguities in revealing nanoscale heterogeneity or aperiodic phase separation
by conventional powder diffraction techniques®. Electrochemical methods,
such as lithium cell voltage monitoring, are very sensitive to changes of loca
environments available for lithium ions at the electrode-eectrolyte interface
but provide little information on the details of structural features responsible
for the electrochemical responses. Therefore, bulk analytical techniques alone
are inadeguate to identify critical material features and phase transformations
in lithium electrode materias that limit battery performance. Combination of
transmission electron microscopy (TEM) analyses, bulk diffraction and
electrochemical techniques has proven invauable in this regard TEM and
associated techniques enable microstructural characterization of lithium
battery materials from both local structural and chemistry points of view.

Although TEM techniques have been used extensively in materials
science, solid state chemistry and mineral science’”*°, application of these
techniques in lithium battery research has been comparatively recent®**2,
TEM techniques provide high-spatial resolution single-crystal diffraction
information from individual lithium transtion metal oxide crystals
complementary to X-ray and neutron powder diffraction as electrons can be

Eds. Nazri, G. A. N. & PistoiaG. P. 479



Science and Technology of Lithium Batteries — Kluwer Academic Publishers (2003)

focused easily. In addition, one can use TEM imaging to detect the phase
digtribution in the electrode that provides vauable insights to heterogeneous
phase transformation mechanisms, and imperfections in the lithium transition
metal oxide crystals, which are introduced either during material synthesis or
electrochemical cycling. Moreover, high-resolution TEM imaging and image
smulation can permit direct visuaization of atomic arrangements and
modifications associated with structural defects and modifications, as
demonstrated by imaging stacking faults in orthorhombic LiMnO,* and the
imaging of lithium ions in LiCoO,*. Furthermore, recent electron energy loss
spectroscopy (EELS) studies have provided evidence for charge compensation
mechanisms in Li,C00,>" and Li,NiosC0,,0,", and transition metal clustering
in LiNi_,AlLO,>. Therefore, combining bulk analytical studies with TEM
studies has led to significant advances in identifying phase transformation
mechanisms of lithium electrode materials, understanding of structure-
property relationships, and providing direction in the design of new battery
meaterials.

In this chapter, we focus on understanding phase transformations of
03 and O2layered Li,CoO,, O3 LixNiO,, O3 Li,MnO, and spind Li,[Mn],O,
underwent during electrochemical cycling or upon materials synthesis. Much
of our information is derived from electron diffraction data obtained in the
transmisson electron microscope (TEM). We begin with an overview of
commonly used TEM techniques. We thenillustrate how TEM techniques can
be used to reveal and understand electrochemicaly induced phase
transformations in lithium electrode materials and understand their effects on
the electrochemical performance of lithium batteries. Electron diffraction has
provided the first experimental evidence for order-disorder phenomena of
lithium and vacancy in O3 and O2 derived LiCoO, and O3 derived LiyNiO,.
In addition, high spatiad resolution of TEM techniques is powerful in
identifying localized phase transitions such as revealing the presence of
tetragonal, Jahn-Teller distorted Li,[Mn,]JO, in Li\[Mn,]O, electrodes
discharged to 3.0 V and above, which supports one of previously proposed
hypotheses responsible for capacity degradation of 4 V Li,[Mn,]O, electrodes
during electrochemical cycling. Moreover, electron diffraction has revealed
and quantified intermediate cation configurations between the spinel and the
layered configurations in as-prepared low-temperature LiCoO, (LT-LiCoO,)
and cycled layered O3 Li,MnO, eectrodes, which leads to electrochemical
properties of LT-Li,CoO, and Li,MnO, electrodes significantly different from
layered O3 Li,CoO,. A rapid, irreversible phase transformation from the
layered to a spine-related structure in cycled LiMnO, electrodes leads to
significant modification in the electrochemical voltage profile and reduction
in reversible capacity, which limits the commerciaization of layered Li,MnO,
in lithium batteries. In al these cases, TEM techniques identify critical phase
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transformations in lithium transition metal oxides that control the
electrochemical performance of lithium batteries.

16.2. TRANSMISSION ELECTRON MICROSCOPY

Electron diffraction and TEM imaging are effective in probing
localized structurd modifications in lithium €ectrode materias on the
nanometer-scale.

16.2.1. Electron Diffraction of Crystals

Kinematical theory that assumes that the electron beam is attered
weakly by the material (the amplitude of the scattered electron wave is much
less than the incident electron wave) is used here. We begin with scattering of
electrons from atoms. The wave function 1 of the electron at non-relativistic
velocities satisfies the time independent Schrodinger equation, for stationary
states:

h 2

Z—VZLP +(E+VH =0 @

8t ‘m,e

Where eE is the total energy of the electron and —eV is the potentia
energy. Within the kinematical approximation, he amplitude of the wave
scattered from an atom at apoint P (at r from the origin) can be expressed by:
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where V (r; ) isthe atomic potentia at apoint r;, k is the wave vector and K’ =
k’-k. Using the Born approximation, we obtain the atomic scattering
amplitude for electrons:
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where f is the atomic scattering factor for X-raysand Z is the atomic number.
The interaction between the atom and electrons consists of scattering from
both the nucleus and electron cloud. This is different from X-ray diffraction,
which interacts with atomic electrons and the atomic scattering amplitude for
X-rays can be expressed by:
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As shown in Equations 3 and 4, the scattering power of atoms for
electrons is much greater than for X-rays. In addition, the atomic scattering
factors for electrons increase smoothly with atomic number, except at low
scattering angles, but not as quickly as X-rays. Therefore, electron diffraction
is more sensitive in detecting light atomic number elements than X-ray
diffraction. It should be noted that the electron scattering factor of lithium
relative to transition metals is significantly larger than that of X-rays as a
result of strong interactions between electrons and atoms, as shown in Figure
16.1.. Therefore, electron diffraction can be used to probe the presence of
superstructures induced by ordering of light elements or charges, which has
typically proven difficult for X-ray or neutron powder diffraction.
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Figure 16.1. The ratios between the X-ray and electron scattering factors of lithium to

manganese atoms €i/fyn) as a function of Sinb/A? Note that the ratio, fiiffu, for electron
diffraction is considerably larger than that of X-ray diffraction.

The scattered electron wave from onecrystal can be described by:

H N
s =mzfi(e)exp(—2nm ) )
where f, (8 ) is the atomic electron scattering factor of Ste i in the crystal. The
absolute intensity of the scattered wave can be obtained by taking the product
of the wave function with its complex conjugate.

Electron diffraction patterns of a powder sample can be obtained by
selected area electron diffraction from regions as small as 0.5 um or by
nanodiffraction or convergent beam electron diffraction, in which a focused
electron beam is used to obtain diffraction patterns from regions down to 1
nm. Single-crystal electron diffraction data obtained from lithium transition
metal oxide crystals can be viewed as planes in its reciproca space, which
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consists of the transmitted electron beam and individual diffraction spots.
Detailed procedures on electron diffraction pattern indexing can be found in
the TEM textbook by Fultz and Howe™. Because of strong dynamic
diffraction effects in electron diffraction of most crystals, electron diffraction
intensities are often used qualitatively, and quantitative analysis of electron
diffraction intensities is less reliable than X-ray or neutron diffraction.

16.2.2. TEM Imaging

Diffraction contrast in TEM images results from variation in the
diffracted intensity from the material. Bright-field images (the transmitted
beam intensity) and dark-field images (the diffracted beam intensity) provide
information about microstructural features of materials. Imperfections such as
disocations, stacking faults, domain and phase boundaries within the crystal
displace the unit cell and thus introduce a phase change in the scattered wave,
which leads to intensity variation in both dark-field and bright field images.
Dark-field imaging has been particularly useful for studying domain structures
within lithium transition metal oxide crystals induced by lithium intercalation
or de-intercalation.

In addition to diffraction contrast, imaging of lattice fringes has been
commonly used in studying phase transformations in lithium battery materials
on the nanometer scale. The intensity distribution of the incident beam and
one diffracted beam gives a modulation with the spacing of the plane being
diffracted for a given crystal orientation and thickness, which reveals the
lattice of the lithium electrode material inthe form of sine fringes as shown as
follows:

I=1+R2—2Rs'n(?—so) ®)

Where d is the spacing of the plane being diffracted, x is the direction of
modulation in the image, and R and s, are constants for a given thickness and
crystal orientation). It should be noted that the positions of the lattice fringes
bear no apparent relation to the position of atomic planes. Further detailed

information on lattice image formation can be found in TEM textbooks"%.

16.2.3. TEM SamplePreparation

The requirements of a good TEM sample include 1) electron beam
trangparency, which limits maximum thickness to 5 um, and 2) a clean surface
(free of contaminants). Lithium transition metal oxides used in lithium
batteries are typicaly in the form of powders and the crystal sizes are
dependent on synthesis routes, usudly in the range of 20 nm to 10 um. TEM
samples of these oxides can be obtained from the following preparation
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procedure: 1) grind the powder in agate mortar and pestle, 2) suspend the
powder in an organic solvent in an ultrasonic bath, 3) deposit suspended
particles onto a TEM copper grid coated with lacey carbon. If crystal sizes of
lithium electrode materials are significantly greater than 1 um, mechanical
thinning of these crystals is needed. Microtoming is an effective method to
produce thin TEM sections of as-prepared lithium transition metal oxides. The
materia is first embedded in epoxy resin. Ultrathin sections on the order of 60
nm cut with diamond knives using an ultramicrotome are floated on water and
thentransferred to TEM copper grids with lacey carbon support.

16.2.4. Caveatsto TEM Techniques

Although dectron diffraction and TEM imaging techniques are
powerful in probing locaized structural defects and phase transitions, they
have afew limitations in comparison to bulk analytic techniques. Three of the
most important are 1) the sampling statistics is very poor, 2) only crystals with
thickness less than lum can be analyzed and 3) kinematical theory is only
qualitative. Therefore, in order to ensure the fact that crystals analyzed in the
TEM are representative of the bulk materias, it is necessary to combine TEM
results with bulk analytical information including X-ray powder diffraction
and electrochemica data. In addition, there are concerns with regard to the
stability of materials during TEM sample preparation and under the electron
beam. This is a serious issue when studying highly de-intercalated lithium
battery materids in the TEM. Performing TEM data collection at liquid
nitrogen temperature can remove some materials instability problems related
to thermal breskdown under the electron beam.

16.3. LITHIUM AND VACANCY ORDERING

Ordering of lithium and vacancy has been first proposed in intercalation
compounds of layered chal cogenides such as Li,TiS,> and Li,TaS,>. At room
temperature, lithium ions that reside in octahedral sites are mobile. Lithium
ions are constrained to occupy certain sites preferentialy as a result of long-
range, repulsive, Coulombic interactions among lithium ions, which lead to
formation of superlattices at various lithium contents parallel to the transition
metal layers. Although direct observation of lithium ordering by X-ray
diffraction is difficult, characteristic peaks in the incremental capacity dx/dV
vs. X plots are observed at specific lithium compositions where ordering is
expected in Li,TiS>. As a similar electrochemical feature is noted in
Li/Li,CoO, cells where x is near 0.5, Reimers and Dahn® have proposed
lithium and vacancy ordering in LipsCoO, obtained from lithium de-
intercalation of layered O3 LiCoO,. The first direct experimental evidence of
lithium ordering is the observation of superstructures in the electron
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diffraction patterns of layered Li,NiO,***°. Subsequently electron diffraction
and TEM imaging have successfully revealed order-disorder phenomena of
lithium and vacancy in layered O3-LipsC00,>" and 02-Li,Co0,* dectrode
materials. Moreover, first-principles studies support the concept of lithium
and vacancy ordering in these layered compounds™®*. Van der Ven and Ceder
have shown that lithium ordering reduces lithium ion mobility as evidenced
by a two-order of magnitude reduction in the chemical diffusion coefficient in
Li,CoO, a ordered compositions®. Lithium and vacancy ordering can be
suppressed by metal substitution in the transition metal layers™®®, which
diminates phase transformations and greatly affects electrochemical cycling
of lithium batteries. Therefore, understanding order-disorder phenomena of
lithium and vacancy in lithium battery materials is not only essentia to further
improve the cycling performance of lithium rechargeable batteries but also
important to provide new insights to lithium-lithium interactions in these
transition metal oxides and their impact on kinetic properties and to design of
better lithium electrode materias. In this section, we focus on understanding
order-disorder transformations of lithium and vacancy in these layered
materials by eectron diffraction.

16.3.1. Lithium and Vacancy Orderingin O3 Li,NiO,

O3 layered LiNiO, consists of lithium and nickel sheets stacked
dternatively in-between AB CA BC AB dose-packed oxygen arrays. The
structure is typicaly defined in a hexagonal cell that has a trigonal symmetry

with space group R3m Lithium de-intercalation from LiNiO, leads to man
phase transformations that occur as a function of lithium concentration® .
Electron diffraction of Li,NiO, has lent first experimental evidence of lithium
and vacancy ordering in lithium transition metal oxides at various lithium
concentrations, x = 0.25, 0.33 and 0.65, as shown in Figure 16.2.°**®. It should
be noted that at lithium compositions of x = 0.25 and x = 0.33, order-disorder
of lithium and vacancy is associated with noticeable inflexion points in the
voltage profile of Li/LiNiO, cells, similar to lithium ordering in Li,TiS>.
However, lithium ordering in LiyNiO, near x = 0.65 is different and no
pronounced modification in the voltage profile is associated with this ordering
transformation. X-ray powder diffraction studies'*®"* of Li,NiO, show that
this composition fals in the wide monoclinic, sngle-phase region with
lithium composition in the range of 0.5 = x=<0.75. The dability of the
monoclinic phase, important to electrochemical performance, has been a
subject of debate.
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Figure 16.2. The voltage profile of LixNiO, vs. lithium as a function of lithium content x from
Delmas et al.%®. Note that the electron diffraction patterns obtained from various points in the
voltage profile show different superstructures, which is not visible in the Xray powder
diffraction patterns of Li,NiO, samples.

It has been proposed that this symmetry reduction to monoclinic is
driven and stabilized by either a cooperative Jahn-Teller induced distortion of
NiO, octahedra® or ordering of lithium and vacancy®. Using selected area
electron diffraction, Peres et al. have provided experimental evidence of a
2x2x2 superstructure of ordered lithium and vacancy in the monaoclinic phase
(not detectable in the Xray powder diffraction patterns) in a LipesNiz0.0>
sample. This superstructural model can be used to accommodate a range of
lithium concentrations, in which lithium ordering stabilizes the monoclinic
phase™. Recent first-principle studies™ of layered Li,NiO, have shown that
lithium and vacancy ordering is coupled with monoclinicity and weak Jahn-
Teller distortion of Ni** ions in this phase region. In contrast to the 2x2x2
superstructure of the monoclinic cdll found by eectron diffraction studies',
different superstructures have been predicted from first-principles studies™:
one superstructure with 2x1x1 of the monoclinic cell at Liy7sNiO, and the

other with «/§ x+/ 7 X1 of the parent hexagonal cell at Liy4NiO,. In addition to

superstructures in  the monaoclinic phase region, one 2«/§x2«/§x1
superstructure63 of the hexagonal cell is found at LiosNiO, via computation,
though no experimental evidence of ordering exists for this composition at
thistime. Discrepancies in the detailed nature of the superstructures of ordered
lithium and vacancy in the monaoclinic LiyNiO, between first-principles and
electron diffraction results require further investigations.

Eds. Nazri, G. A. N. & PistoiaG. P. 486



Science and Technology of Lithium Batteries — Kluwer Academic Publishers (2003)

16.3.2. Lithium and Vacancy Orderingin O3 Li,CoO,

O3 layered LiCoO,, isostructural to O3 LiNiO,, has become the most
commonly used positive electrode materia in lithium rechargeable batteries
since the concept of reversible lithium remova from and insertion into
LiCoO, was first introduced by Goodenough et al.”. Intensive research and
development efforts have been devoted to understanding the physical
properties and phase transformations of Li,CoO, (O<x=<1) in order to
improve the energy output and cycle life of lithium batteries®*'%4+>9707¢,
Lithium de-intercaation from LiCoO, leads to severa phase transformations,
detailed as follows. 1) 0.75=< x < 0.94, a first-order transformation from a
rhombohedral insulating Liy0,C0oO, phase to a rhombohedral metallic
LiosCo0, phase®**®”: 2) x=~05, a phase transformation from the
rhombohedral to monoclinic symmetry*, 3) 017 < x < 0.33, a phase
transformation from O3 rhombohedral to H1-3""® and 4) 0 < x < 0.12, a
phase transformation from H1-3 to O1°""". Of particular interest has been
understanding the phase transformation from the rhombohedral to monoclinic
symmetry in Li,CoO, at x= 0.5, which has been attributed to the ordering of
lithium ions and vacancies within the layers (in-plane ordering) by X-ray
powder diffraction experiments’® and by first-principle studies™, as shown in
Figure 16.3..
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Figure 16.3. Typical voltage profiles of Li/LiyCoO, cells and the inflexion point is correlated
with order-disorder of lithium and vacancy in Li,CoO, (x= 0.5)>%.

Experimental dectron diffraction analysis® of Li,CoO, with x~ 0.5

and electron diffraction smulation of disordered LiysCoO, with space group
C2/m and ordered LipsCoO, with space group P2/m have confirmed the
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proposed in-plane lithium ordering. The in-plane ordering along the [110] fex.
and equivalent directions allows the formation of mazed crystals, and electron
diffraction patterns with appearance that resembles those of the spinel
structure can be fully explained by lithium and vacancy ordering and
coexistence of two or three variants, as shown in Figure 16.4.%". Therefore, it
is believed that electron diffraction data® do not suggest the layered to spinel
transformation in Li,CoO,, and the stability of the layered Li,CoO, upon
lithium removal is in agreement with the excellent cycling performance of
Li/LiCoO, batteries. In addition to in-plane lithium ordering, evidence of
ordering of lithium and vacancy arrangements perpendicular to the ¢ axis of
the hexagonal parent cell is adso found, which is consstent with first-
principles prediction’®.

We now compare and discuss the difference in lithium ordering
arrangements between Li,NiO, and Li,CoO, systems. The number of ordered
lithium arrangements found in Li,NiO, obtained from electron diffraction and
first-principles is significantly more than Li,CoO,. Lithium ordering occurs at
Li,CoO, with x = 0.5 and x = 1/3 where lithium ordering in Li,NiO, has been
proposed a x = 0.25, 0.4, 1/3, 0.5, 0.6 and 0.75"%. In theory, in-plane
ordering of lithium and vacancy should lead to deviation in the a/b ratio of the
rhombohedral layered structure as the el ectrostatic interactions of lithium ions
along the a and b directions are different. The deviation in the a/b ratio from
the ideal value (1.732) decreases the crysta symmetry from rhombohedral to
monoclinic, where the crystal structure can be modified by varying the a/b
ratio and/or B. It isinteresting to note that the structural changes associated
with lithium ordering a the LipsCoO, composition and in the LiNiO,
(0.50=x=<0.75) sysem are different. Changes in the a/b raio would
considerably modify the cobalt-oxygen bonds and distort the CoOg octahedra,

in Figure 16.13., image simulation via the “““ak-phas”object” approximation

indicates that resolutions higher than 1 A are needy to ,esolve individua
lithium ions in layered CoO2  matrix DDIN EN.CITE
<EndNote><Cite><Autho different  (107.89°) value from the rhombohedral
symmetry upon lithium and vacancy ordering. In contrast, the LiNiO,
(0.50 = x = 0.75) structure has a small change in f (109.75°) but a large
increase in the alb ratio (1.764) as Jahn-Teller distorted Ni** ions can
accommodate the distortion in the a and b direction upon lithium and vacancy
ordering.
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Figure 16.4. Left, three possible orientations for lithium and vacancy ordering in the lithium
layers and the monoclinic unit cell of LipsCoO, and right, an experimental diffraction pattern
along the [103]on. zone axis of the monoclinic unit cell or the [001],e zone axis of the
hexagonal unit cell, which reveded the reflections associated with lithium and vacancy
ordering from all three variants™.

16.3.3. Lithium Orderingin O2 derived Li,Co00O,

Layered O2 LiCoO, with aunique AB CB AB oxygen packing, first
reported by Delmas et al.”, is metastable to layered O3 LiCoO, with O3-type
AB CA BC oxygen packing. Recently O2 LiMO, (M = Ni, Mn, Co, etc.)
compounds have been reinvestigated for lithium rechargeable battery
applications®™® as their structural derivatives upon lithium de-intercalation
and intercaation are stable with respect b the sping-related framework.
Lithium removal from O2-LiCoO, leads to the formation of various novel
phases as shown by Xray powder diffraction, T2, T'2" and 06, which are
closely related to the O2 crystal structure®™®*%°, as shown in Figure 16.5.. Of
particular interest is the T*2-Li,CoO, phase that is stable over a large
compositional range (0.52 < x =< 0.72). The stability of this structure is not
clearly understood. The T2 structure has an orthorhombic unit cell and

space group Cmcea, for instance, ‘Lios1Co0;’ with a,,, =2.8097 A,

b, =4.8500 A, and ¢, = 9.9082 A®?. Previous studies™ have reported

that lithium ions are located on the 8e type tetrahedral sites in the T*2
structure, where two 8e sites are available per cobat ion and fewer than half
of the 8e sites are occupied by lithium ions. As simultaneous occupancy of
adjacent 8e sites is unlikely due to small site-to-site distances (1.4 A and 2.4
A), lithium ordering on the 8e sites is expected in the T*2 structure.
Nevertheless, it should be noted that the voltage-capacity profile for the entire
T*2 compositional range is relatively smooth (Figure 16.5.). The absence of
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inflexion points in the voltage profile is significantly different from lithium
and vacancy ordering at specific lithium compositionsin O3-Li,NiO, and O3
Li,CoO, systems (such as x = 0.25 and 0.33 in Figure 16.2. and x = 0.5 in
Figure 16.3.), where pronounced modification in the lithium intercalation
voltage is noted.
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Figure 16.5. Typical galvanostatic charge and discharge voltage profiles of Li/O2-Li,CoO,
cells and schematics of the O2-LiCoO, structure with both lithium and cobalt ions on the
octahedral sites, the T#2-Li,CoO, structure with cobalt ions on the octahedral sites and lithium
on the 8e tetrahedral sites and the O6-Li,CoO, structure with both lithium and cobalt ions on
the octahedral sites®.

Although no superlattice reflection is found in Xray and neutron
powder diffraction patterns of the T*2 phase, electron diffraction has revealed
evidence of several commensurate and incommensurate superstructures in the

T'2 phase®. A 2a,,X 2D, X 2Coun, @ 28,;,X By X C and

orth.

incommensurate with g = Ya(*)rth (y =0.23 and 0.36) superstructures have

been identified, which can be explained by different lithium and vacancy
ordering configurations. For instance, super reflections present haf way

between the diffraction center and the fundamental reflections in the [51 ?]onh_
and the [02 1], diffraction patterns collected from a *‘Liy;CoO,’ sample
reveal the presence of the 2a,, x 2y, X 2C_,,, superstructure and one

lithium ordering scheme is proposed to explain this superstructure, as shown
in Figure 16.6%.
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Figure 16.6. The [51 2]y and the [0271 ], diffraction patterns collected from the

“Lio7CoO, sample reveal the presence of the 2, X2b . X2¢Cy, superstructure, in
which only fundamental reflections are indexed. Lithium and vacancy ordering configurations

needed to describe the doubling of the @y, and b orth, C&ll parameters are presented. Note that
two variants are allowed as two possible orientations exist for the 8e LiO, tetrahedra. The

doubling of the c,, cell parameter results from the aternation of these variants in the

interslab space along the ¢y, axis®.

In addition to commensurate superstructures, incommensurate

periodicities, q = 0.36 a,,y, and 0.23 &, , are found in the [01 1], and
[001] o1, €lectron diffraction patterns collected from the ‘Lig 3C00," samples,
respectively, as shown in Figure 16.7.®. The presence of these
incommensurate superstructures suggests that 1) incommensurate lithium and
vacancy ordering is preferred to commensurate ordering of lithium and

vacancy in large superstructures such as 38, X0y XC and

orth.
48, X By X Cy, @nd 2) the lithium-lithium interaction can be fairly long
range, greater than 10 A, in the T*2 structure. In addition, it is of significance
to point out that the combination of transmission electron microscopy and
electron diffraction showed that two or three T2 variants could coexist in
different regions within one T2 crystal, which led to the development of a
domain (mazed) microstructure similar to what has been observed in
LiosCoO, (Figure 16.4.).
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Figure 16.7. The [0 T 1]oun and [001], €electron diffraction patterns collected from the
‘Ligg3C00, samples, where the first-order, incommensurate reflections are marked by
arows®. Two variants of the incommensurately ordered structure are highlighted in the
[001] o, €lectron diffraction pattern.

The lack of substantial peaks of ordering transitions within the single-
phase T'2-Li,CoO, domain in the differential capacity versus voltage curve
could be attributed to the presence of a large number of commensurate and
incommensurate superstructures of different chemical compositions with
similar Gibbs free energies®. The presence of many ordered phasesin the T"2
region is supported by a recent first-principles study®. It is believed that the
presence of various lithium and vacancy ordering configurations improves the
dtability of the T2 structure over a range of lithium compositions.
Nevertheless, it should be mentioned that the nature of superstructures present
and possible lithium ordering configurations in T*2-Li,CoO, were complex
and further investigations are needed.

Many fundamental questions with regard to lithium and vacancy
ordering in layered intercalation compounds remain to be answered: 1) what
are the strain and the stress concentrations in the crystals induced by lithium
and vacancy order-disorder transitions and formation of domains, and 2) how
do ordering transformations directly affect the cycling of lithium batteries.

16.4. SPATIALLY LOCALIZED PHASE TRANSTIONS

As electrons can be focused much easier than X-rays, the combination
of TEM imaging and electron diffraction can provide structura information
from regions as small as the probe size of the eectron beam, which can be
focused down to 5 nm. As electrochemical reactions occur at the interface
between the electrode materids and the electrolyte, the performance of
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lithium batteries is very senditive to any phase transformations on the surfaces
of electrode materials, in which the secondary phase often cannot be detected
by X-ray or neutron powder diffraction due to a low volume fraction in the
electrode. TEM techniques have been particularly powerful in detecting new
phases formed in lithium intercalation compounds during electrochemical
cycling as reported by Thackeray et al.***° and Dupont et al.*.

16.4.1 Jahn-Teller Induced Phase Transition in Li,[Mn,] O,

Li/Li\Mn,] O, batteries cycle poorly between 3 and 4 V plateaus, due
to the destruction of the spinel framework by a cubic-tetragonal phase
transition induced by cooperative Jahn-Teller distortion at 3 V vs. lithium®®.
Gradual loss in capacity is still observed if Li/Li,[Mn,]O, batteries are cycled
within the 4 V plateau (the cubic phase domain)**®°. It has been proposed that
the capacity loss of 4 V Li/Li,[Mn,]O, cells a room temperature is at least
partialy attributed to the formation of tetragonal Li,[Mn,]O, transformed
from cubic Li[Mn,]O, a the end of discharge®. However, the tetragonal
Lio[Mn,] O, phase is not detected by X-ray powder diffraction of the cycled
LisyMn,]O, electrodes in the 4 V range. If the cubic-tetragona transition is
localized, especialy on the surface of crystals, it can considerably affect the
reversibility of the lithium intercalation process, even though the volume
fraction of the tetragona phase is insignificant in the Li,JMn,]O, electrode.
Using high-spatial resolution TEM techniques, the presence of localized
tetragonal domains at the surface of cubic Li,[Mn,]O, spind crystas in cycled
electrodes ***° has been confirmed.

The tetragonal Li JMn,]O,
phase is present on the
cubic crystal surface.

Figure 16.8 A transmission electron microscope image of a Li,[ Mn,]O, crystal, extracted from
a Li/LiMn,]O, cell discharged to 3.3 V vs. lithium, showing a phase boundary near the
surface of the crystal marked by arrows. The electron diffraction patterns collected from the
wrfa}‘coe and the center of the crystal using a 20 nm electron beam probe are shown on the
right™.
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TEM data of a spind Li,Mn,]O, crysta, extracted from a
Li/Li]Mn,]O, cdl discharged to 3.3 V vs. lithium, are presented in Figure
16.8..The dark fringes in the image marked by arrows are associated with the
cubic and tetragonal phase boundary. The phase change across the boundary is
confirmed by electron diffraction analysis of two regions. The diffraction
pattern obtained from the crystal center (right bottom) has a four-fold
symmetry, corresponding to the cubic phase. In contrast, the pattern from the
crystal surface (right top) exhibits a two-fold symmetry, corresponding to the
tetragona phase. In addition, the absence of {220} reflections and the non-
equivalence of the (040) and (004) reflections are consistent with tetragonal
rock-sat Lip[Mn,]O,. Therefore, TEM anadyss has provided direct
experimental evidence for localized, cubic to tetragona transformation
induced by the Jahn-Teller distortion of Mn*" during cycling of 4V
Li/LiyfMn,]O, batteries. Substitution of monovalent, divalent and trivalent
ions in Li[M,Mn,.,]O, can increase the average vaence state of Mn ions,
suppress the cooperative Jahn-Teller distortion of Mn®* ions and thus the
cubic-tetragonal transition, and eventually improve the cycling performance
of 4V Li[MMn.JO, spind eectrodes®. Although TEM studies have
reveded the formation of tetragonal Li;[Mn,]O,, further research is ill
needed to corrdate this phase transformation to capacity fading of
Li/Li]Mn,]O, cels during eectrochemica cycling.

16.5. Phase Transfor mations Between 2D Layered And 3D
Spinel-Related Configurations

The layered structure and the lithiated-spinel structures have close-
packed oxygen arrays (which, in practice, usudly deviate dightly from ideal
cubic-close-packing) but differ in the arrangement of the transition metal and
lithiumions. The layered LiM O, structure has one set of unique close-packed
planes, i.e., the (001) planes, which isparale to one of four equivalent close-
packed planes of the lithiated-spinel Lib[M,]O, structure, i.e., the (111),
(111), 111 and (1 11) planes. In the lithiated-spinel Li,[M,]O,
structure, the transition metal ions are distributed between the aternate close-
packed oxygen layersin a 3:1 ratio. Therefore, if one-quarter of the transition
metal ions in the lithiated-spindl structure is transposed with one-quarter of
the lithium ions, the lithiated-spine structure is then transformed to the
layered structure.  An intermediate cation distribution occurs if these
trangtion metal ions are partialy transposed with the lithium ions. X-ray and
neutron powder diffraction patterns of layered LiMO, and lithiated-spinel
Lio[M,]O, structures (M = trangtion metal cation) often share strong
resemblance, particularly when the c/a ratio approaches 4.899, which leads to
ambiguity in identifying whether the cation configuration in lithium electrode
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materias is 2D layered or 3D spinetrelated. In the case of layered O3
LiCoO, with a c/a ratio of 4.99, it is reasonably easy to distinguish the
layered structure. It is especialy difficult to distinguish structures with cation
distributions intermediate between those of the ideal layered and ideal spined
configurations by X-ray powder diffraction. Single-crystal electron diffraction
analyses of individual crystals provide phase relationships among different
atomic planes, which can determine whether the structure is layered or spine-
related. In addition, the electron scattering intensity can be used to quantify
intermediate cation distributions in lithium transition metal oxides.
The lithiated-spinel structure can be converted to the layered structure

if the four transition metal ions on the 16d sites with coordinates (Y4, %, '4),
(44, 0, 34), (34, Y, %) and (34, O, '4), are transposed with the four lithium atoms
on the 16¢ sites with coordinates (%4, 0, '4), (4, Y, %), (%4, O, 3%) and (34, %,
14)*. An intermediate structure is produced when a fraction of these transition
metal and lithium ions are transposed and such an intermediate structure can
be determined quantitatively by examining and comparing the intensities of
four sets of the {111} planes in the lithiated-spinel structure and the (003)
planesin the layered structure.

The structure factor Fo of the (003) atomic planes in the layered
structure with space group symmetry R3 m and with a abic close-packed
oxygen array and the oxygen ions located at (0, O, 0.24) is given by:

Foo3) = 3(fy - f )+1.124 f, @

Where fy, is the scattering factor of a transtion meta ion, fo is the scattering
factor of an oxygen ion and f; is the scattering factor of alithium ion. When
considering an equivaent number of atoms in the layered structure to the
number of atoms in one unit cell of the lithiated-spinel structure and ignoring
the scattering of oxygen (1.124f, is significantly smaller than 3fy), then

Floog) =16(fy - fii) )
and the total scattering intensity of the (003) planesin the layered structureis
| 003y & 2(':(603) )2 =512 (fy - fy; ©)

In the case of an ideal lithiated-spinel Lijs[M16] O3, Structure with

space group Fd3 m the structure factor F;1;; and the total scattering
intensity I115; for the {111} atomic planes have the following relationships
(the scattering of oxygen is neglected):

Faay =8(fu - fui) (10)

L1y 8(':{111} )2 =512 (fy - fy ) (11)
These equations indicate that the total scattering intensity from the (003)
reflections in the layered structure equals that from the {111} reflections of
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the lithiated-spinel structure.

Now we consider intermediate cation distributions that deviate from
the ideal lithiated-spinel and layered configurations, which can be described
by the following formula: { (Lie-ax)16c[Liax] 160} 1ayer1{ (M 16-a5)16dl Ma] 16c}1ayer2Os2
in gind notation. When x = 0, the structure has the ideal lithiated-spinel
configuration, (Lizs)16c[M16] 16402, OF (Liz)16c[M2]16¢0s. When x =1, it has the
layered configuration, { (Lir2)16c[Lis) 16} 1ayers{ (M12)16a[ Ma] 16c}1ayer2Os2
(alternatively, in the layered notation, (Lis)sa[M3]s,Os). The magnitude of the
structure factor and the scattering intensity for the set of the {111} planes
with increasing transition metal density, e.g., the (111) reflection can be
described as afunction of x:

Fary = (8fwm +8xfy —8f —8xf|;) (12)
The magnitudes of the structure factors and the scattering intensities for each

of the other three sets of the {111} planes with decreasing transition metal
densities, can also be described as a function of x:

F(lll) = (8fM —8XfM —8f|_i +8Xf|_i) (13)
The ratio between the scattering intensities of the (111) and (11 1) planes,
denoted as m, can be related to x by the following equation:
lay (1 - x) 2
L1y 1+ x)?

Asshown in Fgure 16.10., mdecreases as x increases, i.e., where the specific
occupancies of lithium and transition metal ions in the structure vary from the
lithiated-spinel to the layered configuration.

(14)

Lithiated-spinel 0s Layered

T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10

Lithiated-Spinel X Layered

Figure 16.9. The scattering intensity ratio of the (111) and (lT 1) planes, m, decreases as the
cation distribution varies from the ideal lithiated-spinel to the ideal layered configuration®.

One can determine the values of x, the degree of cation distribution
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between the layered and the lithiated-spinel configurations, by measuring the
relative intengity ratios of the {111} reflections. The cavest to this approach is
that the dynamical diffraction conditions often encountered in transmission
electron microscopy studies would tend to reduce the intensity differences
among the {111} reflections. Taken together with the experimental fact that
variationsin the {111} scattering intensity are observed, it is apparent that the
diffraction conditions of thin crystals with dlight deviation from
the exact zone axis are consistent with the kinematical approximation. This
approach has proven particularly powerful in analyzing the structural features
of LT-LiCoO, upon heat-treatments®™* and the structural stability of layered
03 Li,MnO, during eectrochemica cycling®.

16.5.1. Intermediate Layered-Spinel Cation Configurationsin
LT-LiCoO,

LT-LiCoO, synthesized at 400 °C has been studied extensively as a
positive electrode material for lithium batteries™. X-ray powder diffraction
data and vibration spectroscopy studies have determined that LT-LiCoO, has
the lithiated-spinel Li,[Co,] O, structure (space group Fd3m)®*". LT-LiCoO,
electrodes do not perform well in lithium ells, ad there is considerable
hysteresis between the lithium de-intercalation and intercalation processes,
which contrasts with the superior electrochemica performance of electrodes

with layered O3 LiCoO, structure (space group R3m)*. In addition, the
voltage profile of Li/LT-Li,CoO, cells is considerably different from that of
Li/LiyyMn,]O, spinel cells, which calls into question the ideal lithiated-spinel
cation configuration of LT-LiCoO,. TEM analyses of LT-LiCoO, crystals
have shown that the cobalt distribution in LT-LiCoO, samples is not idedl,
and that it can be considered to be intermediate between an idea layered
(Li)s{ Co} 3,0, configuration and an ideal lithiated-spinel (Liz)16c[C02] 16404
configuration®.

Crysta morphology of LT-LiCoO, crystals and two single-crystal
electron diffraction patterns collected from two different LT-LiCoO, crystals
are shown in Figure 16.10.. TEM imaging reveals that the average crystal
sze of LT-LiCoO, is on the order of 20 nm, which supports the use of the
kinematical approximation in eectron diffraction intensity analysis. Both
diffraction patterns are indexed according to the lithiated-spinel structure with

cubic symmetry (Fd3m) aong the [10 1] direction; they cannot be indexed

consistently with trigonal symmetry (R3 m). The (111) and (111) reciproca
points in one pattern (top right of Figure 16.10.) have similar scattering
intensities with an intensity ratio of 0.95, as expected for an ideal lithiated-

spind structure. In contrast, the (111) and (111) reflections in the other
pattern (bottom left of Figure 16.10.) have significantly different scattering
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intensities with an intensity ratio of 0.25. The scattering intensity variation
observed in the {111} planes, which can be quantified digitally from the
dectron diffraction patterns, isthen used to determine X, the parameter to
describe non-ideal cation distribution intermediate between the layered and
lithiated-spinel structures based on Equations 12-14 and Figure 16.9.. There
are significantly more crystals that have a configuration closer to the lithiated-
spind structure (x < 0.5) than to the layered structure (x > 0.5) in LT-LiCoO,,
as shown in the bottom right graph of Figure 16.10.. These electron
diffraction results not only confirm that the lithiated-spinel structure is the
major phase in LT-LiCoO, products but also provide an explanation for the
previoudly reported, poor electrochemica properties of LT-LiCoO, in lithium
batteries. The mixing of cobalt and lithium ions in layered or lithiated-spinel
LiCoO, structures will restrict the two-dimensional or three-dimensional
pathways for lithium diffusion that are normaly accessible in the ided
layered and ideal spinel structures, respectively. Therefore, the poor
electrochemica behavior of Li/LT-LiCoO, cells can be attributed to the
intermediate cation distribution between the layered and the lithiated-spinel
structuresin LT-LiCoO,.

m = 0.96 anghx =0.02

E 22
¥
" Oy

|| ||
00 01 02 03 04 05 06 07 0F 04 10
Lithiated-Spingl B Layerad

Figure 16.10. A high-resolution TEM image top left) of LT-LiCoO, crystals showing the
average crystal size on the order of 20 nm, and two single-crystal electron diffraction patterns

with dissimilar scattering intensity ratios of the (111) and (1 1 1) planes®™. The number of
crystals analyzed in the LT -LiCoO, sampleis plotted as a function of x (bottom right).
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16.5.2. Layered to Spinel Transformation in Cycled LixMnO;

Extensive research efforts have been focused on developing layered
O3 LiMnO,, isostructural to layered O3 LiCoO, in order to reduce the cost
and improve the safety aspects of positive electrode materials in lithium
batteries”**. The voltage profile of Li/Li,MnO, cells is modified considerably
upon the first intercalation process and subsequent voltage profiles of cycled
Li/Li,MnO, cdls resemble those of the layered and the spind compounds®. It
is believed that some Mn ions in the MnO, dabs migrate into the lithium
plane during lithium de-intercalation, resulting in localized, spinel-type cation
arrangements. However, similarities between the Xray powder diffraction
patterns of the lithium-spinel Li;[Mn,]O, and layered Li,MnO, phases lead to
ambiguities in understanding phase transformations underwent in Li,MnO,
electrodes, which prevents confirmation of the spinektype configuration with
certainty. The cmbination of high-resolution lattice imaging and electron
diffraction”* has revealed the formation of localized, spinel domains in the
cycled Li,MnOs,.

A typical high resolution TEM image and the corresponding electron
diffraction pattern of one as-prepared LiIMnO, crysta and a randomly
selected crysta in the LipsMnO, electrode obtained after one charge and one
partial discharge are compared in Figure 16.12.. It should be pointed out that
two sets of lattice fringes and the corresponding reflections (right of Figure
16.11.) indicate the presence of two sets of close-packed planes in the
Li,MnO, structure in contrast to one allowed in the layered LiMnO, structure
(left of Figure 16.11.). The occurrence of more than one set of close-packed
Mn planes corresponds to the presence of the spinektype configuration. As
some manganese ions have migrated into lithium planes during lithium de-
intercalation and are trapped in the lithium layers upon lithium re-
intercalation, localized cation distributions resemble that of the spinel. In
addition, it can be argued that the non-equivalent scattering intensity of the
{111} reflections of the spinektype structure in the Li,MnO, sample can be
attributed to a non-uniform cation distribution within individua Li,MnO,
crystals with discrete domains, where each domain has a cation distribution of
either the layered or the spinettype configuration. The averaged cation
distribution over each crystal can be regarded as being intermediate between
that of the layered and the lithiated-spinel structures, which can be quantified
according to Equation 12-14 and Figure 16.9.. Therefore, the combination of
high-resolution TEM imaging and electron diffraction has clearly revealed the
structural instability of the layered Li,MnO, structure and provided direct
evidence of spinettype atomic arrangements in cycled Li,MnO, electrode
materials. Furthermore, Chiang et al.** have proposed the formation of
antiphase boundaries upon transformation from layered LiMnO, to the spinel
configuration during electrochemica cycling. Further high-resolution TEM
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imaging and theoretical calculations are needed to verify the presenceand the
energetics of nanometer-scale antiphase domains in lithium transition metal
oxides.

Figure 16.11. Left: A typica high-resolution TEM micrograph and the corresponding electron
diffraction pattern {[1T 0]jayered ZONe axis}of layered LiMNO, crystals and Right: A high-

resolution TEM image and the corresponding electron diffraction pattern {[OT 1] spines ZONE
axis} of a randomly selected crystal in the LigsMnO, electrode after one charge and one partial
discharge?.

16.6. PERSPECTIVES

Conventional TEM imaging and electron diffraction studies of lithium
battery materials have been invaluable in revealing phase transformations that
occur in lithium battery materials during lithium de-intercalation or
intercalation. The information has led to improved understanding of structure-
property relationships of lithium intercalation compounds and optimization of
battery performance through design of new eectrode materials. Here we
discuss several recently developed TEM techniques that can be used to further
improve our fundamental understanding of lithium intercalation compounds in
lithium batteries.

16.6.1. High-Resolution TEM Imaging and Simulation

Although X-ray and neutron powder diffraction techniques are
insengitive to lithium ion arrangements, columns of lithium in host structures
can potentially be imaged (along with the columns of other atoms present) by
making use of their interactions with an electron beam in the high-resolution
TEM (HRTEM). The results of the electrons' interaction with the lithium
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transition metal oxide lattice are encoded on the emergent electron wave as
changes in the phase (and, to a lesser extent, the amplitude) of the original

incident electron wave. The phase of this exit-surface wave (ESW) is a
function of the oxide potential projected in the direction of the incident

electron bean™. In the HRTEM, the ESW phase is imaged with an objective
lens that imposes additiona phase changes due to aberrations such as defect
of focus (defocus) and spherica aberration. Focal-series reconstruction
(FSR) of the ESW from a series of images obtained over a range of defocus
values™ can mitigate the effects of spherical aberration, and move beyond the
native resolution of a TEM to its information limit®. This method has
achieved resolution of oxygen atoms in staurolite’® and BaTiO5'%", and
recently it has been used to successfully image and resolve individual lithium
ionsin layered O3 LiCoO..

As shown in Figure 16.13., image smulation via the “weak-phase-
object” approximation indicates that resolutions higher than 1 A are needed to
resolve individua lithium ions in layered CoO, matrix*°. The ESW phase
image reconstructed from experimental images of a thin edge of a LiCoO,
crystal along the [110] zone axis shows al three types of atoms in LiCoO,
(Figure 16.13,, right a)*°. Comparison with a smulated ESW phase image
based on a crystal model of 17 unit cells thick (48 A) at 0.9 A resolution
(Figure 16.13., right b), reveals that all the atom peaks have the characteristics
predicted by the simulations. The O-Co-O units can clearly be distinguished
in the experimental image, with each fuzzy cobalt peak flanked by a pair of
bright oxygen atoms, and the weak spots lying between them can be
identified as the electron scattering intensities of the lithium ions (arrowed).
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Figure 16.13. Left: Simulated Images of LiCoO, in the [110] zone axis under thin-crystal
(“weak-phase-object”) conditions for increasing resolution (marked) show that atoms of cobalt
should be visible at 2 A resolution, oxygen at 1.4 A, and lithium at 1 A. Right: Experimental
imagng of Li columns confirmed by simulation a) LiCoO, ESW-phase image, reconstructed
from 20 experimental images, shows lithium ions in rows (arrowed) between O-Co-O groups.
b) ESW-phase simulation for 48 A thickness and 0.9 A resolution®.
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Studies with such atomic details can provide knowledge of the
distribution of vacancies and light atoms such as lithium and oxygen in
lithium trangition metal oxides, which is invaluable to engineering of lithium
storage materials.

16.6.2. EELS Analysisand Imaging

Much attention has been focused on characterizing localized atomic
arrangements and phase transformations by electron diffraction and imaging
techniques. It is adso important to analyze the chemical and electronic
properties of lithium battery materials upon lithium intercaation or de-
intercalation. Although high-resolution images are sensitive to differences in
structural factors, the combined effect of differences in structural factors and
deviation from the exact Bragg condition leads to ambiguity in reveding
differences in local chemical compositions from TEM images. EELS could
provide quantitative information on light elements such as lithium and
oxygen, and determine the valence states of transition metal and oxygen ions
in lithium transition metal oxides. Recently Graetz et a.**" have used EELS
analyses to study and confirm charge compensation mechanisms in layered
LixCoO, and LixNipsC0oy,0, upon lithium de-intercalation, which has been
previougly predicted from first-principle studies’®®. In addition, imaging with
EELS can provide information about how different ions are distributed in
lithium transition metal oxides on the nanometer-scale. Combined information
on the chemistry, structure and electronic properties of locdized domains in
lithium battery materials will enable us to optimize and advance lithium
battery performance

16.6.3. In-Situ TEM imaging

One way that offers the possibility of overcoming material stability
and handling limitations of TEM sample preparation is to develop in-situ
TEM characterization and observe the phase transformations in electrode
materials in an eectrochemica cell in-situ. The in-gtu cell could be built
containing solid or liquid eectrolytes. The difficulties in design of in-situ
electrochemica cells reside in the facts that the whole cell has to be thin
enough to be electron transparent and hermetically sealed. Ross recently
reported a preliminary design of aliquid in-situ cell to study the el ectroplating
process, which is a critical step in integrated circuit fabrication'®. Although it
was found too thick to be electron transparent, it held promise for rea-time
studies of electrochemical systems. More importantly, in-situ characterization
would offer an effective route to study many interfacial phenomena between
the electrode and eectrolyte, and provide directions to improve the safety and
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storage aspects of battery systems. Interfacia reactions may include the
formation of the solid electrolyte interface on the negative and/or positive
electrode before electrochemical reactions, the chemica stability of electrode
materials at the electrolyte-electrode interface during electrochemical
reactions and storage, etc. At present, these interfacial reactions are not well
studied nor clearly understood. Observations in-situ before, during and after
electrochemical reactions would provide information essential to better
understanding of these phenomena.
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