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ABSTRACT: The evolution of interface between the epitaxial thin film
LiCoO, (LCO) electrode and liquid electrolyte and inside the LCO film during
electrochemical cycling has been analyzed by high resolution scanning
transmission electron microscopy. Relaxation of sharp translational domain
boundaries with mismatched layers of CoO, octahedra occurs during cycling
and results in formation of continuous CoO, layers across the boundaries. The
original trigonal layered structure of LiCoO, tends to change into a spinel
structure at the electrode/electrolyte interface after significant extraction of Li
from LCO. This change is more pronounced at 4.2 V peak of CV, indicating
lower stability of the layered LCO structure near its surface after Li is extracted
above 60%. The transformed structure is identified to be close to Co;0,, with
Co both on tetrahedral and octahedral sites, rather than to LiCo,0, as it was
suggested in earlier publications. Electron energy-loss spectroscopy measure-
ments also show that Co ions oxidation state is reduced to mixed valence state

Co?*/Co® during the structure changes to spinel rather than oxidized.
KEYWORDS: structural evolution, LiCoO,, epitaxial thin films, electrochemical cycling, STEM

B INTRODUCTION

Lithium-ion batteries (LIBs) are widely used in variety of
mobile devices (cellular phones, personal computer, and digital
cameras) and recently in hybrid and fully electric (e.g., Tesla,
Chevrolet Volt) vehicles. LIBs have great success in being an
essential part in different technologies; however, because of the
batteries” flammable liquid electrolytes, there are still issues of
safety and longevity/reliability in severe operating conditions. A
promising solution is replacing the flammable liquid electrolyte
with inorganic Li-ion conducting solids, thus switching to all-
solid-state LIBs."” One type of such batteries is a multilayer
stack comprising a positive electrode, an electrolyte, and a
negative electrode, all in solid state thin-film form; the solid—
solid interfaces between electrodes and electrolyte, as well as
microstructure inside each component, are expected to strongly
affect the battery performance.” Despite clear technological
importance of the all-solid-state LIBs, there are only limited
studies focused on the issues of internal interfaces in these
batteries.*”® Although this paper deals with processes occurring
in positive electrode/liquid electrolyte interfaces, studying
growth and electrochemistry of a thin film positive electrode
is a part of our broader study of all-solid-state thin film-based
batteries.

Thin-film metal oxides have been demonstrated for myriad
applications including electrode for LIB,”® UV photodetec-
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tors,”'® and gas sensors.'' Among them, LiCoO, (LCO)
material has been extensively studied as a positive electrode for
LIBs, but its local structure change during or after electro-
chemical cycles, especially at the electrode/electrolyte inter-
faces, is still not fully understood.'” Advanced transmission
electron microscopy (TEM) is capable of providing the most
informative insight into crystal structure and defects, chemical
composition, and the electronic states of transition metals on
atomic scale,"”~"” the insight essential for understanding the
electrode/electrolyte interface behaviors. Most of the TEM
studies on the LCO materials were on positive electrodes
prepared by mixing LCO powders with the carbon black
conductor and binders."®"” For TEM observations of different
stages of electrochemical cycling, the electrodes were
disassembled, washed out, separated from the binder and
conductor, and then LCO powder was crashed and collected on
a TEM grid for studies.”® This procedure contributes
uncertainties on what the studied particle’s surface represents,
either the one that was in direct interaction with electrolyte, or
the one in contact with other components of constituted a
positive electrode. For example, the cathode material particles
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studied by Wang et al”' were found to be altered
inhomogeneously, but the distribution of those particles was
lost during the TEM sample preparation process, and no direct
evidence could be provided to illustrate why some particles
were altered significantly more than others.

To investigate binder/conductor-free positive electrode for
the structural changes (especially at the interfaces) during
cycling, it was proposed to investigate positive electrodes in a
form of epitaxial films.”® Epitaxial growth of LCO films on
SrTiO; (STO) substrates of different orientations by Pulsed
Laser Deposition (PLD) will expose various crystallographic
orientations; the approach has drawn significant attention
recently, mostly for the film-based all-solid Li-ion batteries.””**
In our recent work, we studied LCO films PLD deposited on
SrRuO,/SrTiO; (SRO/STO) substrates of different STO
orientations (films of perovskite SRO grown on perovskite
STO substrates are in cube-on-cube orientations); the work has
demonstrated that using SRO enables successful electro-
chemical testing and supports epitaxial deposition.”* The
epitaxial growth nicely controls the crystal orientation of the
anisotropic trigonal LCO films, thus controling a Li-ion
migration path. In previous work, we demonstrated that charge
transfer resistance could be strongly influenced by the
orientation and growth mode of LCO thin films.**

The focus of this work is on investigation of structural
changes occurring at different stages of charge/discharge
process for the LCO films deposited on (111) STO. Although
LCO has been studied extensively, it was selected for this work
as a model system for better understanding the possible
advantages of using epitaxial thin films as binder/conductor-
free electrodes, with intention further to apply the approach to
studying advanced cathode materials. The TEM in this work
demonstrates the dependence of structural surface evolution at
different stages of cycling as well as the role of crystallographic
orientation of different facets. Additional study of the films
deposited on the (100) STO substrate (results presented in the
Supporting Information) supports the major observations. By
experimenting with the LCO cathode, we also demonstrate that
the epitaxial thin films can be useful to observe and study
crystallographic interfaces between the single crystal-like
positive electrode and liquid electrolyte at different stages of
electrochemical cycling by high-resolution TEM. The approach
overcomes certain ambiguities that present in studying positive
electrodes made from powders mixed with binders and
conductors. We believe that the same approach can be useful
in understanding structural changes occurring in advanced Li-
ion and Na-ion positive electrode materials.

B EXPERIMENTAL SECTION

SRO (electrical conductive layer) and LCO thin films were deposited
sequentially on STO (111) substrates (square shape, approximately
0.5 cm X 0.5 cm) using PLD. SRO was deposited at 650 °C and LCO
deposited at 600 °C temperature of the substrate, 27 Pa oxygen
pressure, and a KrF laser (wavelength 248 nm). Extra lithium
containing Li; ,CoO, ceramic pellet from Toshima Co. (Certain
commercial equipment, instruments, or materials are identified in this
document. Such identification does not imply recommendation or
endorsement by the National Institute of Standards and Technology,
nor does it imply that the products identified are necessarily the best
available for the purpose.) was employed for all the depositions. The
laser repetition rate was 10 Hz, and the laser energy was 100 m]J per
pulse. The STO substrates were cleaned with acetone and ethanol for
10 min each in a sonicator. All the substrates were thoroughly dried
with nitrogen before they were introduced into the deposition
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chamber, which was initially evacuated to a base pressure of ~5 X 107*
Pa. LCO and SRO targets (2.54 cm diameter) were placed on a target
holder, which is placed at a distance of 6.8 cm from the substrate.
Before each deposition, the targets were presputtered for 5 min to
eliminate the impurities on the surface.

Cyclic voltammetry (CV) was carried out with a three-electrode
cell, in which Li metal served as counter and reference electrodes.
Working electrode LCO/SRO/STO area was determined by Viton O-
ring, which was 0.13 cm?. Electric contact between current collector
and the sample was obtained with Ag paste or carbon paste. Electrolyte
was 1 mol dm™ LiClO,/propylene carbonate (PC) (BASF, battery
grade), and the sweep rate was 0.1 mV/s. The commercially popular
LiPF, electrolyte is avoided here due to its potential chemical reaction
with LCO.**™*7 Our experiments also show that the capacity decrease
with LiPFy as electrolyte is much faster than that with LiClO, (Figure
S6). Electrochemical measurement was carried out with BioLogic VSP-
300 in an Ar-filled glovebox set for 30 °C. All the potentials refer to
Li/Li". To verify that the sweep rate is slow enough for LCO film to
reach equilibrium state at each extraction voltage, the half-cells were
disassembled when extraction voltages reached 3.94 V either
immediately or held for 8, 100, or 140 h. TEM results do not show
obvious difference for those samples (Figure S1), which testifies that
the selected sweep rate is slow enough for homogeneous Li extractions
from the LCO film. Thus, most cells were disassembled immediately
after electrochemical experiments for the TEM study; all the samples
were washed with dimethyl carbonate (BASF, battery grade) and
sealed in an Ar atmosphere for a protection during sample transfer.

Electron-transparent cross-sectional TEM lamellae were prepared
by a focus ion beam (FEI Nova 600 NanoLab). Carbon and Pt were
coated on the LCO film surface in advance to protect it against ion
damage. The lamellae were milled and cleaned by Ga ions to typically
50 nm in thickness for good electron transparency. High angle annular
dark field-scanning transmission electron microscopy (HAADF-
STEM) investigation was performed on the prepared lamellae using
a probe-corrected FEI Titan 80—300 microscope operating at 300 kV.
The probe is typically corrected to provide a spatial resolution of 0.1
nm. The probe convergence angle is 24 mrad, and the HAADF inner
and outer collection angles are 70 and 400 mrad, respectively. Electron
energy-loss spectroscopy (EELS) spectrum was acquired in STEM
mode by GIF Tridium with quasi-simultaneous acquisition of low-loss
and Ti-L core-loss edge for its precise peak position. A 0.05 eV/
channel dispersion was applied, which provided an energy resolution
of 0.7 eV by full-width of half-maximum (fwhm) of a zero loss peak.

B RESULTS AND DISCUSSION

Figure 1 shows cyclic voltammograms (up to 12 cycles)
measured for the LCO/SRO/STO (111) film. Broad and low
oxidation peak around 3.8 V is attributed to the oxidation of
electrolyte.”® In the first cycle, the largest redox couple is
observed around 3.90 V, and two small redox couples are
observed around 4.05 and 4.15 V; according to the literature,
these peaks are attributed to phase transformations typical for
the layered LCO." The initial appearance of 4.05 and 4.15 V
peaks indicates that the film was initially structurally uniform;
however, these peaks are not observed clearly in the later cycles,
which can be interpreted as less clear phase transitions between
the tri%onal LiCoO, and monoclinic Li,CoO, (x = 0.5)
phases.” As the cycle number increases, redox peaks at the 3.90
V redox peaks also become lower and wider after a few cycles,
which can also be interpreted as less clear phase transitions.
The similar electrochemical behavior was also observed for the
LCO/SRO/STO (100) (Figure S2a). Note that according to
TEM, the LCO/SRO interface after 12 cycles remained intact,
thus the broadening and shift of peaks are not due to the
changes in electric contact at LCO/SRO interface and should
be attributed entirely to the changes occurring in the LCO film.
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Figure 1. Cyclic voltammograms of LCO/SRO/STO (111) for
different number of cycles. Note that with increasing number of cycles,
the peaks become less prominent, and the approximately 3.9 V peak
systematically moves to lower voltage.

Cathodic capacity decreases gradually as cycle number
increases; after 12 cycles, it is 18% less than for the first
cycle. A couple of possible explanations for the observed
decrease in cathodic capacity could be offered: (1) the buildup
of a surface film at the electrolyte/LCO interface from
oxidation of eIectroly‘ce;28 (2) spinel phase formation at a
surface of LCO,***” which loses its capacity and restricts the Li
ion movement from the interior of the LCO film.*” The
hypothesis of the spinel formation at the surface is also
supported by the increase of Li* transfer resistance at 4.2 V as a
cycle number increases, as measured by impedance spectros-
copy (Figure S3). Along with the increase of over potential
after first five cycles, these measurements indicate the
modifications of a crystal structure of the LCO film. It is
interesting to note that the peaks’ decay can be restored to a
certain extent by annealing the samples at 550 °C in air (Figure
S2b). This observation suggests that the structure modification
induced by cycling and discussed below can be restored to the
original trigonal LCO structure.

Note that the capacity decrease is faster than that for
commercial batteries. One of the reasons is due to the fact that
the commercial batteries are built of composite electrodes

(mixture of active material with carbon and polymers as
binder);*” in our system, single-crystal-like epitaxial thin films
are employed. Delithiation/lithiation reaction of LCO comes
along with the lattice expansion/shrinking,”" and in the case of
composite electrodes, polymers serve to keep an LCO
electrode intact even after developing crack due to the lattice
deformation.”’ Our binder free, thin films cannot recover once
the cracks form, which makes these electrodes vulnerable to
physical stress during CV, and accordingly the cycle ability of
the epitaxial LCO is not good compared to commercialized
batteries. However, it is of minor importance considering that
the major goal of our study is observing detailed structural
evolution.

A cross-section of a pristine sample in Figure 2, panel a
shows that the film has almost uniform thickness, but its top
surface has facets; overall, the top surface consists of (001) and
{104} crystallographic facets of the trigonal layered LCO. The
horizontal surface is the (001) plane dictated by the growth
direction and orientation relationship, whereas the inclined
facets are the {104} lowest energy surfaces.””** A high-
resolution image of the LCO/SRO interface in Figure 2, panel
b indicates that the LCO grows epitaxially on top of SRO
without defects, and the SRO conductive layer perfectly
transfers the crystal orientation of the STO substrate to the
LCO layer. HAADF-STEM image of LCO shows only columns
of high-Z (namely Co ions in this case),”*** which fit perfectly
to the expected trigonal layered LCO. The model shown in
Figure 2, panel ¢ demonstrated how the LCO layer grows on
SRO by maintaining the -ABC- oxygen ions sequence at the
interface. The LCO (001) plane is parallel to the film surface by
the nature of epitaxial growth on SRO (111). Since it has been
previously demonstrated that Li ions during electrochemical
cycling diffuse much more efficient along the 001 planes,”**
for this film configuration, the Li ions’ transfer from the
electrode to electrolyte is expected mostly through the {104}
planes rather than across the (001) plane.

Although the entire LCO film adopted the same orientation
of LCO (001)//SRO (111) from the STO substrate, by the
nature of island growth and not perfect atomic flatness of a
SRO surface, the film consists of rotational (60° rotation
around [001];co) and translational domains shifted in
[001],co by one or more atomic planes. Boundaries between
such translational domains are observed in Figure 3, panel a as
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Figure 2. (a) HAADF-STEM overview showing epitaxial LCO film with growth facets. (b) The atomic resolved STEM image at the LCO/SRO
interface supporting epitaxial relationship. (c) Structure model of the LCO/SRO interfaces.

6729

DOI: 10.1021/acsami.5b12025
ACS Appl. Mater. Interfaces 2016, 8, 6727—6735



ACS Applied Materials & Interfaces

Figure 3. (a) Sharp domain boundary of the pristine sample. (b) Twisted Co plane on the film surface after electrochemical cycles. (c) The plane is
severely twisted on the surface of the film, but the central part remains intact. (d) A crystal model illustrates the twisted plane structure.
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Figure 4. Projection of Co columns for (a) LT-LCO spinel in [1—10] direction; (b) layered trigonal HT-LCO in [010]; (c) Liy sCoO, spinel in [1—
10]; (d) Co;0, binary spinel in [1—10].

sharp and flat. In Figure 3, panel a, Co planes in the left domain move across the films. Thus, Li ions can be extracted along
are a continuation of Li planes in the right domain; however, those domain boundaries and leave a large amount of Li
the oxygen sublattice is common for both domains. Significant vacancies behind along the boundary.*® The oxygen sublattice
changes to the translational domains occur after a full will also slightly expand due to less Coulomb force attraction.
electrochemical cycle: the sharp domain interfaces are less Apparently this process creates conditions to minimize the
frequently observed and instead the translation domain interfacial energy by forming continuity of the Co plane; thus,
boundaries show deviation of the Co planes from initial adjustment of O and Co positions occurring near the boundary
(001) (o, as shown in Figure 3, panel b. Those kinks provide forms the observed kinks and inclined twists between the
gradual continuation of the Co planes between the shifted domains, as shown in Figure 3, panel d. Overall, continuous
domains. Those bent planes are more often seen close to the cycling is contributing to higher density of the kinks. This is
film’s surface, while inside the LCO film, sharp translational supported by the increased diffusion coefficient at single-grain
boundaries can still be observed (Figure 3c). The observation boundaries or defect regions as observed by atomic force
suggests that the translation domains boundaries were altered microscopy>® as well as by theoretical calculation.’®
during the electrochemical experiment and from the changes During electrochemical cycling of the films, the charging/
initiated from the film’s surface contacting the electrolyte. The discharging was stopped at the voltages of characteristic redox
translational boundaries, by the presence of domains defects/ peaks of the cyclic voltammogram (Figure 1). Then the films
vacancies, most probably provide sufficient diffusivity of Li to were removed from the electrolyte and carefully washed; a
6730 DOI: 10.1021/acsami.5b12025
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Figure 5. (a) The atomic resolved HAADF-STEM images at (a) 3.94 V, (b) 4.2V, (c) 3.94 V (reduction), and (d) 3.2 V. The images show the

cation rearrangement mainly at the film surface.

TEM lamella was extracted from the samples by FIB. HAADF-
STEM shows that the studied films at different stages of
charging have the structure in its majority similar, which is
indicating that the LCO crystal structure is preserved during
the cycles. However, the pronounced feature was the
observation of structural changes near the film’s surface
contacting electrolyte directly. Since the features suggest spinel
structures, we will first consider the known spinel LCO
structures and their structural projections relevant to the
analysis of TEM images presented below.

The spinel structure was first reported for LT-LCO, the
LiCoO, phase synthesized at lower (<400 C) temper-
atures.”’ ™’ The structure, called “quasi-spinel” in ref 38, has
Fd3m space group of spinel, however different from known
spinel in its stoichiometry and presence of Co or Li at their
tetrahedral sites. Figure 4, panel a shows projection of the LT-
LCO structure in [1—10] cubic direction; it is compared with
the trigonal R3m layered high-temperature HT-LCO, Figure 4,
panel b. In these structural projections, only columns of Co
ions are shown, which is relevant for the analysis of HAADF-
STEM images that are sensitive to high-Z columns of atoms;
the circles representing columns have two colors according to
the density of Co along the projection: darker for higher
density, 1 Co/2.9 A, and lighter for twice lower density, 1 Co/
5.8 A. Brightness of the spots visible in HAADF-STEM images
and representing atomic columns will be according to these
densities. Thus, for the LT-LCO, the strong spots form a
rhombus, as shown in Figure 4, panel a, with the weaker spots
in the middle of the rhombus sides, whereas for the trigonal
HT-LCO, all spots are of equal intensity and position along a
similar rhombus, as shown in Figure 4, panel b. In Figure 4,
panel ¢, a projection of the delithiated Liy5CoO, is shown; the
projection is the same as for the LT-LCO, although the
structures differ. For the LT-LCO, both Co and Li are in
octahedral positions, with alternating 2CoLi and Co2Li ordered
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layers, whereas for LiysCoO,, Li is in tetrahedral A positions of
AB,O, spinel. Figure 4, panel d shows a projection of the binary
spinel Co;0,; in this structure, one Co is in tetrahedral sites.
Because of the tetrahedral sites, in addition to the arrangement
of rhombus similar to other LCO spinel structures, there is the
presence of columns inside the rhombus that form a zigzag
appearance. Note that all three spinel structures, LT-LCO,
Liy sC00,, and Co;0,, will yield similar electron diffractions;
thus, it is difficult to differentiate between the phases without
structural imaging.

Figure S, panel a shows TEM results for the sample stopped
at 3.94 V (see Figure 1), just after the prominent peak (fast Li
extraction) was reached. Assuming uniform Li extraction from
the LCO film, this stage corresponds to ~20% of Li extraction.
The HAADF-STEM image shows arrangement of Co columns
inside the LCO film according to the trigonal LCO structure in
[010] zone axis (see Figure 4b); the rows of bright spots are
layers of Co, and space between the layers corresponds to Li
layers (invisible). According to the literature,®’ the LCO at this
stage of Li extraction changes to a monoclinic structure;
projection of Co for the monoclinic structure has almost the
same arrangement as the triclinic LCO. Near the film’s surface,
especially at the LCO {104} facets, bright spots located within
the Li layers are visible; since Li is not visible in the used
imaging condition, the observation suggests presence of Co
ions that occupy Li vacancies formed during Li extraction
during the cycling. Such presence of Li/Co in the Li layers is
mainly observed for the {104} facets due to the fact that these
facets have open channels for Li extraction. Such presence of
transition metal cations in Li layers near a surface was also
previously observed in the cycled Li; ,Niy,Mn, 0,.*"*!

Figure 5, panel b shows the sample stopped at 4.2 V during
its discharge; according to CV, approximately 60% of Li have
been extracted at this stage. It is already an extreme condition
close to loss of stability of the layered LCO structure.*”** Near

DOI: 10.1021/acsami.5b12025
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Figure 6. Different stages of the structure changes from the initial layer structure to the spinel structure from the sample stopped at 4.2 V in a cycle.
(a) The initial state showing the rearrangement of tetrahedral site. (b) Later stage shows the rhombus pattern. (c) The final state of a perfect spinel
structure on the left side, while the right site is still layered structure. (d) Core-loss EELS on the Co-L, ; edge shows that the Co ions in the spinel
structure have its oxidation state lower than original 3+ in the layer structure (red, spectrum from the transformed spinel region; blue, spectrum from

the intact triclinic LCO area).

the film’s surface, especially for the {104} facets, the intensity
contrast is noticeably different from the film’s interior; it is very
clear that Co ions are also present in the Li layer. The Co-
related strong spots form a rhombus pattern (indicated as a
green rhombus in Figure Sb), with weaker spots in the middle
of rhombus sides. The observed arrangement of spots suggests
long-range order structure, thus the local phase transition to a
new phase. The observed positions of spots and their intensities
would fit either LT- LiCoO, or LiyCoO, spinel structures, as
[1—10] projections in Figure 4, panels a and ¢, respectively,
suggest. Considering the 60% extraction of Li at that state, the
observed distribution of intensities would rather correspond to
the spinel LipsCoO, with Li (not visible) in tetrahedral
positions. Figure 5, panel ¢ shows the sample stopped at 3.94 V
but during the reduction (lithiation) part of the cycling. The
rhombus arrangements can be seen only occasionally in some
areas, certainly not as pronounced as at 4.2 V in Figure S, panel
b. The structure is predominantly trigonal (Figure 4b) with
only minor presence of the spinel-like order. This structural
observation supports the reversibility of the charge/discharge
process measured by electrochemistry; it is expected that at the
same potential the structural state of the samples should be the
same or similar for close to the equilibrium slow rate cycling.
Figure S, panel d shows an image of the sample that was
brought back to the open circuit voltage at 3.2 V. The image
shows the film has entirely the trigonal layered phase, same as
in its initial condition. Only near the film’s surface
(approximately 1 nm from the surface), the presence of weak
bright spots in the Li layer (indicated by red arrows in the
figure) suggests the remnant presence of Co partially
substituting Li. Nevertheless, overall the Co cations moved
back to its original positions in the Co layer after a cycle was
completed.

Figure 6 shows images that help us to understand in more
detail the structural changes occurring at 4.2 V stage. Figure 6,
panel a shows a 1 nm thick (001) surface layer, where some
bright spots can be seen within the Li layers, which indicate the

6732

presence of some Co atoms in the Li layers. A closer look
shows that these Co atoms do not line up but rather form a
zigzag alignment (indicated by red cycles). This observation
suggests that those Co atoms are actually occupying not
octahedral Li positions of the trigonal phase but rather at
tetrahedral sites characteristic for a spinel structure (more clear
in Figure 6¢). Also note that the structural pattern along the
(001) plane is still not established, which indicates that this is
an early stage of the structural change. Figure 6, panel b shows
an established pattern of rhombuses near the film’s {104}
surface. In some regions (indicated by a green rhombus), the
rhombus pattern has distribution of intensities and position of
spots that correspond to the spinel Liy CoO, structure (Figure
4b). However, in the areas close to the surface, the rhombus
patterns have two bright spots inside (see red rhombus,
corresponding to Figure 4d), which clearly indicate variations in
a local structure. The prominent structural change is clearly
seen in the region shown in Figure 6, panel c. On the left part
of the image, the whole region has been interpreted as having a
spinel Co;0, structure, whereas the right side the crystal
remains in its original layered structure. Positions of zigzagging
spots within the Li layer and alternation of intensity of spots in
Co layer correspond well to the positions of Co columns in
[1—10]-oriented Co0;0, (or more conservatively (Co,Li)-
Co,0,) as shown in Figure 4, panel d. The crystal planes
between the regions of spinel and layered structure are
continuous, thus suggesting the common for both structures
an oxygen ccp-like sublattice; thus, the structural changes occur
gradually by chemical reordering of Co on the same oxygen
framework and cause minimum strain.

Significant structural transformations were observed on the
LCO/SRO/STO(100) samples after being charge—discharged
over 30 cycles (Figure S4). The 10 nm thick surface layer of
LCO has mostly transformed to the spinel structure identifiable
by rhombus patterns (Figure S4b). Furthermore, there are two
types of rhombus patterns, which differ by the presence of
bright spots inside the rhombuses (Figure S4c): (1) at a few

DOI: 10.1021/acsami.5b12025
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atomic layers from the film’s surface, the rhombus pattern does
not have the bright spots inside (marked as a blue rhombus
with circles); (2) a few nanometers below the surface, each
rhombus pattern (red rhombus) has two bright spots inside.
This observation suggests that light Li atoms or no atom
present at the tetrahedral sites at the film surface but at the
areas below the surface Co atoms do considerably occupy the
tetrahedral sites.

The structural change during cycling from the trigonal LCO
to the spinel has been suggested previously based on electron
diffraction; however, high-resolution imaging and structural
details were missing.”"”*' Our finding is in agreement with the
observations that “the structure changes first at the surface of
crystals but eventually extends throughout some crystals”.*’
Gabrisch et al. have interpreted their diffraction results (lattice
parameter and symmetry) as fitting well to the delithiated
spinel Li;,,Co,0, with Li at the tetrahedral positions.”” On the
basis of electron diffraction and modeling, Wang et al. also
su%%ested that the spinel has its tetrahedral sites occupied by
Li.”" However, our high-resolution STEM imaging results offer
a new insight into structural details of the transformed spinel
structures that were not available from the cited above electron
diffraction studies. We have directly imaged two types of spinel
structures: (1) one type without Co on tetrahedral sites (blue
thombus in Figure S4c) having spinel Li,Co,0, with Li at the
tetrahedral site; and (2) another type with Co on the
tetrahedral sites (red rhombus) that matches either spinel
Co0,0, or (Li,Co)Co0,0, structures, which is also observed in
the samples stopped at 4.2 V during charge/discharge cycles
(Figure 6).

This imaging-based supposition is also strongly supported by
EELS measurements from the areas that have structural images
of spinel, which is able to identify oxidation state of transition
metals.">** The Co-L,; core-loss edge from those spinel areas
(marked by red rhombus) shows a lower onset than that from
the areas of the layered structure, indicating that the oxidation
state of Co is lower than 3+ of delithiated LiCoO, (Figure 6d).
It also rules out the possibility of LiCo,0O, structure, which has
3.5+ for Co in octahedral B-position in the area. This indicates
that Co in A-site is in fact reduced to 2+ during formation of
the spinel rather than oxidized.*”'” Previously, Takamatsu et al.
studied the surface of the LiCoO, electrode that is in contact
with organic electrolyte solutions and its bulk embedded inside
the electrode by XPS. They revealed that the surface went
through a completely different reaction process than the bulk.
The surface was irreversibly reduced to Co?*/Co*, but the bulk
was reversibly oxidized to Co*" in the charge/discharge process.
They proposed a hypothesis that the surfaces form Co;0, or
other species during charging and subsequently cannot be
reduced during discharging.*’ Here, we directly observed the
significant presence of Co;0,-like phase concentrated on the
LCO film surfaces, which strongly supports this hypothesis.
The Co reduction occurring at the surface of LCO electrode
can be the initial deterioration of LIBs that gradually propagates
inside the LCO films with cycling and leads to capacity losses of
the battery. In support of our observations, the defective spinel
structure was also observed on surfaces of Li;,Niy,Mn,0,
particles by Carroll et al.*® Also, Qian et al.** have
demonstrated significant changes in a shape of oxygen K
edge from areas with transformed spinel structure, which
indicates dramatic bonding changes between oxygen and
cations leading to oxidation state change. It agrees with our
observation of oxidation state changes of Co in the spinel
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structure. We need to emphasize that this cation movement and
structure change are not due to the electron beam damage since
STEM mode with low beam current was applied to minimize
the radiation damage.46 The beam was aligned in the substrate
area and then shifted to the fresh area of interest. Typically,
several images were acquired from those fresh areas and show

no structural evolution during STEM image acquisition.
On the basis of our TEM studies, the capacity losses and

changes in CV peaks height and width during iterative charge/
discharge cycling of the studied epitaxial LCO films may be
explained by the observed local structural changes:

(1) Modification of translational domain boundaries. After CV
between OCV and 4.2 V, kinks were formed to
continuously transfer the CoO, layers from one domain
to another (Figure 3). In our previous paper, we reported
that Li transfer between electrode/electrolyte takes place
predominately at {104} facet,”* whereas (001) planes
have higher resistance to Li ion transfer. The continuous
CoO, layers, which are parallel to the electrode/
electrolyte interfaces, significantly hinder Li transition
between electrode and electrolyte. Consequently, in-
crease in Li ion transfer resistance at the electrode/
electrolyte interface makes the oxidation/reduction of
LCO much harder. This might also leave some region far
below the surface layer bottom not reacted, resulting to
inhomogeneity of reaction throughout the film. This
inhomogeneous reaction may be one of the reasons for
capacity decay we observed in CV.

Surface structural modification. Trigonal to spinel
structural transformation mainly occurs on the surface
of the LCO electrode. The structure changes are initiated
on the LCO film surface during CV (electrode/
electrolyte interface) (Figures S and 6); and it is on
the LCO surface where more than 50% of Li were
extracted locally. In the formed spinel structure, both Li
and Co atoms occupy the tetrahedral site (Figure S4).
When the spinel structure change is minor (at 4.2 V in
Figure Sb), it reverts to the trigonal LCO structure
during lithiation and does not affect reversibility (Figure
5d). However, when the sample is cycled more and more
times, and to higher voltage, a considerable amount of
the electrode will convert into the spinel structure with
Co at the tetrahedral site, especially at the film surface
layer (Figure S4). It is well-known that Li,CoO, is
thermodynamically metastable and can cause heat and
electrolyte combustion. The Li,CoO, thermally decom-
poses with exothermic heat generation: Liy;CoO, —
1/,LiCo0, + /4 C0,0, + '/,0, at 220 °C.** This
exothermic reaction is likely to occur slowly at room
temperature, especially when more than 50% of Li has
been extracted locally. The excellent coherence between
LCO and Co;0, structure may also facilitate this
structural change (Figure 6). The spinel surface layer
eventually covers the electrode’s surface and greatly
hinders the Li ion transfer between electrode and
electrolyte. This is expressed in much higher impedance
and larger voltammetry peaks’ separation for the films
cycled more times (Figures S2 and S3). We believe that
this mechanism is mainly responsible for the capacity loss
in the studied LCO films.
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Bl CONCLUSIONS

In this work, we demonstrate that epitaxial thin films can be
used to model single crystal-like positive electrodes for
observing by high-resolution TEM reactions on crystallographic
cathode/electrolyte interfaces at different stages of electro-
chemical cycling.

(1) TEM observations showed that relaxation of translational
domain boundaries with out-of-phase Co layers occurs
during cycling; the relaxation results in the structural
alignment, which makes the Co layers continuous across
the boundaries. Such rearrangement reduces the energy
of the translational domain boundary (makes it similar to
the bulk energy) and possibly eliminates the movement/
extraction of Li ions along these boundaries.

(2) Broadening and gradual lowering of the CV characteristic
peaks were observed and interpreted as the effect of
structural changes on cathodes’ surfaces. For different
stages of electrochemical cycling, 3.94 and 4.2 V during
delithiation and 3.94 and 3.2 V during lithiation,
HAADF-STEM shows that the original trigonal/
monoclinic layered structure tends to change during
delithiation into the spinel structure in the regions
adjacent to the films’ surfaces after significant extraction
of Li (most pronounced for 4.2 V peak); during
lithiation, restoration of the films to original trigonal
layered LCO occurs. The observation indicates low
stability of the layered LCO structure near its surface
after Li is extracted above 60%.

(3) The transformation occurs by movement of Co into Li
layers, first by occupying octahedral sites (the LT-LCO
structure), and at higher Li extraction by forming a
structure with Co in Li layers on tetrahedral sites; this
structure is close to the Co;0, spinel rather than to
LiCo,0,, as it was suggested in earlier publications. EELS
measurements of Co ions oxidation state suggest the
presence of Co*" in tetrahedral site in addition to Co** in
octahedral sites in support of the structural observation.

(4) For the studied epitaxial thin film, prolonged cycling (up
to 30 cycles) introduces severe damage in the form of
structural damage to the LCO surface at the electrode/
electrolyte interface.
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