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ABSTRACT: It is notoriously difficult to distinguish the stoichiometric LiCoO, (LCO) with a O3-I structure from its lithium
defective O3-II phase because of their similar crystal symmetry. Interestingly, moreover, the O3-II phase shows metallic
conductivity, whereas the O3-I phase is an electronic insulator. How to effectively reveal the intrinsic mechanism of the
conductivity difference and nonequilibrium phase transition induced by the lithium deintercalation is of vital importance for its
practical application and development. Based on the developed technology of in situ peak force tunneling atomic force
microscopy (PF-TUNA) in liquids, the phase transition from O3-1 to O3-II and consequent insulator-to-metal transition of
LCO thin-film electrodes with preferred (003) orientation nanorods designed and prepared via magnetron sputtering were
observed under an organic electrolyte for the first time in this work. Then, studying the post-mortem LCO thin-film electrode
by using ex situ time-dependent XRD and conductive atomic force microscopy, we find the phase relaxation of LCO electrodes
after the nonequilibrium deintercalation, further proving the differences of the electronic conductivity and work function
between the O3-I and O3-II phases. Moreover, X-ray absorption spectroscopy results indicate that the oxidation of Co ions and
the increasing of O 2p—Co 3d hybridization in the O3-II phase lead to electrical conductivity improvement in Li; ,CoO,.
Simultaneously, it is found that the nonequilibrium deintercalation at a high charging rate can result in phase-transition
hysteresis and the O3-I/O3-II coexistence at the charging end, which is explained well by an ionic blockade model with an
antiphase boundary. At last, this work strongly suggests that PF-TUNA can be used to reveal the unconventional phenomena on
the solid/liquid interfaces.

KEYWORDS: lithium batteries, LiCoO, thin-film electrode, in situ peak force tunneling AFM, nonequilibrium phase transition,
X-ray absorption spectroscopy

1. INTRODUCTION and intrinsic physical properties during deintercalation are
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LiCoO,, which has a structure similar to NaCoO, with alkali
metal alternate stacking of layers and two-dimensional CoO,
layers, was first reported as a cathode material for batteries in
1980.> After the discovery of excellent thermoelectric proper-
ties of Na,CoO,,° there has been intense interest in the
insulator-to-metal transition (IMT) of layered Li,_,C00O,.” "
By using the electrochemical delithiated method, Motohashi et
al. obtained a series of bulk samples of Li;_,CoO, with
different Li contents.” The measured results of the resistivity
indicated that the Li;_,CoO, samples exhibit a semi-
conductivity for x < 0.06, while doing metallic conductivity
for 0.25 < x < 0.50. Miyoshi et al. have also successfully
prepared Li; ,CoO, with different Li contents by chemically
extracting lithium from LiCoO, single crystals.” They found
that the LiCoO, single crystals change from an insulator to
metal at the critical Li content near x = 0.10. However, to date,
all the above measurements on conductivity of Li;_,CoO, have
been so far limited to the polycrystal films or microsized single
crystals through the four-probe method, so that the influences
of the grain boundary resistance and the contact resistance
become significant. A recent study investigated the electrical
conductivity of delithiation of LCO grains using conductive
atomic force microscopy (C-AFM) and high-resolution
scanning electron microscopy,'* which has greatly contributed
to our understanding of the IMT at the nanoscale. However, it
still should also be noted that the electronic state of static-state
LCO samples will be influenced by the Co®"/Co*" charge
ordering or Li-ions/vacancy ordering that may not exist in the
LCO cathode during the charging/ discharging.“ Therefore, in
situ characterizations on the dynamic evolution of intrinsic
conductivity of LCO at the nanoscale are highly desirable.

Despite the controversies on the type of IMT in LCO, the
Mott'* or Anderson®® type transition, the unconventional
electric properties of Li;_,CoO, with different Li contents
should be ascribed to its intriguing crystal structure trans-
formations during de-/ intercalation.'* ™' The crystal structure
evolutions of LCO upon deintercalation have been studied by
in situ XRD/neutron diffraction (ND),*® in situ nuclear
magnetic resonance (NMR),Q’21 in situ surface plasmon
resonance microscopy (SPRM),”” ex situ spherical aberra-
tion-corrected scanning transmission electron microscopy
(STEM),"” and theoretical calculations."*** It is now well
accepted that thermodynamically stable LCO phase with an
O3-type structure (called O3-I) undergoes complex phase
transitions upon equilibrium deintercalation: (1) the first
structure transition of Li)_,CoO, occurs at a region near x =
0.07—0.25, where the newly appeared O3-II phase coexists
with the pristine LCO O3-I phase (note that the two
coexisting phases have the same crystal symmetry except for
a 0.7% difference in the lattice constant c). In situ NMR results
have provided direct evidence that a Knight-shifted signal
emerged at this region, corresponding to the formation of an
electrically conductive O3-II phase LCO;>" (2) the O3-II
phase dominates the solid-solution region spanning from x &
0.25 to 0.5; (3) when half of the lithium was extracted (x ~
0.5, at a near voltage of 42 V Li/Li*), the O3-II phase
transforms to a monoclinic phase, and the ordered arrange-
ments of in-plane Li ion and Li vacancy were observed.'”**
The cutoff charge voltage of the commercial LCO cathode was
restricted to 4.2 V Li/Li* because further extracting Li-ions out
will cause an irreversible phase transition between H1-3, O3
and O1 phases.' ">

In situ characterization techniques enable the observation of
the dynamic process of phase transition. Among the
aforementioned in situ characterization techniques, in situ
STEM shows the highest spatial resolution in the dynamic
characterization of the crystal structure.””*” Gong et al. have
observed the coherent twin boundaries and antiphase domain
boundaries rising upon charge in the LCO cathode by in situ
STEM.”” However, unfortunately, in the early stage of O3-1 —
O3-II phase transition, STEM seems to be incapable of
distinguishing the two LCO phases because of only a tiny
change of the CoOQ, interlayer distance for both phases. Hence,
for studying the phase transition between O3-I and O3-II in
the LCO cathode, the key challenge remains to develop an in
situ experimental technique not only with high temporal and
spatial resolution, but also with high sensitivity to the Li-ion
movement or Li-ion contents within the electrode lattice
structure. In situ SPM has shown its versatility in the field of
operando characterizations on battery materials.”* " Being
different from the early in situ atomic force microscopy
(AFM)*' that only provides morphology information, the
recently reported in situ SPM has been tailored to probe
specific physical and chemical information in liquid organic
electrolytes, such as rate constant of heterogeneous reac-
tion,>*>* surface electrochemical potential,34 Young’s modulus,
conductivity,” and so on. The key information of concern here
is the conductivity on solid/liquid interfaces that can be
captured by peak force tunneling AFM (PF-TUNA) in
liquids.*® By using this new technology, the phase transition
from the insulated O3-I phase to the metallic O3-II phase of
LCO nanograins may be in situ measured in a liquid electrolyte
environment.”’

Another significant advantage of in situ characterization is to
study the nonequilibrium structural dynamics in electrode
materials during de-/intercalation under operando conditions.
To meet the needs of high power output and rapid charging,
the phase transition of electrode materials often takes place
under nonequilibrium conditions in practical batteries.”**” In
situ XRD/ND/TXM analyses have been introduced to
observed the state of charge heterogeneity within the cathode
electrodes or aberrant phase transition inside the cathode
particles under a nonequilibrium delithiated condition,
including LiNi,Mn,_,0,,*>** LiFePO,,""*** and LiCo0O,.**
Singer et al. studied nonequilibrium structural dynamics in the
LiNi, ;,Mn;,,0, cathode material upon fast de-/intercalation
using operando coherent X-rays.”’ Interestingly, they found
that, in the phase-transition region with a low lithium
concentration, the LiNi,;,Mn;;,0, cathode undergoes a pure
solid solution reaction during lithium extraction, whereas a
concurrent solid solution and two-phase reactions were found
during lithium intercalation. Zhang et al. further observed an
inhomogeneous solid-solution transformation process within a
single nanoparticle accompanied with an unexpected reversal
of Li concentration,*® which provides a concrete evidence of
solid-solution transformation of LiFePO, during fast lithiation
predicted by Malik et al.** To sum up, the characterization of
the nonequilibrium de-/intercalation process may help us to
discover exotic material properties exhibited not in the
equilibrium state. The exotic phase-transition phenomenon,
under the nonequilibrium condition, of LiFePO,, Li-
Ni, ,Mn;,,0,, and LiNil/3Mn1/3Col/302,47 have been studied.
However, the phase-transition images of LCO under far-from-
equilibrium processes are not understood well.
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Figure 1. (a) XRD pattern and (b) SEM images for an as-deposited LCO film surface. (c) Typical LCO grain shape. (d) SEM image of a cross
section of an LCO thin film and (e) TEM image of an LCO nanorod. (f) HRTEM image and (g) SAED at the top region of the LCO nanorod.

In this work, polycrystalline Li;_,CoO, thin-film electrodes
with the (003) preferable orientation nanograins were
deposited by magnetron sputtering. During the first charge,
we observed the heterogeneous phase transition from O3-I to
O3-II and IMT on the nanograins under the nonequilibrium
deintercalation by in situ SPM. The origin of IMT was
discussed through combining X-ray absorption spectroscopy
(XAS) and first-principles calculation. Besides, by performing
the ex situ C-AFM, the intrinsic physical properties of local
regions on deintercalated LCO nanograins with different Li
contents were also discussed in detail. By performing in situ
XRD, we studied the O3-1 — O3-II phase transition of LCO
thin-film electrodes under different charging rates. The
remnant of O3-I were found under high-rate charging, which
indicates a remarkable hysteresis of the O3-I phase in the
nonequilibrium phase transformations. Moreover, combining
with a post-mortem XRD analysis of the deintercalated LCO, it
is confirmed that the different conductivities in the local region
are corresponding to metastable O3-I, O3-II, and O3-I/II
coexisting phases, which will partially be relaxed under an
argon protection atmosphere. At last, the ionic blockade
mechanism was proposed to understand this fast-extracting
process.

2. EXPERIMENTAL SECTION

2.1. Film Electrode Preparation. Polycrystalline Li;_,CoO,
films with the (003) preferable orientation were grown on an
aluminum current collector (Macklin, purity 99.0%) using radio-
frequency magnetron sputtering. The size of the substrates for
sputtering is a square with 2.5 cm on a side. The deposition chamber
was evacuated with a turbomolecular pump down to an initial
pressure of 4 X 107* Pa. During the deposition, the Li-rich target (Li/
Co/O = 1.2:1:2) was located on the bottom of the chamber and the
power density was kept at 6.11 W/cm?. Deposition was conducted in
a total gas flow amount of 50 sccm and the gas flow ratio of Ar/O,
was kept at 4:1. The LCO films were deposited for 4 h at a working
pressure of 0.5 Pa. In order to improve the film crystallinity, the
substrate temperature was maintained at 500 °C. The distance
between the target and the rotated substrate was fixed at 10 cm.

2.2. Characterization. The crystalline structure and orientation
of the as-deposited LCO films were determined by X-ray diffraction
(Rigaku Ultima IV, Cu Ka, radiation, 4 = 0.15406 nm), and Raman
spectroscopy (HORIBA JobinYvon Evolution, laser excitation at 532
nm). The surface morphologies were analyzed by scanning electron
microscopy (SEM, Hitachi SU-8010). The in situ PF-TUNA and ex
situ C-AFM were performed based on the Bruker Dimension Icon
integrated test system. The Li/Co rate of the as-deposited LCO film
was determined to be 0.996, as estimated by using an inductively
coupled plasma spectrometer (ICP, PerkinElmer Optima 8000). The
LCO thin films used for time-dependent XRD measurement were
deintercalated under a constant charge rate of 1 C till half of the

lithium in the thin-film electrode was extracted. Then, the cells were
disassembled, washed in the glovebox, and transferred by a vacuum
package for the ex situ time-dependent XRD characterization. The
LCO samples for ex situ C-AFM and XAS characterization were
obtained by the galvanostatic method and disassembling the half-cell
under the argon protective atmosphere. The XAS measurements were
performed on the LCO thin-film electrode at different charge states at
room temperature.

The in situ PE-TUNA and in situ XRD half-cell were assembled in
an Ar-filled glove box with LCO film as the cathode, Li foil as the
anode, and 1 M LiPFy in the mixture solution of ethylcarbonate, ethyl
methyl carbonate, and dimethyl carbonate (1:1:1 vol %) as the liquid
electrolyte. For the PF-TUNA test, galvanostatic charge of the LCO
films was carried out at a moderate current of 16 uA between 3 and
4.2 V. The effective area of the cathode thin films for in situ PF-
TUNA characterization is about 0.64 cm? and the thickness of
cathode thin films is about 400 nm. The in situ XRD spectra were
collected from samples at a set interval as the samples were charged
by the galvanostatic method. In order to ensure the consistency of the
LCO thin film with the in situ PF-TUNA test, the cells were charged
at the same current density.

2.3. DFT Calculation. First-principles calculations were per-
formed using the Perdew—Burke—Ernzerhof exchange correlation
parameterization to density functional theory (DFT) with the spin-
polarized generalized gradient approximation (GGA). The projected
augmented wave method was used, as implemented in the Vienna ab
initio simulation package (VASP). The on-site electron—electron
interactions were taken into account by performing GGA + U level
calculations for Co 3d electrons, with U = 4.91 eV taken from the
literature.*® In the energy and electronic properties’ calculations, the
Gaussian smearing method was used, and the width of smearing was
chosen as 0.2 eV. Li,CoO, calculations were performed with a 2 X 2
X 1 supercell. The plane-wave basis set for the kinetic energy cutoff
was 550 eV. The Brillouin zone was sampled using the Monkhorst—
Pack scheme with a 4 X 4 X 2 k-point grid. Lattice constants and
internal co-ordinates were considered to be fully optimized when
residual Hellmann—Feynman forces were smaller than 0.01 eV A™".

3. RESULTS AND DISCUSSION

Figure la shows the XRD pattern of the as-deposited LCO
film. The XRD pattern contains a strong diffraction peak at 26
~ 18.9° attributed to rhombohedral LCO(003) planes, and
two weak diffraction peaks at around 38.4° and 39.0°
attributed to the second-order diffraction peak (006) and
LCO(012) planes, respectively. The Raman spectra in Figure
S1 also confirm that the as-prepared thin films have vibration
modes of an R3m HT-LCO structure. From the XRD pattern,
one can find that the as-deposited LCO thin films show good
crystallization with the (003) preferred orientation, that is, the
Li layers are parallel to the substrate. Figure 1b shows SEM
images of the LCO thin-film surface. A typical LCO grain
shape’s top-view is given in Figure lc. The SEM image shows
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Figure 3. (a—f) Spatial distribution of the TUNA current on the film surface before and during deintercalation, and the corresponding charge
points are annotated on the charge curve, Figure 2b. (g) TUNA current on the surface of a typical LCO grain and TUNA current sectional diagram.

that the film contains many close-packed LCO grains with
“triangular piece” top structure, and the top face is attributed
to the LCO(003) planes. The cross-sectional SEM image in
Figure 1d further confirms that the as-prepared LCO thin films
consist of many nanorods with the “triangular piece” on top. In
order to determine the crystal orientation of the LCO
nanorods, the LCO thin film was scraped off and dispersed
ultrasonically for transmission electron microscopy (TEM)
characterization. Moreover, the lattice constants and the crystal
symmetry of both the target and the films have been discussed
and compared with that of the substrate, as shown in Table S1
and Figure S2. The high-resolution TEM (HRTEM) image in
Figure 1f was captured at the top region of a lying down LCO
nanorod in Figure le. The details of the scraped samples are in
Figure S3. The HRTEM image shows a clear interplanar
spacing of ~0.47 nm corresponding to the interplanar distance
of the Co—O layers. High crystallinity was also confirmed by
selected area electron diffraction (SAED) in Figure lg. The
HRTEM image unambiguously supports that the top face is
attributed to the LCO(003) planes. The (003) preferred LCO
thin-film electrodes with sluggish Li-ion dynamics can be used
as an ideal model for the study of the nonequilibrium
delithiated process.

In situ PE-TUNA in liquids allows one to perform nanoscale
conductance measurements in an organic electrolyte.’® By
using this technique, measuring simultaneously the morphol-
ogy and nanoelectrical imaging in liquids becomes possible.
Hence, we introduced in situ PF-TUNA to observe the
conductivity distribution on the LCO electrode/electrolyte

33046

interface in the charge/discharge processes, as shown in the
sketch of Figure 2a. The LCO film was used as the work
electrode (WE), whereas lithium was used as both the
reference electrode and the counter electrode. The electrodes
and nanotip were placed in the electrochemical cell (EC cell),
then immersed in an organic electrolyte. The cell was charged
by the galvanostatic method at a current of 16 uA
(corresponding to about 1 C charge rate). The electrochemical
performances of LCO thin-film electrodes are given in Figure
S4. With the WE potential rising from the initial open circuit
voltage to 42 V, a —100 mV dc was applied between the
nanotip (Pt-coated tip apex with ~50 nm end-tip diameter)
and WE for conductivity characterization. During scanning, a
constant peak force of 20 nN was applied between the probe
and the sample surface, and the system continues to collect the
responsive no-faradic current. The tip current captured during
the scan was derived from direct contact conduction between
the metal tip apex and the grain surfaces, which represents
semiquantitatively the local conductivity of the mapping
region. The larger the current is, the better the local
conductivity is. Here, the current captured by the tip is the
no-faradaic current and designated as “TUNA current”. Figure
2b shows the charge curve of the LCO thin-film in situ cell.
From the figure, a potential plateau at about 3.93 V is found,
which indicates the phase transition from the O3-I to the O3-II
phase.*”~>* This confirms that the EC cell can work well as a
half-cell for studying the electrochemical performance of WE.

Figure 3a—f shows the spatial distributions of TUNA current
before and during the delithiation on a 3 X 3 ym® scanning
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Figure 4. Spin-polarized total DOSs of Li;_,CoO, with x# = 0, 0.037, 0.083, 0.167, 0.25, and 0.5. The Fermi level is set as zero.
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area with charge voltage V. = 3.87, 3.91, 3.92, 3.96, and 4.05V,
which are corresponding to a, b, ¢, d, e, and f charged sites in
Figure 2b. As seen in Figure 3a, the average TUNA current of
the film before deintercalation is close to the leakage current
(~180 pA), which indicates that the film possesses a low
conductance in its pristine state, corresponding to the insulated
O3-1 phase. However, with deintercalation of Li-ions, the
TUNA current on the local region around the edge of a
triangular piece was abruptly increased, as shown in Figure
3b—e. The increase of current signal at those specific local
regions directly results from its conductivity enhancing, which
is consistent with the measured results of the resistivity.” The
abrupt change of current signal means the opportune
formation of the metallic O3-II phase. Moreover, the observed
uneven spatial distribution of the TUNA current should also
reflect the heterogeneity of the phase transition from the O3-I
to the O3-II phase on the electrode surface. The smaller scan
area (400 X 400 nm?) including a typical LCO nanograin is
also shown in Figure 3g. From the spatial distribution of
TUNA current on a typical LCO grain, one can clearly find
that the current signal in the edge region occurs earlier than in
the inside region, and increased by roughly 2 orders of
magnitude compared to the initial leakage current. This

33047

indicates that the conductivity drop does first occur in the edge
of the delithiated region. Clearly, the surface conductivity
change of the LCO thin-film electrode upon charge has been
directly observed, and the film surface is found to consiste of
two different kinds of regions with a huge conductivity
difference in the charging process. The conductivity distribu-
tion on the polycrystalline LCO thin-film electrodes, observed
by in situ conductivity measurements, strongly confirms that
the IMT is prone to occur on the planar edge of the (003)
faces. Consequently, the anisotropic IMT may cause uneven
conductivity distribution in the electrodes inside the LIBs,
which will induce an abnormal concentration of stresses,”
unequally distributed intercalation/deintercalation process,”*
and discontinuously covered cathode electrolyte interphase.>
These phenomena can degrade the performance of the LCO
electrode.

To understand the observed increasing electron conductivity
upon delithiation, the density of states (DOSs) of Li;_,CoO,
with x = 0, 0.037, 0.083, 0.167, 0.25, and 0.5 were calculated
from first-principles calculations, as shown in Figure 4. From
the figure, it can be seen that the DOS for x = 0 (LiCoO,)
evidences insulating behavior with a band gap of 2.05 eV,
which is consistent with the experimental data with about 1.7—
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2.7 eV By contrast, the DOSs for x = 0.037, 0.083, 0.167,
0.25, and 0.5 exhibit nonzero electron density at the Fermi
level, thereby reflecting metallic behavior. Thus, the con-
ductivity of Li;,_,CoO, will increase with lithium deintercala-
tion because of the IMT. Ideally, the local region with the high
conductivity in the current images can be considered to
correspond to the Li-poor location, and the low conductivity
region does to the Li-rich state. The calculated results are
consistent with the experimental results in Figure 3.

In order to understand better the intrinsic property in an
“off-line” condition and also confirm the phase composition,
time-dependent XRD and C-AFM were introduced as both are
powerful tools to study the intrinsic properties in different
areas of the grain after deintercalation. At first, the phase
composition and stability in the LCO electrode after
deintercalation were studied. Figure Sa shows the time-
dependent XRD patterns of the post-mortem LCO thin-film
electrode measured under argon protection atmosphere. Here,
the peaks at about 18.5° and 19.0° are corresponding to the
(003) peaks of the O3-II and O3-I phases. From the figure, it is
found that both (003) diffraction peak bands were observed on
the spectra. Moreover, one can observe that the relaxation of
phase composition is accompanied by the diffraction intensity
decrease of the O3-II phase and increase of the O3-I phase, or
maybe the increase of the intermediate phase.47 However, the
intensity and site of the diffraction peaks stay almost constant
after 10 h, which indicates that the relaxation happens most in
the several hours after the electrode disassembled. This
relaxation process is consistent with the other layer-structured
cathode, LiNi,/;;Mn,,;Co,,30,, in previous reports.47 The
relaxation of phase composition should result from a potential
difference between the more delithiated area and the less
delithiated area under nonequilibrium deintercalation.”®
Interestingly, as shown in Figure Sa, the relaxation is also
accompanied by the increase of the diffraction angle 26, which
indicates the decrease of interplanar spacing of O3-IL
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Combining with the above in situ conductivity character-
ization, the post-mortem XRD analysis confirmed that the high
conductivity region (Li-poor region) corresponds to the O3-II
phase, and the lower conductivity region is the pristine O3— I
phase.

Figure 5b,c shows the surface morphology of the LCO
electrode before deintercalation and corresponding C-AFM
current map. Here, the C-AFM current was stimulated by the
tip with a constant force of 50 nN and dc of —1 V. The tip bias
was set below the threshold of Li-ion migration voltage to
generate the no-faradic current. In other words, the C-AFM
current captured by the tip is mostly attributed to the
movement of electrons instead of the Li-ions.”” As shown in
the C-AFM current map, the film surface is almost insulative
(O3-1 phase) before deintercalation wherever the (003) face or
the other region. However, from the C-AFM map of a typical
grain of the delithiated LCO electrode in Figure Se, it is clearly
found that the bright region with high conductivity (O3-II
phase) moves inward on the (003) face region (O3-I phase).
On the basis of the C-AFM measurement in Figure S5, we
further confirmed that the bright boundary regions on the
(003) face have a higher local work function comparing to the
interior region. It is worth mentioning that the difference of
current signal on different local regions are not due to the tip
geometry or grain boundary effects.”” The measured results in
Figure 3, Figure Sce can be explained by the sketch of
“shrinking core deintercalation models”**°" in Figure Sef.
Although the Li-ions can move easily along the layer parallel to
the (003) plane, it is hardly possible for them to penetrate
through the close-packed O—Co—O layers. Thus, with the
degree of delithiation increasing, the Li-ions inside the Li layers
move outward along the Co—O inter-planes step by step, and
the Li-ion deintercalation within the LCO grain proceeds from
the outside in. Under a nonequilibrium deintercalation
condition, the inside O3-I phase cannot be delithiated in
time when the charging current is terminated at the achieved
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Figure 7. (a,b) 3D in situ XRD patterns of the (003) peaks of the LCO thin film during the first delithiation process at charging rates of 1 and 0.02
C, respectively. (c—e) Diffraction (003) peaks belonging to O3-1 and O3-II phases before delithiation and with a charge voltage of V, = 4.0, 4.2V
for (a). (f—h) The diffraction (003) peaks belonging to O3-I and O3-II phases before delithiation and with a charge voltage of V, = 4.0, 4.2V for
(b). (i) In situ XRD of the (003) peaks of commercial LCO during the first deintercalation at different charging rates (x value is calculated from the
same method reported in ref 47. x = 0 is the pristine sample, and x = 0.5 is considered as the fully charged sample).

charge potential before the diffusion process is completed. As a
result, the edge region corresponding to the initial Li-ion
deintercalation becomes a Li-poor region with high con-
ductivity (O3-II phase). However, the inner local region
corresponding to an underintercalated region (O3-I phase) or
metastable lithium disordering intermediate phase’ maintains
the Li-rich state with low conductivity.

The ex situ C-AFM and time-dependent XRD character-
ization have confirmed that the intrinsic conductivity differ-
ence of insulated O3-I and metallic O3-II phases can be
preserved in the post-mortem electrode. Ideally, the direct
electron configuration measurement of LCO at different
charge states can reveal the origin of the intrinsic conductivity
change. As shown in Figure 6, by measuring the Co K-edge, L-
edge, and O K-edge XAS spectra, the local environments and
valence states of Co"™ and O~ can be studied.

Figure 6a displays the Co K-edge XAS spectra of Li; _,CoO,
with the degree of delithiation increases and the standard
samples. The XAS spectra in Figure 6a include a pre-edge
absorption peak (A), shoulder absorption peak (B), and a
strong main absorption peak (C). The pre-edge absorption
peak is attributed to the electric quadrupole-allowed and/or
the electric dipole-forbidden transition of 1s electron to the 3d
unoccupied orbital of the low-spin state (t,e}) in the Co®".
The intensity of the pre-edge depends on the degree of electric
quadrupole and/or electric dipole (3d—4p orbital mixing). The
gradual increase of the pre-edge peak intensities with the
delithiated Li;_,CoO, (see the inset in Figure 6a) indicates
that noncentrosymmetric environment of the slightly distorted
CoOg octahedral site from perfect octahedral geometry,
especially for highly delithiated states (~4.2 V), suggests that
lithium-ion deinsertion from the initial O3-I phase induces a
small shift of the CoO, layer to follow the distortion of the
oxygen lattice, and thus exists in a distorted octahedral
environment.”” The shoulder absorption peak can be assigned
to dipole-allowed 1s — 4p transition with shakedown process
by ligand-to-metal charge transfer without shakedown process
and the main absorption edge features were attributed to
purely dipole-allowed 1s — 4p transition without shakedown
process.”” The shoulder absorption peak disappears with the
delithiated Li; ,CoO,, which suggests that lithium-ion
deinsertion in Li;_,CoO, hosts may induce local structural
distortion. These observations support the probable availability
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of indirect information on the significant structural changes in
the symmetry of the CoOg4 octahedral site in the O3-II phase.
Further confirmation for this assignment comes from a
comparison of the main absorption peak for Li;_,CoO,; the
peak shift toward higher energy explains that Co ions can be
oxidized to a high oxidation state with Li-ion deinsertion,
which increases the electrostatic binding energy of core
electrons. The oxidation of Co ions in the O3-II phase
achieves an enhancement in charge transfer kinetics that leads
to a lower charge-transfer resistance and further improved
electrical conductivity in Li;_,C00,.°" Previous work by
Michel et al. also supported that the metallic properties are
finally induced because the holes in the Co ions’ t,, band will
lead to a significant degree of screening.''

Figure 6b presents Co L3,2-edge XAS spectra of Li; ,CoO,
with the degree of delithiation increase. The Co L-edge causes
the electron transitions from the Co 2p core hole to the 3d
unoccupied states. The spin—orbit interaction of the Co 2p
core hole splits the spectrum into two well-separated 2p;,,
(L3) and 2p,,, (L2) spectral features. The peak position and
the spectral line shape of the 3d metal L-edge strongly depend
on the local atomic and electronic structures of the metal ions,
and thus provide information about the electronic config-
uration and valence states. The inset in Figure 6b shows that
the features at the Co L3,2-edge peaks are slightly shifted
toward higher energy and give further asymmetric broadening
with lithium-ion deinsertion. With the degree of delithiation
increase, these observations give direct evidence that the Co
ion participates in redistribution of charge (transfer and
rehybridization between Co and O orbitals) in the charge
compensation process.””*> Considering the condition for
charge compensation, it can be suggested that the O3-I —
O3-II phase transition leads to local structural rearrangement
of the CoOy octahedral, which is consistent with the data of
the Co K-edge XAS spectra. Furthermore, the magnitudes of
the Co—O (about 1.5 A) and Co—Co (about 2.4 A) bonds
change with different charge states, shown in Figure 6¢. Here,
these bond changes respond to the rehybridization of Co and
O molecular orbitals. Figure 6d presents the O K-edge XAS
spectra. The O K-edge XAS spectra of Li;_,CoO, is
characterized by three main feature peaks (A, B, and C).
Peak A depends on the electron transition from the transition
to hybridized states of O 2p orbitals with Co 3d orbitals, and

DOI: 10.1021/acsami.9b11140
ACS Appl. Mater. Interfaces 2019, 11, 33043—33053


http://dx.doi.org/10.1021/acsami.9b11140

ACS Applied Materials & Interfaces

Research Article

the broad peaks B and C correspond to the transitions from
the hybridization of the Co 4sp orbitals with the oxygen 2p
orbital. With increasing degree of delithiation, the intensity of
peak A increases gradually and two additional shoulder peaks
A2 and A3 appear to broaden peak A. Therefore, the electronic
configuration of the O atom in the interface of Li; ,CoO, is
changed. The broadening peak A manifests the enhancing O
2p—Co 3d hybridization under the Li ion removal from
Li;_,CoO,, which results in a high probability for improving
the transport of charge carriers.”” To sum up, we supposed
that the oxidation of Co ions and the increasing of O 2p—Co
3d hybridization in the O3-II phase achieve an enhancement in
charge transfer kinetics, which leads to the electrical
conductivity improvement in Li; ,CoO,.

The phase transformation hysteresis was commonly
observed, and often interpreted as an inhomogeneous reaction
within the electrode or micron monocrystal scale because of
lack of characterization techniques with nanoscale resolu-
tion."%® Recently, in situ transmission X-ray microscopy
provided a method to observe the phase heterogeneity within a
LiCoO, microparticle under the nonequilibrium de-/inter-
calation process."* It was confirmed that the nonequilibrium
state of LCO reached by high-current-density delithiation
differs from the equilibrium phases. Our ex situ time-
dependence XRD and C-AFM studies on the thin-film
electrode have shown that, after nonequilibrium deintercala-
tion (about 1 C charging), the different local regions (Li-poor
or -rich region) within an LCO nanograin can be observed. For
further exploring the nonequilibrium phase transition in LCO
thin-film cathodes, Figure 7a,b shows in situ (003) diffraction
peaks of an LCO thin-film electrode during the first charge
with charging rates of 1 and 0.02 C, respectively. Figure 7c—e
shows the diffraction (003) peaks belonging to the O3-I and
O3-II phases before delithiation and with a charge voltage of
V.=4.0,4.2V for Figure 7a, respectively. From the figures, it is
found that, in the charge process, the peak that belongs to the
O3-II phase keeps growing and eventually becomes dominant.
However, for both quick and slow charge cases with 1 and 0.02
C, the change of diffraction peaks with charge voltage appears
evident difference. For 1 C, as seen in Figure 7a,e, there exists
an overlapping doublet corresponding to the O3-I and O3-II
phases at the end of charging. By contrast, for 0.02 C, as shown
in Figure 7b,h, there is single peak belonging to O3-II at the
end of charging. Therefore, the XRD results confirm that the
LCO thin-film electrode with the (003) preferred orientation
undergoes phase-transition hysteresis during the nonequili-
brium deintercalation for the quick charge case. Similarly,
Figure 7i shows in situ XRD patterns of the (003) peaks for
commercial LCO electrode materials during the first
deintercalation at 0.5, 1.0 and 2 C, respectively. From the
figure, it is observed that, with the increase of charging rate, the
O3-I/11 coexisting region caused by the phase-transition
hysteresis can also be expanded. Besides, the left shift of the
O3-II diffraction peak with increasing charge voltage is
observed in Figure 7c¢b,e, which means that the lattice
constant ¢ of the O3-II phase is increased with the
deintercalation of Li ions. This is because the removal of Li-
ions in layered Li;_,CoO, gives rise to the increase of the
electrostatic repulsion force between the oxygen ions in
adjacent layers.'™'” Moreover, the increasing of the lattice
constant ¢ can inevitably result in the distortion of the CoOyg
octahedral or the change of the Co—O bond length, which is

consistent with the above XAS measured results.

Figure 8a—d shows the sketch of the phase transformation
model of the tLCO thin-film electrode with the (003)
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Figure 8. Sketches of a phase transformation model of the LCO thin-
film electrode with the (003) preferred orientation. (a) Initial state,
(b) nonequilibrium deintercalation, (c) equilibrium deintercalation,
and (d) relaxation of nonequilibrium deintercalation.

preferred orientation forhe initial state, equilibrium dein-
tercalation, nonequilibrium deintercalation, and its relaxation,
respectively. As seen in Figure 8¢, the LCO electrode charged
under the close-equilibrium case undergoes a more uniform
lattice expansion with a negligible antiphase boundary so that
only the O3-II phase was found at the end of charge. However,
nonequilibrium deintercalation will give rise to quite different
results. The battery electrode charged at a high rate suffers
from an additional overpotential. The higher the charging rate
is, the higher the overpotential and charge voltage platforms
are. Thus, a larger drive force is imposed in the lithium ions of
the electrode materials.”” Under nonequilibrium deintercala-
tion, the colossal drive force will cause the sudden expansion of
the Co—O layers, which results in the formation of antiphase
boundaries,” as seen in Figure 8b. By the antiphase boundary,
the LCO crystal is divided into both regions: Li-rich O3-I
phase (left) and lattice-expanding Li-poor O3-II phase (right).
Moreover, the antiphase boundary that is often created along
the [001] direction will block the lithium diffusion
channels.*””° At the same time, as found in Figure 8d, the
relaxation of the overexpanded Co—O layers with the O3-II
phase will cause the decrease of the lattice constant ¢ and the
backflow of lithium ions. Especially, the backflow of Li ions on
the boundaries of the two phases would reduce the stress from
lattice mismatch and the chemical potential difference between
the O3-I and O3-II phases, which is in favor of the stability of
the O3-1 phase. Therefore, for a high charging rate, the
nonequilibrium deintercalation will result in phase-transition
hysteresis and the O3-I/II coexistence at the end of charging.
These explain well the time- and charge rate-dependent XRD
patterns in Figures Sa and 7. The similar phase separation
under nonequilibrium deintercalation because of the ionic
blockade layer has been found in LiNi, ;,Mn; /204.40 At last, it
is hoped that, based on this ionic blockade mechanism, the
formation and movement of phase boundaries during the
nonequilibrium de-/intercalation can be further studied by
using in situ STEM and AFM.

4. CONCLUSIONS

The nonequilibrium phase transition and consequent IMT of
the LCO thin-film electrode were studied. By using in situ PF-
TUNA technique, the heterogeneous formation of a metallic
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O3-II phase on the insulated pristine LCO thin-film electrode
was observed at the nanoscale during the deintercalation. It is
also found that the metallic O3-II phase can sustain in the
post-mortem LCO electrode, having a higher work function
than the insulated O3-I phase. Moreover, based on XAS
measurements, the metallic state of the O3-II phase is proved
to result from the oxidation of Co ions and the increasing of
the O 2p—Co 3d hybridization. At the same time, by in situ
XRD characterization for different charge rates, it is found that
nonequilibrium deintercalation with a high charge rate leads to
phase-transition hysteresis and O3-I/II coexistence at the end
of charging for LCO thin-film electrodes. An ionic blockade
model with an antiphase boundary was suggested to explain
this phase-transition hysteresis during high-rate charging. Our
results present clearly the example for IMT characterization on
solid/liquid interfaces at the nanoscale and open up the
imaging of deintercalation-induced nonequilibrium phase
transformations for layer-structured cathode for lithium-ion
batteries. Lastly, we look forward to further studies, using in
situ STEM and AFM, on the formation and movement of
phase boundaries during nonequilibrium de-/intercalation,
based on the ionic blockade mechanism.
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