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Degradation of a lithium cobalt oxide cathode
under high voltage operation at an interface with
an oxide solid electrolyte†
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Lithium (de)intercalation of layered rocksalt-type cathodes in high-voltage regions is of great importance

for achieving a high energy density in lithium batteries. The reversible capacity of LiCoO2 at high voltages is

not well known because of oxidative side reactions with the electrolyte species. In this study, a model thin-

film battery was fabricated using an epitaxially grown LiCoO2 cathode and an amorphous Li3PO4 solid

electrolyte to suppress oxidative degradation. The film battery operated stably at high voltages, ranging up

to 4.6 V, without severe side reactions of LiCoO2 and Li3PO4, resulting in a reversible capacity greater than

200 mA h g−1. However, the charge–discharge capacities of the battery decreased with cycling at 4.7 V. In

situ synchrotron X-ray diffraction studies revealed an irreversible structural change in LiCoO2 at 3.0 V after

charging at 4.7 V. Structural degradation occurred both in the bulk and surface regions of the LiCoO2 film,

indicating intrinsic irreversibility of the crystal structure changes of highly delithiated LiCoO2, although the

LiCoO2/electrolyte interface remained stable.

Introduction

Currently, technologies for large-scale energy storage and the
electrification of power sources are required to achieve a
sustainable society. Lithium-ion batteries (LIBs) are
representative devices used in various mobile devices and
automotive power sources, because they deliver high voltages
and currents, and can be manufactured in a variety of
shapes.1–3 However, it is necessary to develop rechargeable
batteries with higher energy densities than those of
conventional LIBs for large-scale energy storage and power
sources. Energy densities of both cathodes and anodes must
be increased for realizing a full battery with a high energy
density. It is particularly necessary to increase the energy
densities of cathodes, because the LiCoO2 (LCO) cathode has

a lower theoretical capacity (137 mA h g−1 at 4.2 V vs. Li/Li+)4,5

than the graphite anode (372 mA h g−1) used in conventional
LIBs.6 In fact, olivine-type structural materials, such as
LiFePO4,

7 Li-excess layered rock-salt materials, including Li2-
MnO3–LiMeO2 (Me: transition metal),8–10 and others, have
been widely studied as cathode materials of LIBs for
achieving a high energy density at a low cost.

Although LCO is utilized as a cathode in conventional
LIBs, its theoretical capacity is basically limited to 130–150
mA h g−1 by its upper limit of an operating potential of
approximately 4.2 V.4 The maximum capacity of LCO is
theoretically 274 mA h g−1 when Li ions are completely
deintercalated from the crystal lattice,11 and realizing this
capacity with an LCO cathode requires an operating potential
higher than 4.2 V. However, LCO degrades at high potentials
owing to the instability of its delithiated crystal structure. The
structural degradation has been considered to proceed by
oxygen release from the LCO lattice, which occurs
simultaneously with side reactions involving oxidative
decomposition of species in organic liquid electrolytes.12 This
leads to the formation of a thermodynamically stable spinel
phase (Co3O4 or/and LiCo2O4).

13 The spinel phases lose
oxygen atoms in further reactions to form the rock salt phase
CoO.14 These structural degradations initiate at the interface
and then extend to the bulk region.15 Thus, it is important to
stabilize the LCO/organic electrolyte interfaces to increase the
reversible capacity of LCO at high potentials. Measures, such
as the formation of a cathode–electrolyte interface (CEI)16,17

790 | RSC Appl. Interfaces, 2024, 1, 790–799 © 2024 The Author(s). Published by the Royal Society of Chemistry

a Department of Chemical Science and Engineering, School of Materials and

Chemical Technology, Tokyo Institute of Technology, 4259 Nagatsuta-cho, Midori-

ku, Yokohama 226-8501, Japan. E-mail: hirayama@mac.titech.ac.jp
bMaterials Sciences Research Center, Japan Atomic Energy Agency, 1-1-1 Koto,

Sayo, Hyogo 679-5148, Japan
c Research Center for All-Solid-State Battery, Institute of Innovative Research, Tokyo

Institute of Technology, 4259 Nagatsuta-cho, Midori-ku, Yokohama 226-8501,

Japan
d Institute of Materials Structure Science, High Energy Accelerator Research

Organization, 203-1 Shirakata, Tokai, Ibaraki 319-1106, Japan

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3lf00251a

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

0/
23

/2
02

5 
11

:3
7:

39
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d3lf00251a&domain=pdf&date_stamp=2024-07-05
http://orcid.org/0009-0002-1344-7509
http://orcid.org/0000-0002-8338-485X
http://orcid.org/0000-0002-8370-4526
http://orcid.org/0000-0003-0827-7381
http://orcid.org/0000-0002-2473-0724
http://orcid.org/0000-0003-4804-4208
https://doi.org/10.1039/d3lf00251a
https://doi.org/10.1039/d3lf00251a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3lf00251a
https://pubs.rsc.org/en/journals/journal/LF
https://pubs.rsc.org/en/journals/journal/LF?issueid=LF001004


RSC Appl. Interfaces, 2024, 1, 790–799 | 791© 2024 The Author(s). Published by the Royal Society of Chemistry

and doping other metal ions into LCO,18,19 have been adopted
to suppress side reactions. However, the degradation of LCO
was not completely suppressed by these manipulations.

Solid oxide electrolytes are known to have a wide practical
potential window (≥5 V) because solid-state batteries with
high-potential cathodes or low-potential anodes operate
stably.20,21 Although the upper limit of the thermodynamic
potential window obtained by first-principles calculations is
approximately 4 V vs. Li/Li+,22,23 they are considered to be
kinetically stable with a slow decomposition reaction rate, or
the electrochemical stability and ionic conductivity of the
decomposition products are high.22 Moreover, the comprised
elements of the solid electrolyte, except the carrier ions, are
fixed at each position of the crystal lattice, and the
transference numbers of the carrier ions are almost 1.
Consequently, both oxygen release and elution of active
materials are suppressed by using a solid electrolyte. Thus,
the structural degradation of LCO can be suppressed at the
interface with oxide electrolytes, leading to a superior
reversible capacity compared to that at the LCO/liquid
electrolyte interfaces. However, there is a lack of knowledge
regarding the lithium (de)intercalation of LCO at high
electrode potentials using solid oxide electrolytes. This might
be due to the technical difficulty in fabricating bulk-type all-
solid-state batteries and in characterizing the structure and
electrochemical properties of the interfacial phenomena.

Thin-film batteries provide a simple reaction field suitable
for analyzing electrochemical reactions during charge–
discharge processes. Among thin-film electrodes, epitaxial-
film electrodes offer several advantages for clarifying the
interfacial reaction mechanism. First, they have very flat
surfaces with a roughness of several nanometers, which
provides a two-dimensional interface. Second, the film
thickness can be controlled in the range of 10–100 nm, which
enhances the electrochemical properties in the surface
regions.24 Third, the nanosized film electrodes show a very
small volumetric change during lithium (de)intercalation,
allowing reaction analysis without mechanical effects such as
particle cracking or changes in the conductive pathways.
Fourth, flat electrode surfaces may enable surface structural
changes to be detected using in situ surface scattering/
spectroscopy techniques.25–30 We have recently clarified the
operating mechanisms of Li2MnO3 using thin-film batteries
with Li2MnO3 epitaxial films,31–33 which demonstrates the
feasibility of using epitaxial film systems to investigate
interfacial reactions in all-solid-state batteries.

In this study, thin-film batteries with LCO as the cathode
and amorphous Li3PO4 (LPO) as the solid electrolyte were
fabricated as model systems by exposing the (104) facets of
LCO. The charge–discharge properties were characterized at
different upper cutoff voltages to clarify the electrochemical
stability at high voltages. The structural changes in the LCO
film during the charge–discharge reactions were investigated
using in situ synchrotron X-ray diffraction (SXRD). The study
findings clarify the maximum upper cutoff voltage for stable
lithium (de)intercalation of LCO, and the degradation

mechanism of LCO at the electrochemical interface with the
electrochemically stable solid electrolyte is discussed.

Experimental

Radio frequency (RF) magnetron sputtering (QAM-4ST,
ULVAC) with a background pressure of 10−5 Pa or less was
used to deposit SrRuO3 (SRO) as the current collector and
LCO as the cathode on a single-crystalline SrTiO3(100)
(STO(100)) substrate (crystal base). To prevent lithium
deficiency in the film, an excess of the lithium target, Li1.4-
CoOx (Toshima Manufacturing Co., Ltd.), was used. The
conditions for RF magnetron sputtering were as follows: a
mixed gas of argon and oxygen at 0.75 Pa with argon and
oxygen flow rates of 14 and 2 sccm, respectively, a substrate
temperature of 600 °C, a 150 mm distance between the target
and substrate, and an RF power of 110 W.

The crystal structure of the LCO thin film grown was
analyzed using both X-ray diffraction (XRD; ATX, Rigaku, Cu-
Kα) and X-ray reflectometry (XRR; ATX, Rigaku, Cu-Kα). The
surface morphology and bonding states were examined via
atomic force microscopy (AFM; AFM5300E, Hitachi High-
Tech Co.) and Raman spectroscopy (Lambda Vision, Micro-
RAM300, 532 nm, 100 mW laser, 520 cm−1 calibration),
respectively. Neutron reflectometry (NR) was performed using
SOFIA (BL-16, Materials and Life Science Facility, Japan
Proton Accelerator Research Complex, Tokai, Japan) and a
time-of-flight reflectometer.34–36 NR spectra were collected in
the single-flame mode at 0.3, 0.75, and 1.8° with a footprint
of 15 × 15 mm2, and the individual data points were
combined. Spectral fitting was performed using Motofit
software.37 All the structural characterization techniques of
the LCO films were conducted in air.

The amorphous LPO solid electrolyte and Li anode films
were deposited on LCO/SRO/STO via RF magnetron
sputtering and vacuum thermal evaporation, respectively.
This resulted in a model thin-film battery with a Li/LPO/LCO/
SRO/STO structure. After the fabrication, the thin film
batteries were transferred to an Ar-filled glovebox using an
air-tight transfer case. The charge–discharge characteristics
of the model thin-film battery were evaluated under Ar using
a potentiostat–galvanostat system (SP-300, Biologic) with
constant current–constant voltage cycling. The cutoff voltage
range was set to 4.2–4.7 V. The charge–discharge capacity per
unit weight of LCO was calculated using the electrode area,
density, and thickness obtained by XRR analysis.

To monitor the changes in the crystal structure of the LCO
film in situ during charge–discharge reactions, SXRD
experiments were performed at SPring-8 (Japan) using a
κ-type diffractometer located at beamline BL22XU. The
measurements were conducted under a low pressure
(approximately below 50 Pa) continuously decompressed
using a rotary pump that could not prevent lithium anode
deactivation. The states of charge and discharge were
controlled by charging and discharging with constant-current
and constant-voltage modes using a potentiostat–galvanostat

RSC Applied Interfaces Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

0/
23

/2
02

5 
11

:3
7:

39
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3lf00251a


792 | RSC Appl. Interfaces, 2024, 1, 790–799 © 2024 The Author(s). Published by the Royal Society of Chemistry

(SP-300, Biologic). A 15 keV undulator light source with a
wavelength of λ = 0.82518 Å was employed as the excitation
source. The measurements were conducted using a
coordinate system comprising two components (H, K) parallel
to the surface and a third component (L) perpendicular to
the surface. This coordinate system is referred to as the
reciprocal coordinate system (H, K, L). To study the surface
structural changes, in-plane XRD patterns were collected at
different incident angles below and above the critical angle,
at which the penetration depth of the X-rays was limited to
several nanometers.

Results & discussion

Fig. 1 shows the out-of-plane and in-plane XRD patterns and
Raman spectrum of LCO prepared by RF magnetron
sputtering on an SRO/STO(100) substrate. Diffraction peaks
at 45.1° and 100.3° are observed in the patterns recorded
along the out-of-plane [001] direction. These peaks were
attributed to the 104 reflections of LCO with a space group of
R3̄m (Fig. 1a). When measured along the [010] direction in
the plane, the 01−4 and 02−8 diffraction peaks of LCO
appeared at 45.1° and 100.3°, respectively (Fig. 1b). The ϕ

scan of the 01−4 reflection (Fig. 1c) indicates a four-fold
symmetry at intervals of 90°. In the in-plane measurements
along the [110] direction, the reflection peak of LCO 1–20 was
detected at 66.1° (Fig. 1d). The ϕ scan of the 1–20 reflection
also suggested a four-fold symmetry at 90° intervals (Fig. 1e).
The 1–20 reflection should exhibit a two-fold symmetry,
because there is no equivalent plane other than the (1–20)
plane itself. Therefore, the results of the ϕ scan on the 1–20
reflection indicate that the LCO(104) film is composed of
domains rotated every 90° with respect to the [001] direction

of the axis. According to these results, the obtained LCO thin
film was oriented with LCO[104]//STO[100] in the out-of-
plane direction and LCO[1−20]//STO[110] and LCO[1−20]//
STO[−110] in the in-plane direction, indicating that LCO(104)
was epitaxially grown along the [001] direction. The Raman
spectrum of the LCO film shows only two distinct peaks at
488 and 596 cm−1, which can be attributed to the Eg (O–Co–O
bending) and A1g (O–Co–O stretching) modes in LCO with a
layered rock-salt structure (Fig. 1f).38 No peaks derived from
impurities, such as Co3O4 (522 and 691 cm−1) and cubic
LiCoO2 (doublet at ∼600 cm−1). Thus, a thin film of single-
phase layered rock-salt LCO(104) was epitaxially deposited on
the SRO/STO substrate by RF magnetron sputtering, without
any impurities. In a previous study, LCO(104) was epitaxially
deposited on STO(100) by pulsed laser deposition (PLD).39

Therefore, the epitaxial growth of LCO(104) on the STO(100)
substrate is reasonable.

To clarify the film structure in detail, the fabricated LCO
thin film was further investigated using NR. Table 1 lists the
structural parameters of the films extracted via fitting
analysis. The neutron scattering length density (nSLD) of the
surface layer is 1.33 × 10−6 Å−2, which is evidently lower than
those of the other layers. The low density of the surface layer
is due to the formation of impurity phases, such as Li2CO3

(3.49 × 10−6 Å−2), LiOH (0.06 × 10−6 Å−2), and Li2O (0.81 × 10−6

Å−2), upon exposing the sample to atmospheric conditions
for NR measurements. The LCO film was fabricated with a
Li-excess target material. Therefore, the film surface
contained excess Li species, which were probably
transformed into surface impurity phases when exposed to
ambient conditions. Surface layer formation has been
reported for air-exposed LiCoO2 films.26,30 The nSLD value of
the LCO layer is 3.71 × 10−6 Å−2, which can be converted to a

Fig. 1 (a–e) X-ray diffraction patterns for LiCoO2 deposited on a SrRuO3/SrTiO(100) substrate by RF magnetron sputtering: (a) 2θ/ω scan along the
[001] direction of the SrTiO3(100) substrate; (b) 2θχ/φ scan along the [010] direction of the SrTiO3(100) substrate; (c) φ scan of the LiCoO2(01−4)
reflection; (d) 2θχ/φ scan along the [110] direction of the SrTiO3(100) substrate; (e) φ scan of the LiCoO2(1−20) reflection. (f) Raman spectrum of the
LiCoO2 film.
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density of 4.9–5.0 g cm−3. This density is close to the
theoretical mass density (dth = 5.1 g cm−3), suggesting that
the obtained LCO film is of high purity. AFM measurements
revealed the presence of voids among the square-shaped LCO
islands grown on the SRO/STO substrate, as shown in Fig. 2.
The slightly lower density of LCO compared to its theoretical
density may be attributed to the presence of voids or a
decrease in density caused by excess Li. The NR and AFM
results also suggest that the LCO film had a relatively smooth
surface.

Fig. 3 shows the constant-current and constant-voltage
charge–discharge curves and cycle properties of the Li/LPO/
LCO/SRO/STO thin-film battery over the voltage range of 3.0
to 4.2 V at a constant current rate of 1 C (5.10 μA cm−2). The

initial open-circuit voltage was 1.8 V. During the first charge–
discharge cycle, the irreversible capacity was confirmed.
When x in LixCoO2 is larger than 1, the capacity at <3.16 V
appears.40 The results of NR in Table 1 and Fig. S1† suggest
that the obtained LCO epitaxial film has excess Li derived
from the Li-excess elemental composition (Li/Co > 1) of the
target material used in RF magnetron sputtering. Therefore,
the initial irreversible capacity is due to the excess Li present
in the system. From the second cycle onward, the charge–
discharge capacities were consistent with the theoretical
capacity corresponding to LiCoO2 ↔ Li0.5CoO2 at ≤4.2 V and
the coulombic efficiency remained at almost 100%. The
voltage plateau of the battery was confirmed at approximately
3.9 V in the charge–discharge curves. This plateau region

Table 1 NR analysis results for a LiCoO2/SrRuO3 thin film deposited on the SrTiO3(100) substrate

Layer nSLD/10−6 Å−2
Theoretical mass
density dth/g cm−3

Calculated mass
density dcalc/g cm−3 Thickness l/nm Roughness σ/nm

Surface layer 1.33 — — 5.8 3.0
LiCoO2 3.71 5.05 4.94 34.0 1.9
SrRuO3 5.23 6.58 6.54 32.6 5.7
SrTiO3 3.53 5.14 5.11 — 1.5

Fig. 2 AFM images of the LiCoO2 (LCO) film deposited on a SrRuO3/
SrTiO3(100) substrate by RF magnetron sputtering, showing gaps
between the LCO grains. Scan areas of the images are (a) 2 μm × 1 μm
and (b) 500 nm × 250 nm.

Fig. 3 (a) Charge–discharge curves for the thin-film battery (battery
structure: Li/Li3PO4/LiCoO2/SrRuO3/SrTiO3). (b) Cycle dependence of
the specific discharge capacity and coulombic efficiency of the thin-
film battery.
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corresponds to Li+ (de)intercalation with the transition
between two different hexagonal phases. In addition, two
small peaks appeared at >4.0 V in the dQ/dV plot (Fig. S2†).
These peaks are due to hexagonal → monoclinic and
monoclinic → hexagonal phase transitions of LCO,
respectively.41 The initial discharge capacity of the battery
was 138.5 mA h g−1, and after 130 cycles, the discharge
capacity decreased slightly to 137.2 mA h g−1, with the
retention rate being greater than 99%. These results indicate
that the charge–discharge processes proceed reversibly in the
voltage range of 3.0 to 4.2 V, with full utilization of the
capacity in the range of 3.0 to 4.2 V. It has been reported that
the exposed area of the LCO(104) surface is inversely related
to the resistance to Li-ion migration.42 Thus, the capacities
corresponding to the theoretical value during cycling and
high reversibility indicate the exposure of the LCO(104)
surface to the LPO electrolyte at the LCO/LPO interface.
These results suggest that the LCO epitaxial film fabricated
by RF magnetron sputtering can be utilized as a model
system for investigating the phase stability of LCO.
Previously, thin-film batteries were fabricated using PLD43,44

and RF sputtering methods.45,46 However, most of these
batteries did not achieve a capacity close to the theoretical
capacity, and the unit of capacity was not standardized by
weight. In this study, the model battery demonstrates the
theoretical capacity per weight of LCO, also suggesting the
suitability for investigating the degradation mechanism.

To investigate the phase stability of LCO at high voltage,
charge–discharge tests were continuously performed in the
constant-current and constant-voltage modes by varying the
cutoff voltage between 4.2 and 4.7 V (Fig. 3). Charge–
discharge tests were performed at each cutoff voltage for 10
cycles. Charge–discharge tests at a cutoff voltage of 4.2 V
were performed after the test at each higher cutoff voltage to
compare the behavior at 4.2 V with the initial charge–
discharge behavior at 4.2 V. The initial charge–discharge
curves at 4.2 V (Fig. 4(a)) are almost the same as those in
Fig. 3. When the cutoff voltage was increased from 4.2 to 4.5
V, the charge–discharge capacities increased with the
increase in the cutoff voltage. The capacities showed high
retention ratios. Moreover, the capacities measured at 4.2 V
after the operation with each cutoff voltage hardly differed
from the initially measured charge–discharge capacities at
the same voltage (i.e., 4.2 V). After 10 cycles of charge–
discharge at 4.5 V, the capacity retention rate was 99.3%. The
coulombic efficiency almost remained at 100% during
operation with cutoff voltages in the range of 4.2 to 4.5 V,
indicating that the battery steadily operated without
decomposition, elution, or other processes.

When the cutoff voltage was increased to 4.6 V (Fig. 4(e)),
the discharge capacity decreased slightly, resulting in a
98.5% retention ratio after 10 cycles. The capacities measured
at the cutoff voltage of 4.2 V also decreased slightly after
operation at 4.6 V. When the cutoff voltage was increased
further to 4.7 V (Fig. 4(f)), the capacity decreased
significantly, resulting in an 85.8% capacity retention ratio

after 10 cycles. The coulombic efficiency increased with
charge–discharge cycling. Based on the results in Fig. 4(a–f),
the capacity change of the system can be divided into three
stages: (I) a stable range at low voltages, including the main
plateau region at 3.9 V, (II) a stable range at high voltages
after the main plateau region, and (III) an unstable operation
range at higher voltages. The changes in capacity observed at
each stage are summarized in Fig. 4(h). The charge–discharge
capacities in stages I and III showed relatively poor cycle
retention compared to those in stage II. The charge–
discharge reactions are limited at the end of charge and
discharge, which might be due to an increase in the reaction
resistance.

To investigate the degradation mechanism during the
charge–discharge process at the upper cutoff voltage of 4.7 V,
the changes in the crystal structure of LCO were investigated
by in situ SXRD, as shown in Fig. 5. The SXRD data obtained
in situ in different charge states of the battery are shown in
Fig. 5(c) with open circles (no. 1–11). The battery exhibited an
irreversible capacity derived from excess Li during the first
charge, as shown in Fig. 3(a) and 4(a). After the first charging
to 3.88 V (no. 2), which was just before the main plateau
region, the 003 peak intensity increased slightly, relative to
that observed in the as-fabricated battery (no. 1). This seems
to be due to the electrochemical oxidation of impurities in
the film battery. Owing to the lithium deintercalation at 4.2 V
in the plateau region, the 003 peak shifted to lower angles
(no. 3). The 003 peak shifted to higher angles at 4.6 V (no. 4)
because of the phase transition from O3-type LCO with a
cubic close-packed lattice to H1-3-type LCO. H1-3-type LCO
has an intermediate structure consisting of O3-type LCO and
O1-type LCO with a hexagonal close-packed lattice.11,47 This
was confirmed from the oxidation peak observed between 4.5
and 4.6 V in the dQ/dV plot (Fig. 5(d)). After discharging to
3.0 V (no. 5), the 003 peak returned to its original position
(before charging) without a significant change in the peak
intensity. Moreover, the discharge capacity of 200 mA h g−1 is
very close to those observed in Fig. 4(e). These results are
consistent with the reversible lithium (de)intercalation of
LCO under the charge–discharge with an upper cutoff voltage
of 4.6 V. At the second cycle, the thin-film battery was
charged to 4.7 V. Two diffraction peaks were observed at H =
0.503 and H = 0.534, which can be assigned to the 003 and
001 peaks of H1-3-type and O1-type LCO, respectively (no. 6).
An oxidation peak observed between 4.6 and 4.7 V in the dQ/
dV plot supported the phase transition from H1-3-type to O1-
type LCO. These diffraction peaks disappeared after the
subsequent discharging to 3.0 V (no. 7), and the 003 peak of
lithiated O3-type LCO was observed at H = 0.480 after the first
discharge (no. 5), indicating lithium intercalation in H1-3-
type and O1-type LCO to generate O3-type LCO. However, the
003 peak was less intense than that during the first
discharge. Moreover, the peak intensities observed after
discharge gradually decreased in the subsequent cycles
operated between 4.7 and 3.0 V (no. 7–11). The decrease in
the peak intensity may correspond to the decrease in the
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discharge capacity (Fig. 5(e)). As no diffraction peaks derived
from the other phases were observed in the XRD patterns,
the O3-type structure was retained during cycling.
Furthermore, the width at half maximum of the 003 peak
hardly changed, indicating no significant change in the
crystallinity of the LCO film or reaction distribution in the
film. These results suggest that atomic arrangement changes,
such as cation exchange (Li and Co) and oxygen defect
formation in the O3-type structure, lead to a decrease in the
amount of lithium showing (de)intercalation activity and/or
an increase in the intercalation reaction resistance.

To clarify whether the structural degradation proceeded at
the surface and/or the whole region of the LCO film, in situ
SXRD along the in-plane directions was conducted with

different incident angles of the X-rays. Fig. 6 shows the in-
plane SXRD patterns of the in-plane 10−8, 1−20, and 0−14
peaks of LCO collected before initial deintercalation (3.88 V,
no. 2) and at 3.0 V after initial charging to 4.6 V (no. 5) and
4.7 V (no. 7). No significant changes in the peak position or
intensity were observed for all diffraction peaks after
charging to 4.6 V and discharging to 3.0 V, indicating the
reversible structural changes at both surface and bulk regions
of the LCO film. In contrast, all diffraction peaks of LCO
showed a decrease in intensity at 3.0 V after the initial
charging to 4.7 V from those at the initial state. These results
are consistent with the irreversible structural changes
observed in the out-of-plane 003 peak (Fig. 5(a)). Remarkably,
there was no significant difference between the area ratios of

Fig. 4 (a–f) Charge–discharge curves recorded at different cutoff voltages. (g) Discharge capacities obtained with different cutoff voltages (4.2,
4.3, 4.4, 4.5, 4.6, and 4.7 V). The discharge cutoff voltage was fixed at 3.0 V. (h) Charge–discharge capacity retention ratios at each voltage stage
on 4.7 V charge/discharge. The process for fabricating (h) is summarized in Fig. S2.†
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the peaks for the surface and whole regions (Table S1†),
indicating that irreversible structural changes occurred over
the whole region of the 34 nm-thick LCO film.

In lithium-ion batteries, the structural degradation of LCO
with oxygen release occurs at high voltages of above 4.2 V
simultaneously with side reactions involving oxidative
decomposition of species in organic liquid electrolytes,12,48

leading to an increase in the interfacial resistance.49 From
our SXRD results, the phase transition between O3-type and
H1-3-type LCO proceeds reversibly at the bulk and surface
regions during the initial charging to 4.6 V and discharging
to 3.0 V. The structural degradation of H1-3-type LCO, which
originates from interfacial side reactions, may be suppressed
by using a Li3PO4 solid electrolyte that is less susceptible to

oxidation.50 This interpretation is consistent with the
experimental findings that reversible lithium (de)
intercalation of LCO can be realized at high voltages by
modifying the interface between LCO and organic electrolytes
with a stable oxide.51–56 In contrast, the LCO film showed an
irreversible structural change in the whole region under
operation with an upper cutoff voltage of 4.7 V. Although the
phase transition between the H1-3 and O1-type LCO is
accompanied by a large volumetric change, physical or
mechanical degradation, such as particle cracking, is
negligible for film electrodes with an extremely small
thickness. Thus, the phase transition between the O3-type
and O1-type LCO with the intermediate H1-3-type LCO is
poorly reversible, even if the LCO/electrolyte interface

Fig. 5 (a and b) Synchrotron X-ray diffraction patterns of a thin-film battery (Li/Li3PO4/LiCoO2/SrRuO3/SrTiO3) along the out-of-plane [111]
direction of the SrTiO3(100) substrate. (c) Charge–discharge curves and (d) differential capacity (dQ/dV) plots obtained during in situ SXRD. The in
situ SXRD measurement points are indicated using black open circles. (e) Discharge capacity retention ratio corresponding to charge–discharge at
4.7 V and LiCoO2(003) peak area change.
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remains stable. The phase transition between the O1 and O3
structures requires the gliding of the CoO2 layers,
accompanied by a large change in the interlayer distances.
This may cause irreversible structural changes, such as the
exchange of Li and Co ions between the original octahedral
positions, movement of cation species to tetrahedral
positions, and oxygen release from the lattice, although it is
difficult to directly observe the detailed atomic arrangements
in thin-film electrodes. Recently, we reported that O3-type
Li2MnO3 film cathodes irreversibly change to an O1-type
structure during the initial charging to 4.8 V, and O1-type Li2-
MnO3 shows a reversible structural change without reverting
to the O3-type structure during lithium (de)intercalation.32

This suggests that the O1 structure can be stabilized by
modifying the atomic species and their arrangements. Our
experimental results demonstrate that the reversible capacity
of the LCO cathode can be extended to approximately 200
mA h g−1 by utilizing a solid–solid interface with excellent
electrochemical stability. Further improvement in the

intercalation capacity of layered rock-salt cathodes requires
the development of a bulk material with high compatibility
for O1-type structure-mediated phase transitions.

Conclusions

A thin-film battery with a Li/LPO/LCO/SRO/STO structure was
fabricated with the epitaxial LCO(104) film. The thin-film
batteries delivered steady lithium deintercalation and
intercalation of LCO at high voltages ranging up to
approximately 4.6 V without severe degradation. In contrast,
the charge–discharge capacities decreased when charged at
4.7 V. During lithium deintercalation from 4.6 V to 4.7 V, the
crystal structure of LCO changed from the H1-3 type to the
O1 type with a large decrease in the interlayer distances,
resulting in an irreversible structural change to the original
O3 phase in the subsequent discharge process. The
irreversible structural change occurred in the whole region of
the 34 nm-thick LCO film. The structural degradation of LCO

Fig. 6 Synchrotron X-ray surface diffraction patterns (in-plane) of a thin-film battery (Li/Li3PO4/LiCoO2/SrRuO3/SrTiO3). (a and b) HH0 scans along
the [110] direction of the SrTiO3(100) substrate; (c and d) H00 scans along the [100] direction of the SrTiO3(100) substrate. Reflections of the
regions near the bulk (a and c) and interface (b and d) were obtained by adjusting the incident angle of synchrotron X-rays.
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was not initiated by side reactions with the LPO electrolyte at
the interface but was mainly associated with the poor
reversibility of structural changes among the O3, H1-3, and
O1 phases. All-solid-state batteries using oxide electrolytes
with excellent electrochemical stability can be utilized up to
the maximum reversible capacity, constrained by the
inherent structural stability of the cathode materials.
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