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ABSTRACT: LiCoO2 has been used as the cathode material employed in
lithium-ion batteries since their development, and efforts to improve its
performance are still in progress. For example, complete use of lithium
provides a theoretical capacity as high as 274 mAh g−1; however, charge−
discharge cycling with such a high capacity leads to rapid degradation. The
degradation mechanism has been intensively studied in order to increase the
practical capacity. Although phase transitions taking place in high-voltage
charging have been considered to affect the cycling performance, side
reactions induced by the high-voltage charging always overlap to blur the
effects of phase transitions on the electrode properties. This study has
unveiled the relation between the phase transition and electrode properties
by employing a solid electrolyte that suppresses the side reactions efficiently. Electrochemical impedance spectroscopy combined
with in situ X-ray diffraction shows clear correlation between phase transition from O3 to H1−3 and a drastic increase in the
electrode resistance. The increasing resistance is attributable to formation of narrow interlayers with a gallery height of 4.2 Å that
impede lithium-ion diffusion.
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1. INTRODUCTION

LiCoO2 is the first cathode material employed in lithium-ion
batteries1,2 and has been used for more than 30 years.
Tremendous studies have been done on LiCoO2 during the 30
years and are still in progress in order to realize its potential in
practical lithium-ion batteries. For example, although complete
lithium deintercalation from LiCoO2 provides a high
theoretical capacity of 274 mAh g−1, practical capacity has
been limited to ca. 160 mAh g−1. Increasing charge voltage
increases the capacity; however, it results in rapid capacity
fading. Intensive studies aiming at improving the cycling
performance have proposed various mechanisms for the
degradation in high-voltage charging: some attribute it to
instability of organic electrolytes,3−5 while others attribute it to
structural instability of LiCoO2.
LiCoO2 has O3 structure in which lithium ions reside at its

octahedral sites, and the CoO2 layers are stacked with three-
layer periodicity. Lithium deintercalation brings about some
phase transitions in Li1−xCoO2. Lithium ions are ordered
around x = 1/2 to distort the hexagonal crystal lattice to
monoclinic.6 Further lithium deintercalation leads to phase
transitions from O3 to H1−3,7 and then to O1,8 which change
the stacking manner of CoO2 layers. These phase transitions
cause internal stress and subsequent mechanical degradation to
LiCoO2 particles, resulting in capacity fading. However, the
relation between the phase transitions and cyclability has not

been clarified because such phase transitions occurring at high
potential are always accompanied by decomposition of the
electrolytes. Effects of the phase transitions on the cyclability
always overlap that of the electrolyte decomposition, and thus,
different values have been reported for the reversible limit of
charging voltage.9−13 Clear relation will be revealed in solid-
state systems because side reactions will hardly occur in solid
electrolytes.

2. FABRICATION OF THIN-FILM BATTERIES AND IN
SITU MEASUREMENTS

This study shows the relation between changes in the crystal
structure and electrode properties of LiCoO2 in thin-film solid-
state batteries investigated by in situ X-ray diffraction (XRD)
combined with electrochemical measurements. Figure 1
schematically illustrates the in situ measurement system and
the structure and dimensions of the thin-film battery. The thin-
film battery is fabricated on a sapphire c-plane. A 9.5 mm
square LiCoO2 cathode film is deposited on a sapphire
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substrate kept at 600 °C under an Ar/O2 atmosphere in which
flow rates of Ar and O2 are 20 and 10 sccm, respectively, by RF
magnetron sputtering and then annealed at 700 °C for 5 h in
air.
Grain size in the LiCoO2 film is of an order of 100 nm, as

shown in the cross-sectional transmission electron microscope
(TEM) image in Figure 2a, and the electron diffraction pattern
taken from the area covering the LiCoO2 film and sapphire

substrate in Figure 2b indicates their epitaxial relation: LiCoO2
is epitaxially grown on the sapphire (0001) plane with the
(001) orientation and in-plane alignment of LiCoO2 [11̅0] ∥
sapphire [112̅0]. On the other hand, the surface scanning
electron microscope (SEM) image in Figure 2c shows that the
LiCoO2 grains are much larger at the surface. Triangular shape
can be recognized in the image, and the grain size is of the
order of micrometers, which originates from lateral overgrowth
at the end of the deposition.
After annealing the LiCoO2 film, Pt is deposited by DC

magnetron sputtering as a current collector, which is a square
film with 10.0 mm on a side with a circular opening with a
diameter of 10 mm. Li3PO4 is formed as the solid electrolyte
layer with lateral dimensions of 9.5 mm × 9.5 mm by RF
magnetron sputtering. Finally, a circular Li anode with a
diameter of 8.5 mm is formed above the opening of the Pt
current collector by thermal evaporation.
The electrochemical measurement system connected to the

battery sealed in an airtight sample holder controls the state-of-
charge (SOC) of LiCoO2 and measures electrochemical
impedance, while XRD patterns from the thin-film battery
are taken in situ in parallel-beam geometry using Cu-Kα
radiation. The (001) orientation of the LiCoO2 film is
beneficial to detect the phase transitions. The phase transitions
accompany clear changes in the c-lattice constant, which can be
recognized in the basal reflections strengthened by the (001)
orientation with high accuracy on the parallel-beam geometry.
In addition, the in situ XRD measurement in combination with
the electrochemical measurement easily gives structural and
electrochemical data at various SOC values to provide detailed
relation between the phase transition and electrode properties.
Electrochemical impedance spectra are taken in the frequency
range from 5 × 105 to 0.1 Hz with an AC amplitude of 20 mV.

3. INFLUENCE OF CHARGING VOLTAGE ON CYCLING
PERFORMANCE

Figure 3a shows the charge−discharge curves of the thin-film
batteries cycled in the voltage range of 2.5−4.6 V and 2.5−4.2
V in which the thin-film batteries are cycled at a constant
current of 11.9 μA. The first discharge capacity is 6.79 μAh,
when the thin-film battery is cycled between 2.5 and 4.2 V,
while that cycled between 2.5 and 4.6 V is 10.67 μAh; that is,
raising the charging cutoff voltage from 4.2 to 4.6 V increases
the capacity by 57%; however, it results in the rapid capacity
fading: capacity retentions after the 100 cycles are 99% and
79% for the 4.2 and 4.6 V charging, respectively, as shown in
Figure 3b. The observed capacity (q) is converted to the
specific capacity (Qactual) in the right vertical axis in Figure 3b
and SOC (x in Li1−xCoO2) in the left vertical axis in Figure 3c
on the basis of the “actual” mass of the LiCoO2 films
contributing to the electrode reactions in which the actual
mass is estimated as below.
Figure 4a shows the charge−discharge curves in the second

cycle obtained from the thin-film batteries cycled in the
different voltage ranges. The observed discharge capacity
(indicated by q in the uppermost horizontal axis) is 6.79 μAh,
when the battery is cycled between 2.5 and 4.2 V, while that
cycled between 2.5 and 4.6 V is 10.67 μAh. The apparent
specific capacities (Qapp in the second horizontal axis)
calculated from the observed values (q) and the entire mass
of the LiCoO2 films measured using an electric balance (86−
87 μg) are only 78 and 123 mAh g−1, respectively, which are
much lower than those expected from the relationship between

Figure 1. Schematic drawing of the in situ XRD measurement.

Figure 2. (a) Cross-sectional TEM image, (b) electron diffraction
pattern taken along LiCoO2 [11̅0], and (c) surface SEM image of the
LiCoO2 film. The diffraction spots from the LiCoO2 film and sapphire
substrate are labeled with Miller indices colored in yellow and red,
respectively.
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the charge capacity and the open-circuit voltage of Li1−xCoO2
reported in ref 14: the specific capacities at 4.2 and 4.6 V
charging are expected to be 130 and 200 mAh g−1, respectively.
The underestimation of the specific capacity comes from the
overestimation of active electrode mass.
In the solid-state batteries in this study, the circular Li anode

with a diameter of 8.5 mm is formed on the square LiCoO2
cathode with 9.5 mm on a side with a solid electrolyte film of
Li3PO4 in between, as illustrated in Figure 1. Therefore, only
63% of the cathode faces the Li anode, and it is considered that
only this part contributes to the electrode reactions; that is, the
actual mass of LiCoO2 for the electrode reactions will be 63%
of the measured value. In fact, the specific capacities calculated
from the “actual” mass (Qactual in the third horizontal axis) are
124 and 195 mAh g−1 for the 4.2 and 4.6 V charging,
respectively, which agree with the above expected values.

Moreover, transformation to the monoclinic phase that can be
recognized in the charge−discharge curves guarantees the
validity of the estimation.
The O3 hexagonal structure of LiCoO2 transforms to

monoclinic and returns to the hexagonal phase during
charging, and the phase transition appears in the potential
profile as small plateaus at ca. 4.1 V between 120 and 135 mAh
g−1 in the charging capacity14 and more clearly as a pair of
peaks around 4.1 V in the differential capacity (dQ/dV) plot.6

The differential capacity plots obtained for the present thin-
film battery in Figure 4b also have the pair of peaks originating
from the phase transition, and the charge−discharge curves in
Figure 4a have small plateaus around 4.1 V and Qactual = 120
mAh g−1. That is, transition between hexagonal and
monoclinic phases observed in this study falls within the
reported composition range of the monoclinic phase, when the
specific capacity is calculated from the “actual” mass for the
electrode reactions.
The discussion on the “actual” mass of the LiCoO2 film

leads to the conclusion that increasing the charging cutoff
voltage from 4.2 to 4.6 V increases the specific capacity from
124 to 195 mAh g−1 while leading to rapid capacity fading. It

Figure 3. Cycling properties of the thin-film batteries. Charge−
discharge curves during the cycling are shown in (a), and changes in
the discharge capacities (q) are plotted against the cycle number in
(b). The observed capacities in the left vertical axis are converted to
specific capacities based on the actual mass for the electrode reactions
(Qactual) on the right vertical axis. Changes in SOC values during the
cycling between 2.5 and 4.6 V are plotted against the cycle number in
(c). Closed and open circles indicate the SOC values at the end of
charging and discharging, respectively. The composition range of the
H1−3 phase determined by Monte Carlo simulations20 is also shown
by vertical bars.

Figure 4. (a) Charge−discharge curves of the thin-film batteries in
the second cycle with the charging cutoff voltages of 4.2 and 4.6 V and
(b) corresponding differential capacity plots. The vertical axis in (a)
indicates the cell voltage, and the horizontal axes indicate observed
capacity (q), specific capacity based on the entire mass of the LiCoO2
film (Qapp), that based on the actual mass for the electrode reactions
(Qactual), and change in the lithium content (x) estimated from the
Qactual from the uppermost to the lowermost, respectively. The
reported composition ranges for monoclinic,14 H1−3, and O1
phases20 are indicated by horizontal bars.
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should be noted that the first charge capacities are quite
different from those in the following cycles, as shown in Figure
3a. In fabrication of thin-film batteries, deposition of solid
electrolytes onto cathode layers sometimes changes the lithium
contents in the cathodes. For example, deposition of Li3PO4
onto LiNi0.5Mn1.5O4 increases its lithium content to convert it
to Li2Ni0.5Mn1.5O4.

15 On the contrary, deposition of Li3PO4
onto LiCoO2 in this study decreases the lithium content. We
have found that the decrease in the lithium content is
controllable by substrate bias in the Li3PO4 deposition by RF
sputtering, and the details will be reported elsewhere. The
differences between the first charge and discharge capacities
(Δq) correspond to the amounts of lithium ions extracted in
the deposition of Li3PO4. Both batteries show the same value
of Δq = 5.8 μAh, which are converted to ΔQactual = 106 mAh
g−1 and Δx = 0.39, and thus, it is concluded that the Li3PO4
deposition partially charges the LiCoO2 to Li0.61CoO2.
Therefore, the thin-film batteries must be discharged
completely in order to adjust the lithium content to
Li1.0CoO2 before investigating the relationship between the
electrode properties and crystal phase of LiCoO2 and their
dependence on the SOC.

4. RELATION BETWEEN THE ELECTRODE
RESISTANCE AND PHASE TRANSITIONS

Figure 5 shows typical Nyquist plots obtained for the thin-film
battery obtained at various SOC values. The Nyquist plots

consist of two semicircles and a straight line. The diameter of
the semicircles in the higher frequencies is independent of the
SOC and agrees with that estimated from the conductivity and
dimensions of the Li3PO4 film, and thus, it is attributable to the
resistance of the electrolyte layer (Rele). The battery shows a
little higher resistance at shallow SOC values, e.g., at x = 0.03,
as indicated in Figure 5a. It is because the cathode in this
battery has a current collector only on its edge, and LiCoO2 is
a semiconductor. Because it is resistive before lithium
deintercalation provides metallic conduction,16 the battery
shows somewhat high resistance at shallow SOC values. The

second semicircle shows SOC dependence, indicating that it is
attributable to the charge-transfer resistance at the cathode
(Rct). Rct observed in Figure 5a is ca. 14 Ω cm2, which is
comparable to that observed for a (001)-oriented LiCoO2/
Lipon interface.17 On the other hand, Rct noticeably starts to
increase at x = 0.67 and reaches 5.6 × 105 Ω cm2 at x = 0.81, as
shown in Figures 5b and 6.
Oxidative decomposition of electrolytes caused by high-

voltage charging generally increases Rct in liquid electrolyte
systems;5 however, the increase in Rct in this battery will not
come from decomposition of Li3PO4. First-principles calcu-
lations show that the oxidation potential of Li3PO4 is 4.2 V vs
Li+/Li,18 whereas some experimental results suggest that its
practical electrochemical window is much wider than the
thermodynamic value due to slow kinetics of the decom-
position reactions. In fact, experimental results indicate that
Li3PO4 and a related material, Lipon, are stable against a 5 V
cathode, LiNi0.5Mn1.5O4. Interfacial resistance between Li-
Ni0.5Mn1.5O4 and Li3PO4 is as low as 7.6 Ω cm2, and a Li/
Li3PO4/LiNi0.5Mn1.5O4 battery shows stable cycling even at an
elevated temperature of 70 °C.15 In addition, a Li/Lipon/
LiNi0.5Mn1.5O4 battery delivers a remarkable capacity retention
of 90% over 10,000 cycles with coulombic efficiency higher
than 99.98%.19 These results strongly suggest that Li3PO4 is
not oxidatively decomposed at 4.7 V vs Li+/Li, which is the
electrode potential of LiNi0.5Mn1.5O4 in its charged state, to
increase the electrode resistance. On the other hand, Rct in this
thin-film battery starts to increase at x = 0.67 obviously, even
though the cathode potential is still 4.55 V there. The reason
for the different stability against high-voltage charging from the
above studies will be found in the differences in the cathodes,
for instance, in the crystal structure. LiCoO2 has a two-
dimensional layered structure, while LiNi0.5Mn1.5O4 has a
three-dimensional spinel structure.
Figure 6 shows the XRD patterns obtained at various SOC

values along with Rct values derived from the Nyquist plots in
Figure 5. The XRD pattern before charging consists of basal
reflections from LiCoO2 indicating the (001) orientation of
the film, 110 and 200 reflections from the Li metal anode, and
0003 and 0009 reflections from the sapphire substrate, where
forbidden sapphire 0003 reflection appears due to the epitaxial
strain. The basal reflections shift to the lower angles upon
charging, which indicates expansion of the c axis caused by the
weakening coulombic attraction between CoO2 and Li layers
with the lithium deintercalation. When the SOC comes to x =
0.67, a new series of diffractions emerges at 2θ = 9.7, 19.5,
29.7, 39.7, 50.5, and 61.3 °, which are assignable to 003n (n =
1−6) reflections of the H1−3 phase.20 Further lithium
deintercalation gives a rise of new reflections at 2θ = 20.96
and 41.78 °, which are 001 and 002 reflections from the O1
phase, i.e., lithium-depleted CoO2.

21 The right panel of Figure
6 shows SOC dependence of Rct taken with the XRD patterns.
The Rct is almost unchanged before the emergence of the H1−
3 phase and then starts to increase. The coincidence of onset
of increasing Rct and emergence of the H1−3 phase strongly
suggests that the formation of the H1−3 phase increases the
Rct.
The H1−3 phase is a second stage structure in Li1−xCoO2,

which is composed of CoO2 layers piled up with two kinds of
interlayers alternately: one is O3-type with an interlayer
distance of 4.8 Å, and the other is O1-type with an interlayer
distance of 4.2 Å, as illustrated in Figure 7a.7 A kinetic Monte
Carlo simulation has revealed that the chemical diffusion

Figure 5. Typical Nyquist plots for the thin-film battery at various
SOC values (a) below x = 0.35 and (b) above x = 0.58. The
impedance spectra are taken in a frequency range from 5 × 105 to 0.1
Hz with an AC amplitude of 20 mV.
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coefficient in Li1−xCoO2 decreases by five orders of magnitude
beyond x = 0.6 due to the high activation barrier for Li+-ionic
diffusion.22 The high activation barrier is attributed to two

factors. One is a drop of the c-lattice constant, which
compresses the tetrahedral sites along the conduction paths.
The second factor is increasing effective charge on the Co ion
that exerts a large electrostatic repulsion to the Li+ ion in the
tetrahedral sites. Because the effective charge on the Co ion
will increase gradually during charging, the drastic increase of
Rct with the emergence of the H1−3 phase implies that the
former is the predominant factor in this case; that is, the drop
of the interlayer distance to 4.2 Å makes the gallery height
insufficient for fast ionic diffusion.
The LiCoO2 film grown on the sapphire c-plane has the

(001) orientation in which the interlayers are parallel to the
substrate and perpendicular to the current direction. Although
lithium ions are considered to hardly diffuse along the c
direction, (001)-oriented films have been reported to show
smooth charge−discharge reactions.23−25 It is deduced that
lithium ions can diffuse along the c direction through defects,
e.g., grain boundaries, antiphase boundaries, and pairs of
antisite Li and oxygen vacancies acting as the conduction
channels. Figure 7b schematically presents lithium extraction
from (001)-oriented LiCoO2. Lithium extraction to x ≈ 0.65 in
Li1−xCoO2 is reported to expand the interlayer spacing from
4.7 to 4.8 Å, maintaining its O3 structure.14 Further extraction
depletes lithium ions in the alternate interlayers to decrease
their height to 4.2 Å and form the H1−3 phase, and complete
extraction of lithium ions leads to the formation of the O1
phase in which all the CoO2 layers are piled up with an
interlayer distance of 4.2 Å. Since the charge reaction will
preferentially extract lithium ions neighboring to the
“conduction channel along the c direction,” 4.2-Å-high galleries
will be formed to surround the “channel” and impede the
supply of lithium ions to the “channel.” In addition, lithium
ions must undergo long lateral diffusion to reach the “channel”
in the present epitaxial film, as indicated in Figure 2c.
Therefore, lithium ions around the “channel” will be depleted
to make the channel inactive and increase Rct right after the
emergence of the H1−3 phase. The XRD patterns on the top

Figure 6. XRD patterns and Rct measured for the thin-film battery during charging. Diffraction intensity (I) and Rct are plotted on the logarithmic
scales. Some XRD patterns referred in the text are labeled with the SOC values.

Figure 7. (a) Crystal structure of the H1−3 phase7 and (b) schematic
representation of lithium deintercalation from the (001)-oriented
LiCoO2 film. Crystal structure is presented in a space-filling structure
model drawn by VESTA.34
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in Figure 6 support this scheme. They consist of three basal
reflection series, indicating the coexistence of O3, H1−3, and
O1 phases, although the H1−3 phase should coexist only with
either the O3 or O1 phase thermodynamically.26,27 Despite the
thermodynamic instability, the three-phase coexistence will be
allowed due to the slow kinetics. The 4.2 Å galleries will
impede the movement of lithium ions from O3 to H1−3 and
O1 phases that vanishes the O3 phase.

5. EFFECTS OF PHASE TRANSITIONS ON THE
CYCLING PERFORMANCE

Lithium reintercalation recovers the original O3 structure, as
shown in Figure 8; however, the recovery is somewhat
sluggish. In Figure 8, Li1−xCoO2 is charged up to x = 0.70 and
then discharged. Reflections from the H1−3 phase appear at x
= 0.65 in the charging while surviving until x = 0.62 in the
discharging. In addition, Rct shown in the right panel starts to
increase rapidly at x = 0.65 in the charging while decreasing
during the discharging slowly. The sluggish recovery will be
due to the slow kinetics: lithium ions must prop up the
galleries from 4.2 to 4.8 Å in height in order to recover the O3
phase. In fact, the decreasing Rct value is accelerated to some
extent after the H1−3 phase disappears. However, the Rct does
not go back to its original value: The Rct is 16 Ω cm2 before the
charging, while it is ca. 70 Ω cm2 at the end of discharging.
The irreversible increase in Rct should be the reason for the

rapid capacity fading observed in the cycling with 4.6 V
charging because the charge−discharge curves overlap the
composition range for the H1−3 phase determined by Monte
Carlo simulations20 at the end of charging to 4.6 V, as shown
in Figure 4a. In fact, the formation of the H1−3 phase appears
as a potential plateau in Figure 4a, which gives a peak around
4.6 V in the corresponding differential capacity plot in Figure
4b, and diffractions from the H1−3 phase are detected in the
XRD patterns in Figures 6 and 8. The irreversible increase in
Rct will be caused by the large change in the gallery height in

the transformation between the O3 and H1−3 phases. The
difference in the interlayer distance between O3 and O1-type
exceeds 10%. In addition, the transformation between O3 and
O1-type galleries accompanies lateral shift of the CoO2 layers.
Such structure changes will degrade the LiCoO2 film to
increase the resistance and lead to the capacity fading in the
cycling with high-voltage charging. On the other hand, the
cycling between 2.5 and 4.2 V is very stable because it changes
the SOC between x = 0 and 0.46, where the O3 structure is
kept, and the corresponding change in the interlayer distance is
between 4.68 and 4.80 Å, i.e., only 2%.
Phase transitions taking place in high-voltage charging have

been considered to affect the cycling performance of LiCoO2;
however, their direct relation has not been clarified because
high-voltage charging also brings about side reactions that veil
the direct relation, e.g., formation of resistive LiF films on the
surface,28 pitting corrosion,29 or dissolution of Co.30 Such side
reactions make the relation between the phase transitions and
cycling performance unclear, and an increase in electrode
impedance has been always attributed to the electrode/
electrolyte interface.31,32 On the other hand, Li3PO4 used as
the solid electrolyte in this study has unveiled the relation
between the phase transition and electrode properties because
it suppresses the side reactions and provides stable and low-
resistive interface even to LiNi0.5Mn1.5O4 that shows an
electrode potential of 4.7 V.15,19

The high-voltage cycling properties of LiCoO2 have been
generally investigated in liquid electrolytes, whereas they were
once reported for an Li/Lipon/LiCoO2 thin-film battery.33

The battery in the paper shows very stable cycling below 4.4 V,
while increasing the cutoff voltage higher than 4.4 V results in
capacity fading and an increase in the cell resistance. This
study provides detailed explanations of the results. The phase
transition leading to the degradation of the battery will be that
between O3 and H1−3, although it was assigned to that
between O3 and O1 in the paper because it takes place just

Figure 8. XRD patterns and Rct measured for the thin-film battery during the charging up to x = 0.7 and discharging. Diffraction intensity (I) is
plotted on the logarithmic scales. Some XRD patterns referred in the text are labeled with the SOC values. Closed and open circles in the right
panel indicate Rct in the charging and discharging process, respectively.
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above 4.5 V, where the H1−3 phase is detected in this study.
The thin-film battery cycled with an upper cutoff voltage of 5.0
V in the paper shows quicker capacity fading than that with 4.6
V in this study, which is due to the different cutoff voltages.
The SOC values at the end of charging and discharging in this
study are estimated from the accumulated capacity and plotted
in Figure 3c. The SOC values at the end of charging become
shallower upon the cycling because increasing Rct enlarges the
overpotential. The increased overpotential makes LiCoO2
never reach the composition for the O3/H1−3 phase
transition and thus lowers the degradation rate in the
prolonged cycle.

6. CONCLUSIONS
This study has revealed the clear relation between electrode
kinetics and phase transition in high-voltage charging of
LiCoO2. Combination of impedance spectroscopy and in situ
XRD shows that a drastic increase in electrode resistance
coincides with phase transition from O3 to H1−3 phases. The
coincidence strongly suggests that O1-type interlayers with a
gallery height of 4.2 Å formed in the H1−3 phase impede ionic
diffusion to reduce the electrode kinetics of LiCoO2 charged at
high voltage. Once LiCoO2 has experienced the phase
transition, the increased electrode resistance never comes
back to its original value in the following discharging even
though it recovers its O3 phase. It will be the large difference
in the interlayer distance between the O3 and O1-type
galleries, which leads to the irreversible increase in the
electrode resistance and capacity fading.
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