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’ INTRODUCTION

The demand for the large-scale rechargeable batteries has
grown rapidly over the past few years. In the realm of energy
storage, lithium-ion batteries are of great significance as power
sources to realize cleaner and energy-efficient automobiles, that
is, pure electric vehicles. The elemental abundance in earth’s crust
is the most important factor to design the electrode materials for
large-scale applications. For this purpose, the iron- and manga-
nese-based materials are promising candidates as the positive
electrode materials. Two possible candidates, LiMn2O4 (and its
derivatives) and LiFePO4, are used as the positive electrode
materials for the large-scale application. Much fundamental
research progress in both materials has been achieved in the
past two decades.1-10 However, available rechargeable capacity
for both materials approaches almost the theoretical limit,
indicating that alternative positive electrode materials achieving
higher energy density than that of LiMn2O4 and LiFePO4 are
needed to meet the demand for further enhancement of the
energy density of the rechargeable batteries.

Among the positive electrode materials reported so far, Li-
excess manganese layered oxides represented by the chemical
formula zLi2MnO3-(1 - z)LiMeO2 (Me = Co, Ni, Mn, etc.)
seem to be among of the most promising candidates and can

deliver higher capacity (>230 mAh g-1) with higher operating
voltage (>3.5 V vs Li/Liþ in average). A characteristic feature of
the Li-excessmanganese layered oxides is a voltage plateau observed
at 4.5-4.6 V during an initial cycle. Their electrode performance
is drastically improved by charging across the voltage plateau.
However, a large irreversible capacity in this process is often observed.
The larger polarization and continuous structural transition also
makes it more difficult to develop this material as a positive
electrode material for the rechargeable lithium batteries.

To utilize the Li-excess manganese layered oxides as the elec-
trode materials, they have been extensively studied over the past
several years. The structural compatibility between LiMeO2 (Me;
3d-transtion metals, such as Co, Ni, and Mn) and Li2MnO3 (alter-
natively designated as Li[Li1/3Mn2/3]O2 in a layered formulation)
as layered rock-salt structures allows for their structural integration,
and these materials can be denoted as zLi2MnO3-(1- z)LiMeO2

as proposed by Thackeray and co-workers.11-14 The Li-excess
manganese layered oxides are also simply reformulated as
Li[Lix/3Me1-xMn2x/3] (0 < x < 1). Several individual groups
have examined different systems, for example, LiCoO2,
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ABSTRACT: Lithium-excess manganese layered oxides, which
are commonly described by the chemical formula zLi2MnO3-
(1 - z)LiMeO2 (Me = Co, Ni, Mn, etc.), are of great
importance as positive electrode materials for rechargeable
lithium batteries. In this Article, LixCo0.13Ni0.13Mn0.54O2-δ

samples are prepared from Li1.2Ni0.13Co0.13Mn0.54O2 (or
0.5Li2MnO3-0.5LiCo1/3Ni1/3Mn1/3O2) by an electrochemi-
cal oxidation/reduction process in an electrochemical cell to
study a reaction mechanism in detail before and after charging
across a voltage plateau at 4.5 V vs Li/Liþ. Changes of the bulk and surface structures are examined by synchrotron X-ray diffraction
(SXRD), X-ray absorption spectroscopy (XAS), X-ray photoelectron spectroscopy (XPS), and time-of-flight secondary ion mass
spectroscopy (SIMS). SXRD data show that simultaneous oxygen and lithium removal at the voltage plateau upon initial charge
causes the structural rearrangement, including a cation migration process from metal to lithium layers, which is also supported by
XAS. This is consistent with the mechanism proposed in the literature related to the Li-excess manganese layered oxides. Oxygen
removal associated with the initial charge on the high voltage plateau causes oxygenmolecule generation in the electrochemical cells.
The oxygen molecules in the cell are electrochemically reduced in the subsequent discharge below 3.0 V, leading to the extra
capacity. Surface analysis confirms the formation of the oxygen containing species, such as lithium carbonate, which accumulates on
the electrode surface. The oxygen containing species are electrochemically decomposed upon second charge above 4.0 V. The
results suggest that, in addition to the conventional transitionmetal redox reactions, at least some of the reversible capacity for the Li-
excessmanganese layered oxides originates from the electrochemical redox reaction of the oxygenmolecules at the electrode surface.
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LiCrO2,
16 and LiNi1/2Mn1/2O2.

17-19 In the layered positive
electrode materials, LiMeO2, it is generally accepted that the
charging (oxidation of transition metals associated with a lithium
extraction process) is limited by the amount of the transition
metal ions in the tetravalent state. The charging ends when all of
the transitionmetals are oxidized to a tetravalent state. As a result,
Li2MnO3, consisting of Mn4þ only, was considered to be elec-
trochemically inactive as an electrode material. However, Li-excess
manganese layered oxides,11-14,17-29 even pure Li2MnO3,

30-34 are
indeed electrochemically active as the electrode materials. A
significant amount of Li ions is extracted upon initial charge from
these Li-excess manganese layered oxides accompanied by the
well-defined voltage plateau at 4.5-4.6 V. The reaction mecha-
nism associated with the voltage plateau also has been extensively
studied. Lu and Dahn have proposed simultaneous Liþ and O2-

removal at the plateau based on Rietveld analysis, forming
oxygen vacancies in the crystal lattice.18 Robertson and Bruce
have confirmed that Liþ/Hþ exchange occurs at the elevated
temperatures (55 �C) based on the study on pure Li2MnO3.

31,32

The proton originated from the decomposition of the electrolyte
solution, such as dimethyl carbonate (DMC) and ethylene car-
bonate (EC). Recently, this was directly supported by the
detailed gas analysis by mass spectroscopy by the research group
of SANYO.34 In pure Li2MnO3, CO2, which is a decomposition
product of the electrolyte, becomes the dominant component at
elevated temperature, while oxygen molecule released from
the lattice is a prominent component at room temperature.
A 1H MAS NMR study on the Li-excess system Li1.12-
(Ni0.425Mn0.425Co0.15)0.88O2 by Croguennec et al. also sug-
gested that Liþ/Hþ exchange is minimal at room tem-
perature.35 The change in the crystal structure accompanied
by the oxygen removal process has been examined by neutron
diffraction combined with the in situ differential electroche-
mical mass spectrometry (DEMS).36 A cation migration
model was proposed as the oxygen removal process. Oxygen
is first removed from the material surface, and then remaining
transition metals migrate from the surface into the inside
particles. Formation of the oxygen vacancy and its diffusion in
the crystal lattice were not assumed in this model. Similarly,
the “lattice densification” model has been proposed on the
basis of the analytical results obtained by XRD.35 The cation
rearrangement process has been further supported by a 6Li
MAS NMR study.22

Although the reaction mechanisms for the Li-excess manga-
nese layered oxides have been extensively examined, the analy-
tical techniques used in themost of those works are limited to the
studies on the bulk of particles. Many questions are still unan-
swered, because little information is available on the surface
composition of the Li-excess manganese layered oxides. One of
the unanswered questions about the Li-excessmanganese layered
oxides is the specific role of the oxygen molecules that are
released during initial charge at the voltage plateau in the elec-
trochemical reactions for the subsequent cycles. This issue is first
dealt with in this Article by applying surface analytical methods,
and we address whether or not oxygen molecules may indeed
participate in the electrochemical redox reactions. The theore-
tical capacity of the oxygen reaches 800 mAh g-1 when the one-
electron reduction reaction per an oxygen molecule is assumed.
This is not negligible even if the small amount of oxygen exists in
the cell. Surface analysis has been performed by X-ray photo-
electron spectroscopy (XPS) combined with the secondary ion
mass spectroscopy (SIMS). XPS spectra are collected by irradiating

a target with X-rays while the kinetic energy of escaped electrons
from the top 1-10 nm of the target is analyzed. The binding
energies of the escaped electrons have characteristic features for
the elements in a certain chemical environment, which allow for a
detailed examination of the atomic compositions of a target and
the chemical and electronic states of a specific element. Recently,
the application of XPS in analysis of the degradation mechanisms
of the electrodematerials related to surface structural changes has
been described in the literature.37-40 Secondary ion mass spec-
troscopy (SIMS)41,42 is also utilized as a complementary surface
analytical method to XPS, which is based on the mass spectro-
metric analysis on ions. For SIMS, primary ions, accelerated in
the range of 10-20 keV, are bombarded to a target. A small
fraction of the target is evaporated from the outer surface layer of
the target as various different kinds of ionized molecular frag-
ments. The ionized molecular fragments are counted using a
time-of-flight (TOF)mass spectrometer. Themass of the fragments
involves information on the chemical species formed on the elec-
trode uppermost surface layers. In addition to the chemical state,
the high spatial resolution of the SIMS provides a detailed two-
dimensional map of the surface.

In this Article, a detailed study of the reaction mechanisms
of the Li-excess manganese layered oxides in relation to the
changes of both bulk and surface structures is presented. A one-
to-one mixture between Li2MnO3 and LiCo1/3Ni1/3Mn1/3O2

(Li1.2Co0.13Ni0.13Mn0.54O2) was chosen as a representativematerial
of the Li-excess manganese layered oxides. LiCo1/3Ni1/3Mn1/
3O2 is well established high-energy (over 200 mAh g-1 is
achieved) and high-power positive electrode material having an
ideal layered structure,43-45 and the mixture with Li2MnO3 also
can be found in the literature.14,23,26-28,46 This combined study
on both bulk and surface analysis allows for a better under-
standing of the reaction mechanisms of the Li-excess manganese
layered oxides before and after initial charging beyond the voltage
plateau of 4.5-4.6 V.

’EXPERIMENTAL SECTION

Sample Preparation. 0.5Li2MnO3-0.5LiCo1/3Ni1/3Mn1/3O2

(Li1.2Co0.13Ni0.13Mn0.54O2) was prepared by a solid-state reaction from
lithium hydroxide and cobalt-nickel-manganese hydroxide (Co, Ni,
Mn)(OH)2. The cobalt-nickel-manganese hydroxide was prepared by
a coprecipitation method from 2.0 mol dm-3 of Co(NO3)2, Ni(NO3)2,
and Mn(NO3)2 (Co:Ni:Mn = 0.13:0.13:0.54 in the molar ratio)
aqueous solution and 2.0 mol dm-3 of LiOH aqueous solution with
the desired amount of NH4OH. The solutions were mixed slowly in a
nitrogen filled glovebag, and the pHof themixed solution was kept in the
range of 11-12 during the precipitation process. Finally, the precipi-
tated (Co, Ni, Mn)(OH)2 particles were filtered, washed by degassed
water, and then dried in a vacuum at room temperature. Thus obtained
(Co, Ni, Mn)(OH)2 and LiOH were mixed in the molar ratio of
1.00:1.05 by using a mortar and pestle, and pressed into pellets, in
which 5% of excess lithium was added to compensate for the lithium
evaporation during the calcinations at high temperature. The pellets
were heated at 900 �C for 10 h in air and then quenched to room
temperature.
Electrochemical Testing. Composite positive electrodes con-

sisted of 80 wt % active material, 10 wt % acetylene black, and 10 wt %
polyvinylidene fluoride (PVdF), pasted on aluminum foil as a current
collector. The electrolyte solution used was 1 mol dm-3 LiPF6 dissolved
in EC:DMC = 1:1 (Kishida Chem. Corp., Ltd., Japan). Electrochemical
testing was conducted using R2032-type coin cells with Li metal as
negative electrodes. The cells were assembled in an argon filled glovebox.
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Electrochemical testing condition is specified in the Results and
Discussion.
Synchrotron X-ray Diffraction (XRD) Analysis. Synchrotron

X-ray diffraction patterns were collected at the beamline BL02B2,
SPring-8 in Japan, equipped with a large Debye-Scherrer camera.47

LixCo0.13Ni0.13Mn0.54O2-δ composite electrodes were electrochemi-
cally prepared in the coin cells at a rate of 10 mA g-1 and gently rinsed
with dimethyl carbonate (DMC) to remove excess electrolyte from the
composite electrode, and then were dried at room temperature in the
argon filled glovebox. The composites were separated from the alumi-
num current collectors and cut into small pieces using a metallic blade,
and then were filled into glass capillaries (1.0mmdiameter or 0.5mm for
the pristine powder). The glass capillaries were sealed by a resin in the
argon filled glovebox to eliminate the sample exposure to air. To
minimize the effect of X-ray absorption by the samples, the wavelength
of incident X-ray beam was set to 0.5 Å using a silicon monochromator,
which was calibrated to 0.5028(1) Å with a CeO2 standard. X-ray
diffraction data were recorded on an imaging plate for 20 min. Rietveld
refinement analysis was carried out using RIETAN200048 in the 2θ
range of 10-40�, corresponding to 31 to >180� for Cu KR radiation.
X-ray Absorption Spectroscopy (XAS). X-ray absorption spec-

troscopy was performed at the beamline BL-12C of the Photon Factory
Synchrotron Source in Japan. XAS spectra were collected with a silicon
monochromator in transmission mode. The intensity of incident and
transmitted X-ray was measured by using an ionization chamber at room
temperature. LixCo0.13Ni0.13Mn0.54O2 composite samples were pre-
pared by using the coin cells at a current density of 10 mA g-1. The
composite electrodes were rinsed with DMC and sealed in a water-
resistant polymer film in the argon filled glovebox. Analysis of the XAS
spectra was carried out by using program code of IFEFFIT.49 The
postedge background was determined using a cubic spline procedure.
The normalized EXAFS spectra were converted from energy to wave-
vector k, and then weighted by k3. EXAFS structural parameters were
obtained by a nonlinear least-squares analysis of the data using phase
shift and amplitude function generated from the FEFF code.50 The least-
squares curve fitting was carried out in R-space. Simulation of the
XANES spectra was conducted by using the program code FEFF 8.0
with the cluster size of 6.0 Å from the centered atoms, which typically
consisted of 66 atoms.
X-ray Photoelectron Spectroscopy (XPS). XPSmeasurements

were performed using an X-ray photoelectron spectrometer (JEOL, JPS-
9010MC). XPS spectra were collected at room temperature using a
nonmonochromatic Mg KR (1253 eV) X-ray source operated at 120 W
(12 kV and 10 mA), and the chamber pressure was kept <10-6 Torr
during the measurements. The energy of the spectra was calibrated by
the binding energy of the hydrocarbon (C-H) at 284.6 eV, which is
mainly contributed by the acetylene black in the composite electrode.
Time-of-Flight-Secondary Ion Mass Spectroscopy (TOF-

SIMS). TOF-SIMS measurements were performed by using a time-of-
flight secondary ion mass spectrometer (TOF-SIMS, TFS2000, UL-
VAC-PHI Inc.), equipped with a liquid Ga ion source and pulse electron
flooding. During analysis, the targets were bombarded by the 15 kV Ga
beams with pulsed primary ion current varying from 0.3 to 0.5 pA. The
data were collected when the chamber pressure reached 10-9 Torr.

Two-dimensional ionmapping of the electrode was obtained by using
TOF-SIMS (TRIFT V, ULVAC-PHI Inc.). The electrodes were bom-
barded by Bi3

2þ cluster ions (30 kV) with primary ion current at 0.059 pA.

’RESULTS AND DISCUSSION

Electrochemical Reactivity of Li1.2Co0.13Ni0.13Mn0.54O2.
To evaluate the electrochemical reactivity of 0.5Li2MnO3-
0.5LiCo1/3Ni1/3Mn1/3O2 (or Li1.2Co0.13Ni0.13Mn0.54O2), gal-
vanostatic oxidation (charge)/reduction (discharge) cycle tests

were conducted with different voltage limits vs Li/Liþ. Figure 1a
compares the voltage profiles of the Li/Li1.2Co0.13Ni0.13M-
n0.54O2 cells in the initial cycles. The cells were cycled with
different voltage ranges (4.4 or 4.8 V cutoff) at a rate of C/20
(15.8 mA g-1) at room temperature. In this Article, C-rate was
based on one electron redox per a formula unit of Li1.2Co0.13-
Ni0.13Mn0.54O2, whose capacity was calculated to be 314 mAh g

-1.
When the voltage range is limited to 4.4 V, first charge capacity of
100 mAh g-1 is observed, corresponding to that for the removal
of approximately 0.3 mol of lithium ions from Li1.2Co0.13-
Ni0.13Mn0.54O2. On further charging up from 4.4 to 4.8 V, the
characteristic voltage plateau (∼250 mAh g-1) appears. If it is

Figure 1. (a) Charge/discharge curves of the Li/Li1.2Ni0.13Co0.13M-
n0.54O2 cells (first cycle) in the voltage ranges of 2.0-4.4 and 2.0-4.8 V
in 1 M LiPF6 (EC/DMC) at a rate of C/20 (15.7 mA g-1). (b)
Comparison of the first discharge and second charge curves of the Li/
LixNi0.13Co0.13Mn0.54O2 cells at different rates in the voltage range of
2.0-4.8 V at 25 or 60 �C. (c) Differential capacity (dQ/dV) plots of the
first discharge and second charge curves of the Li/Li1.2Ni0.13Co0.13M-
n0.54O2 cells, which were calculated from the data shown in (b).
Additional redox peaks (2.5 V in discharge and 4.1 V in charge) are
confirmed at the lowest current density of C/40 (7.9 mA g-1).
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assumed that the current observed across the voltage plateau is
consumed by the lithium extraction without any side reactions,
an additional 0.8 mol of lithium ions is extracted in the range of
4.4-4.8 V. The charging capacity obviously exceeds the expected
values based on the Ni2þ/4þ and Co3þ/4þ redox reaction
(approximately 120 mAh g-1). The extra charging capacity
(250-270 mAh g-1) beyond the limit based on the tetravalent
transition metals is closely related to the characteristic feature of
Li2MnO3, possibly simultaneous removal of lithium and oxide
ions.18,34-36 The first discharge capacity of the Li/Li1.2Co0.13-
Ni0.13Mn0.54O2 cell reaches 260 mAh g-1 after the charging to
4.8 V at a (1/20)C rate (15.7 mA g-1). The observed capacity
corresponds to approximately 0.7 mol of lithium ions based on
the formula unit of Li1.2Co0.13Ni0.13Mn0.54O2. The voltage
profile of first discharge is, however, completely deviated from
the first charge curve, suggesting a permanent structural change
upon the initial charge.
The rechargeable capacity of the Li/Li1.2Co0.13Ni0.13Mn0.54O2

cell is strongly influenced by the operating temperature. First,
discharge and second charge curves of the Li/Li1.2Co0.13Ni0.13M-
n0.54O2 cells operated at 25 and 60 �C are compared in Figure 1b.
The observed rechargeable capacity at 60 �C exceeds 300 mAh
g-1 at (1/20)C rate. Note that when one electron reduction
based on the transitionmetals (i.e., Co3þ/Co4þ, Ni3þ/Ni4þ, and
Mn3þ/Mn4þ) is assumed for Li1.2Co0.13Ni0.13Mn0.54O2, the
rechargeable capacity can be calculated to be 251 mAh g-1.
The estimated rechargeable capacity increases to 290 mAh g-1

when Ni2þ/Ni4þ redox via Ni3þ is assumed. The observed
discharge capacity (>300 mAh g-1) at 60 �C for the first
discharge is, however, slightly larger than the estimated value
based on the solid-state redox of the transition metal ions.
The voltage profile of the first discharge curves on the Li/

Li1.2Co0.13Ni0.13Mn0.54O2 cells operated at different current
density is also shown in Figure 1b. Three independent cells were
charged at the same rate of (1/20)C at room temperature, and
then discharged at different current rates of (1/10), (1/20), and
(1/40)C, corresponding to 31.6, 15.7, and 7.9 mA g-1, respec-
tively. The observed first discharge capacity of 230 mAh g-1 at
(1/10)C increases to 280 mAh g-1 at a (1/40)C rate. Note that
when the current density is reduced to (1/40)C, an additional
voltage plateau at around 2.5 V is observed. Differential capacity
dQ/dV (Q, capacity and V, voltage of the cells) plots, which were
calculated from the galvanostatic curves for the first discharge
and second charge operated at (1/10), (1/20), and (1/40)C
rates in Figure 1b, are shown in Figure 1c. For the first discharge
at (1/20)C rate, broad andmultiple peaks centered at around 4.3,
3.7, and 3.1 V are confirmed. For the second discharge at
(1/20)C rate, similar broadened peaks centered at 3.2, 3.9, and
4.4 V are observed. New peaks are visible at (1/40)C rate, which
are located at 2.5 V for the first discharge and 4.1 V for the second
charge. According to the literature, the peak observed at 3.2 V for
the charge process is related to spinel phase formation.14 These
new peaks become visible only at the lower rate, and the dif-
ference in voltage of the two peaks is approximately 1.6 V. It is
interesting to note that the voltage difference is very similar to
that reported previously for the Li2O2 electrode with large polar-
ization (∼1.5 V).51 The origin of these plateaus is further dis-
cussed in a later section.
The main conclusions for the electrochemical reactivity of

Li1.2Co0.13Ni0.13Mn0.54O2 are the following: (i) The Li/Li1.2-
Co0.13Ni0.13Mn0.54O2 cells show very high rechargeable capacity
(>300 mAh g-1 at 60 �C), which exceeds the theoretical value

based on the solid-state redox of each transition metal (Co3þ/
Co4þ, Ni2þ/Ni3þ/Ni4þ, and Mn3þ/Mn4þ). (ii) When the cells
were cycled at a slower current density (e.g., a (1/40)C rate), new
voltage plateaus at 2.5 V for the first discharge and at 4.1 V for the
second charge were observed. The difference in the voltage
between the plateaus is 1.6 V, which closely resembles that of the
Li2O2 as described below.
Structural Analysis by Synchrotron X-ray Diffraction

(SXRD). SXRD was utilized for the analysis of the change in
crystal structures of Li1.2Co0.13Ni0.13Mn0.54O2. Powder diffrac-
tion data collected are displayed in Figure 2. The SXRD pattern
of the pristine Li1.2Co0.13Ni0.13Mn0.54O2 powder is shown in
Figure 2a. Observed Bragg diffraction lines were indexed to a
conventional hexagonal unit cell with space group symmetry of
R3 except for superlattice lines observed in the 2θ range of 7-
10�. The superlattice diffraction lines have a broadened peak
profile, especially for the (1/3, 1/3, l)hex lines, indicating that a
stacking fault of the [

√
3ahex �

√
3ahex]R30�-type superlattice

layers exists along the c-axis direction. A similar trend has been
found in the previous reports on the Li2MnO3 system.52,53

Lattice parameters were calculated to be ahex = 2.84953(6) Å,
chex = 14.2233(2) Å based on the R3 symmetry. Because
occupancy and isotropic displacement parameters at each site
are highly correlated parameters for the Rietveld analysis, the
isotropic displacement parameters were restricted to the con-
stant values based on previous studies.54,55 The metal fractions at
the 3a and 3b sites and occupancy of the oxygen at the 6c site
were refined under this restriction. The structural parameters
refined by the Rietveld analysis are listed in Table 1. The ionic
radii of Ni2þ (0.69 Å) and Liþ (0.76 Å) are very similar for
octahedral environments, but intermixing between Ni and Li
ions is negligible (less than 1%). Excess Li ions (∼3%) are found
in the structure, indicating that the sample stoichiometry is
slightly deviated from the ideal composition of Li1.2Co0.13-
Ni0.13Mn0.54O2. This is consistent with the fact that 5% excess
LiOH inmolar ratio was utilized for thematerials synthesis. 2% of
Li might be vaporized during the calcination process, but 3% of Li
ions was further accommodated in the crystal lattice, forming a
slightly lithium-rich (or transition metal-deficient) phase. The
excess amount of lithium ions relative to the stoichiometric
condition was directly confirmed by ICP chemical analysis on the
sample. The oxygen occupancy is also refined by the Rietveld
analysis. Oxygen occupancy was nicely refined to 2.00(1) with-
out any restrictions except the fixed isotropic displacement
parameter, even though oxygen has a relatively small scattering
factor for X-ray. Small standard deviation for the oxygen occu-
pancy indicates that no oxygen vacancy exists in this sample.
Note that all of the variables (lattice parameters, occupancy, site
fractions, oxygen positional parameters, and profile parameters)
in the Rieveld analysis were refined simultaneously by the non-
linear least-squares method. Nevertheless, the reproducibility of
the data convergence was excellent with reasonably small stan-
dard deviations.
SXRD patterns of the LixCo0.13Ni0.13Mn0.54O2 electrode

discharged to 2.0 V after the charging to 4.4 V is shown in
Figure 2b, and the structural parameters refined by Rietveld
analysis are also listed in Table 1. For the electrochemically
cycled samples, the occupancy of Li was not directly refined
by the Rietveld analysis to reduce the variable parameters, and
the occupancy of Li was estimated as follows. The Li content for
the analysis was determined by the current passed through the
composite electrode with the assumption that all charges were
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consumed by the lithium extraction process without any side
reactions such as electrolyte decomposition. Total site occu-
pancy of the lithium ion at 3a and 3b sites is slightly reduced
(approximately 7%) as compared to that of as-prepared sample
because of the irreversible capacity during the first charge/
discharge cycle. In addition to this assumption, the site fractions
of Li at 3a and 3b sites were decided on the basis of the previous
NMR study reported on the lithium nickel manganese layered
oxides.20,56 The NMR study revealed that lithium ions locating at
the 3b site (metal site) are electrochemically active as well as the
lithium ions in the 3a site (lithium layer), and it seems to be a
partly reversible process. Therefore, the vacancy at the lithium
sites was equally created at 3a and 3b sites for the discharged
sample. Other refined crystallographic parameters including the
oxygen occupancy, the full-width at half-maximum (fwhm) of the
Bragg diffraction lines, and peak intensity of the superlattice
diffraction lines are almost identical as shown in Figure 2 and
Table 1, indicating that a reversible solid-state redox reaction
occurs without the structural modifications associated with
transition metal/oxygen migration below 4.4 V before the
voltage plateau.
SXRD analysis revealed that the structural modification evi-

dently proceeds when the electrode was charged to 4.8 V beyond
the voltage plateau. Figure 2c shows the SXRD pattern collected
from the charged state. The peak profile of all diffraction lines
broadened and changed to an asymmetrical shape, which are

clearly different from that of the 4.4 V charged state (Figure 2b).
A similar observation by neutron study was reported and explained
as a small amount of residual phase in the data.36 The SXRD
pattern of the LixCo0.13Ni0.13Mn0.54O2-δ electrode discharged
to 2.0 V after the charging to 4.8 V is represented in Figure 2d.
The peak profile recovers from the broad and asymmetrical shape
observed at the 4.8 V charged state to the sharp and symmetrical
profile after the discharge to 2.0 V. In this study, the Rietveld
analysis was conducted in the sample of discharged state because
the well-defined Bragg diffraction lines with the symmetrical peak
profile allow us to analyze the data using a simple single phase
model. The findings in comparison to the pristine sample are
summarized as follows: (1) lattice parameters increase from ahex
= 2.85 to 2.86 Å and chex = 14.22 to 14.28 Å, (2) fwhm of the peak
profile becomes wider, for example, from 0.076� to 0.106� in 2θ
angle for the (110)hex diffraction line, (3) the superlattice
diffraction lines disappear, (4) occupancy of the oxygen de-
creases from 2.00(1) to 1.85(1) when it is allowed to be refined,
and (5) occupancy of transition metals increases at the lithium
layer (∼5%). The results suggest that the oxygen removal from
the bulk of the particles leads to structural reconstruction
including the in-plane cation rearrangement process and the
migration process from the metal to lithium layer. This is no
longer the reversible solid-state redox reaction accompanied by
lithium insertion/extraction into/from the crystal lattice. As the
model of the structural modification, the oxygen vacancy model

Figure 2. Synchrotron powder X-ray diffraction patterns of LixNi0.13Co0.13Mn0.54O2 samples: (a) pristine material, charged to (b) 4.4 V or (c) 4.8 V,
(d) discharged to 2.0 V after the charging to 4.8 V, and (e) recharged to 4.8 V after the initial charge/discharge cycle in the voltage range of 2.0-4.8 V in
1 M LiPF6 (EC/DMC) at room temperature. Detailed crystallographic parameters are summarized in Table 1. Highlighted X-ray diffraction patterns
related to the in-plane superlattice ordering of lithium and transition metals are shown in the insets in the 2θ range of 5-11�.
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(or oxygen diffusion model)18 was utilized for the Rietveld
analysis in this study. Simulated XRD patterns with or without
refining the oxygen occupation in that this model leads to the
creation of the oxygen vacancies in the lattice are shown in
Supporting Information Figure S1. Although the atomic scatter-
ing factor of oxygen is relatively small for the X-ray diffraction, the
assumption of the oxygen vacancy formation in the crystal lattice
drastically reduces reliable factors as shown in Supporting Infor-
mation Figure S1. A clear difference is observed for the (102)hex
diffraction line. Moreover, its standard deviation is significantly
smaller than the amount of oxygen vacancy created in the crystal
lattice. Another model proposed is the transition metal densifica-
tion model (or transition metal migration model).35,36 However,
it is quite difficult to distinguish which model is more appropriate
to describe the crystal structure of the sample (see Supporting
Information Figure S2 in detail) as also pointed out by Cro-
guennec and co-workers.35 Note that bothmodels almost equally
argue oxygen removal and change in the ratio of metal to oxygen
from the crystal lattice. The only difference is the diffusion
species (oxygen vs transition metals) after the oxygen removal
at the surface. In the oxygen vacancy diffusion model, ideally the
cation distribution in the lattice was not changed. However, the
disappearance of the superlattice diffraction lines suggests that, at
least to some extent, the in-plane transition metal arrangement
changes. In addition to the in-plane cation rearrangement,
the change in the cation distribution in the crystal lattice was
directly confirmed by Rietveld analysis. Refined cation distribu-
tion of the sample after charging to 4.8 V is described as
[Li0.75Me0.0500.20]3b[Li0.17Me0.7300.10]3aO1.85 by applying
the oxygen vacancy model (or [Li0.81Me0.0500.14]3b-
[Li0.18Me0.7800.04]3aO2 by using the densification model). In
the pristine sample, occupation of transition metals in the lithium

layer (3b site) was negligible. In contrast, ∼5% of transition
metals are found after the cycling to the voltage plateau. This is
consistent with the result found in a study by Gray and co-
workers,22 and behavior different from that of LiNi0.5Mn0.5O2, in
which nickel ions migrated from the lithium to the metal layer
during charging.54,56 Oxygen removal from the lattice is esti-
mated to be 0.15 mol per the formula unit (ca. 7.5% of oxygen in
the lattice) by Rietveld analysis. When it is assumed that current
passed through the composite electrode beyond the oxidation
limit of Co4þ, Ni4þ, and Mn4þ is ideally compensated by the
simultaneous Liþ and O2- removal process from the crystal
lattice, the amount of oxygen reaches 0.355 mol (Li0.92Me0.77O1.65

as the chemical formula, corresponding to 18% of oxygen
removal), which is a much larger amount of oxygen in compar-
ison to that estimated by the Rietveld analysis. Because some of
experimental restrictions were used (e.g., fixed isotropic displa-
cement parameters) in the Rietveld analysis, there is little ambi-
guity about the quantitative amount of oxygen removed from the
lattice. A similar finding was noted in the study of the pure
Li2MnO3 by quantitative analysis of oxygen gas generated from
the crystal lattice.34 The detected amount of oxygen gas was
approximately 50% of the estimated value if no Liþ/Hþ exchange
was assumed. These results suggest that lithium ions are partly
removed without oxygen release, which is further discussed in a
later section.
In summary, the changes in the bulk crystal structures of

Li1.2Co0.13Ni0.13Mn0.54O2 are described as follows: (i) oxygen
atoms are removed from the crystal lattice by the initial charge to
voltage plateau, causing the cation rearrangement process in-
cluding the migration of transition metals to the lithium layer
(∼5%), and (ii) the amount of oxide ions removed from the crystal
lattice reaches approximately 7.5%, which is less than one-half of the

Table 1. Crystallographic Parameters Refined by the Rietveld Method on the Synchrotron X-ray Diffraction Patterns of
Li1.2Ni0.13Co0.13Mn0.54O2 and the Electrochemically Cycled Samples (Discharged to 2.0 V after the Charging to 4.4 or 4.8 V)a

pristine 4.4 V discharged state 4.8 V discharged state

composition Li1.226MeO2-δ
c Li1.16Me0.774O2-δ

b, c Li0.92Me0.774O2-δ
b, c

space group R3 R3 R3

lattice constants (Å) ahex 2.84952(6) 2.85135(6) 2.86267(6)

chex 14.2233(2) 14.2307(3) 14.2828(3)

unit cell volume (Å3) Vhex 100.017(4) 100.197(4) 101.365(4)

3a site Me (g)c 0.768(1)e 0.768(1)e 0.726(1)e

Li (g) 0.233(1) 0.22d 0.17d

B (Å2) 0.20d 0.20d 0.20d

3b site Li (g) 0.994(1) 0.95d 0.75d

Me (g)c 0.006(1)e 0.006(1)e 0.048(1)e

B (Å2) 0.9d 0.9d 0.9d

6c site O (g) 1.000(5) 1.001(5) 0.924(5)

B (Å2) 0.60d 0.60d 0.60d

z for 6c site O 0.2586(2) 0.2588(2) 0.2586(2)

fwhm (deg) (003)hex 0.068 0.0772 0.078

(104)hex 0.082 0.086 0.099

(110)hex 0.076 0.086 0.106

Rwp (%) 4.19 3.04 2.84

RI (%) 3.62 4.26 3.41
aOxygen amount is clearly reduced by the charging across the voltage plateau, and occupation of the transition metals at the lithium sites clearly
increases. b Estimated from current passed through the composite electrode with assumed 100% columbic efficiency. c Imaginary chemical species (16%
Ni, 16% Co, and 68%Mn) were used. dNot refined. eTotal metal occupancy per the formula unit was refined to 0.774 for the pristine sample. The total
metal amount was fixed based on this value for the analysis of the electrochemically cycled samples.
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expected value (18%) based on the limit of the tetravalent
transition metals and continuous oxygen loss at the voltage
plateau.
Electronic and Local Structures by X-ray Absorption

Spectroscopy (XAS). XAS was utilized to further study the
reaction mechanisms related to the charge compensation pro-
cess. X-ray absorption near-edge structures (XANES) spectra,
collected at Mn K-edge (6539 eV) and Ni K-edge (8333 eV), are
plotted in Figure 3. Figure 3a shows manganese K-edge XANES
spectra observed during the charging up to 4.8 V, and points
where the spectra were collected in the charge and discharge
curves are shown in the inset of the figures. The XANES spec-
trum of the pristine sample at the Mn K-edge resembles that of

Li2MnO3. The shape of the spectra continuously changes during
the charging, but the inflection point of the K-edge spectra stays
at a constant value at approximately 6556 eV. It is speculated that
shape of the spectra is influenced by the modification of the local
structures, for example, the removal of lithium ions, forming the
vacancy at the octahedral 3a/3b sites neighboring manganese
ions. The electronic structures are easily influenced by the local
structures without the change in formal oxidation states of the
manganese ions.
In a sample that was discharged to 2.0 V after charging to 4.8 V,

a clear difference is confirmed in the XANES spectra at the Mn
K-edge. The spectrumof the discharged sample is located entirely to
the lower energy region than that of the pristine sample, indi-
cating that manganese ions are partly reduced from the tetra-
valent to trivalent state. Note that this observation was not seen
for the 4.4 V cycle. The spectrum recovers to the same profile and
energy as the pristine sample when the cell is cycled in the voltage
range of 2.0 and 4.4 V. The energy of the Mn K-edge spectra
again shifts to the higher energy for the second charge to 4.8 V
(not shown), suggesting that the manganese ions become redox
reactive species for the subsequent cycles after charging to the
high voltage plateau. Recently, a similar observation has been
reported in the “pure” Li2MnO3 for the discharged sample after
the charging to the high voltage.34 In contrast to these observa-
tions, reduction of the manganese ions to the trivalent state was
not observed in Li[Li1/9Ni1/3Mn5/9]O2.

22 The difference might
originate from the amount of Li2MnO3 component, correlating
closely with the amount of oxygen removed from the lattice and
the structural rearrangement processes. Further systematic study
is needed to generalize this finding to the lithium-excess manga-
nese layered oxides.
The change in the electronic structures of the Ni ions was also

examined by XAS. XANES spectra collected at Ni K-edge during
the charging up to 4.8 V are shown in Figure 3b. The spectrum
profile of the pristine sample is slightly different from rocksalt-
type Ni2þO, which is located in the higher energy region. This is
consistent with the fact that a Li-excess (∼3%) composition is
found by the Rietveld analysis in Figure 2 and Table 1, that is,
charge compensation by the nickel oxidation, resulting in the
partial oxidation of divalent nickel ions to the trivalent state. A
similar charge compensation process by the nickel ion oxidation
is typically found for the Li-excess LiNi0.5Mn0.5O2 system.

57,58

The energy of nickel K-edge shifts to the higher energy region as
the Li content increases because of the nickel oxidation. When
Li1.2Co0.13Ni0.13Mn0.54O2 is charged to 4.4 V, the energy of the
XANES spectrum shifts to the higher energy region (∼2.5 eV),
indicating that nickel ions are oxidized from divalent/trivalent
mixed state to the trivalent/tetravalent mixed state. On further
charging up to the middle of the voltage plateau (point C in the
inset of Figure 3b; x = 0.48 in LixCo0.13Ni0.13Mn0.54O2-δ), the
peak profile slightly changed in comparison to the 4.4 V charged
state, but no significant change in the K-edge energy is observed.
The spectrum profile evidently changes after charging to 4.8 V.
The energy slightly shifts to the lower energy region during the
“charging (oxidation)” process.
To interpret the XANES spectrum of the 4.8 V, a simulation of

the Ni K-edge spectra was conducted by using the FEFF pro-
gram. Figure 3c shows simulated K-edge spectra of the nickel
ions locating in different local environments. In the simulation,
three different local environments were assumed (those sche-
matic illustrations are shown in Supporting Information Figure
S3). (a) A nickel ion is located at the octahedral 3a site, which is

Figure 3. XANES spectra of LixNi0.13Co0.13Mn0.54O2-δ collected at
(a) Mn K-edge and (b) Ni K-edge during the initial charge/discharge
cycle in the voltage range of 2.0 and 4.8 V in 1 M LiPF6 (EC/DMC) as
electrolyte. The points, where XAS measurements were carried out, are
shown in the insets. XANES spectra of Li2MnO3, NiO, and LiNiO2 as
reference samples are also shown. (c) Ni K-edge XANES spectra were
simulated to interpret the observed data in the charged state. XANES
spectra were calculated from three different nickel environments, which
show clearly different spectra (see the text in detail).
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the same local environment as an ideal layered structure, but one
vacancy was created at the neighboring edge-shared octahedral
site in the metal layer. Li ion removal from the metal layer and
vacancy formation at the octahedral site were assumed in this
model. (b) The environment of the nickel ion is the same as in
(a), but an oxygen vacancy was created around the nickel ions.
One oxygen vacancy per a NiO6 octahedron was created,
corresponding to 16.7% oxygen vacancy per a nickel ion. (c) A
nickel ion is located at the octahedral 3b site (lithium layer).
Considering the result obtained by Rietveld analysis (Table 1),
nickel ion migration from the metal to lithium layer was assumed
in this model. As shown in Figure 3c, the oxygen vacancy
formation affects the electronic structure of the nickel ions
located at the octahedral environment. However, the estimated
difference from the simulated spectra might not be clear if the
amount of the oxygen vacancies created in the crystal lattice is
limited to below 8% per the formula unit as suggested by the
Rietveld analysis. In contrast to the oxygen vacancy model, a
marked difference is expected from the nickel ion migration
process. The electronic structure of the nickel ion is drastically
influenced by the migration process from the 3a to the 3b sites. It
is noted that this change in the XANES spectra is achieved
without a reduction process of the nickel ions and the oxygen loss
from the bulk of the particles. The interatomic distance between
metal and oxygen at the 3b sites (2.15 Å) is much longer than that
at the 3a sites (1.89 Å) for the charged state. We believe that the
shift of the absorption spectra toward the lower energy region
originates from the difference in the interatomic distances. This is
probably consistent with the observation that 5% transitionmetal
ions migrated to the 3b sites after the charging to the voltage
plateau.
For cobalt and manganese K-edge spectra, much more com-

plex changes during the charging were observed. This makes the
situation more complicated. It is not clear whether cobalt and
manganese ions also migrate as well as nickel ions, or whether
nickel ions selectively migrate during the first charging process. If
it is hypothesized that 5% cation migration suggested by Rietveld
analysis was achieved by a selective nickel migration process, this
corresponds to ca. 35% of the nickel ions in LixCo0.13Ni0.13M-
n0.54O2-δ migrating from the metal to the lithium layer.
Recently, a similar shift in the Ni K-edge XAS spectra to the

lower energy level during charging has been reported for the Li-
excess system, and it has been proposed that the nickel ions are
reduced at the oxide surface by the electrolyte.22 This process
might result in the film formation at the surface of the oxide
particles as decomposed products of the electrolyte. The surface
analysis on the electrode by X-ray photoelectron spectroscopy
will be discussed in a later section.
In conclusion, the electronic structure and local structures of

the LixCo0.13Ni0.13Mn0.54O2-δ were examined by XAS in this
section. After the charging to the voltage plateau, tetravalent
manganese ions were partly reduced to the trivalent state on
discharge. Manganese ions became electrochemically active in
the subsequent cycles. By comparing the results between ob-
served and simulated nickel K-edge spectra, it was estimated that
the nickel ion partly migrated from the metal to lithium layer
during the charging to the voltage plateau. The present XAS
study further supported the structural rearrangement confirmed
by Rietvled analysis.
The Charge Compensation Mechanism of LixCo0.13Ni0.13M-

n0.54O2-δ. In the case of the solid-state redox reaction of the
electrode materials, the electrons are removed from/injected at the

Fermi level. If the electrochemical potential of the materials is
slightly lower than 4 V (vs Li/Liþ), the Fermi level of materials
mainly consists of transition metal 3d-orbitals (e.g., Fe2þ/Fe3þ in
LiFePO4

59), because the energy level of filled oxygen 2p-orbitals is
located in a much lower level than that of partially filled metal 3d-
orbitals. This is simply described as an ionic bond between themetal
and oxide ions, and it is easy to image that electrons are removed
from the 3d orbitals of the transition metals by the oxidation to
compensate the charge accompanied with the lithium extraction
process. In contrast to the ionic materials, when the electrochemical
potential of the system increases to∼5.0 V vs Li, the energy level of
3d-orbitals for themetals (e.g., Mn4þ, Co4þ, Ni4þ, etc.) approaches
that of the oxygen 2p-orbital, increasing the covalency of theMe-O
bond. The Fermi level of materials having the covalent character is
therefore generally composed of both oxygen 2p-orbitals and
transition metal 3d-orbtials. A first-principles calculation on Li2M-
nO3 has suggested that lithium ions are removed from the lattice
without the oxygen loss at 4.6 V vs Li/Liþ, and electrons were
removed from both oxygen 2p-orbitals and manganese 3d-orbtials,
which compensate for the charge removed from the lattice.60

Although it is not easy to define the redox species in the case of
highly covalent materials (like Li2MnO3), the first-principles study
proposed that oxygenworks as the redox species during the charging
process without the release of oxygen gas. Soft XAS study at oxygen
K-edge onLi1-xCo1/3Ni1/3Mn1/3O2 directly detected the increased
vacancy (or hole) of the oxygen 2p during charging.61 These
experimental data also suggest that oxygen plays an important role
as the redox species in the covalentmaterials, even if the case when a
highly reversible electrode system, which does not release oxygen
gas (like Li1-xCo1/3Ni1/3Mn1/3O2), is charged to the high voltage.
A major inconsistency between the first-principles calculation and
the experimental observations on the Li2MnO3 system is the oxygen
loss associated with the cation migration process as discussed in the
previous sections. It should be noted that the first-principles cal-
culation based on a density functional theory deals with the elec-
tronic structure of bulk crystal using a band model. For the
composite electrodes in the electrochemical cells, materials surface
contacts with aprotic electrolyte solution, acetylene black, and PVdF.
The oxygen generation reaction at the electrolyte/particle interface
would be catalyzed by the existence of these materials. In addition,
the electrolyte solutionmight chemically reduce the particle surface,
leading to the carbon dioxide/monoxide generation.22,34 Thus, it is
speculated that these reactions generate oxygen vacancy at the
electrode surface and propagate the structural modification to the
inside particles as observed by SXRD and XAS. However, the
amount of the oxygen vacancies generated in the lattice is always
smaller than the expected value based on the simultaneous Liþ and
O2- removal process (Li2O removal) during the voltage plateau. It
was confirmed by SXRD in LixCo0.13Ni0.13Mn0.54O2-δ and by
quantitative gas analysis in Li2MnO3.

34 From these observations and
considerations, it is assumed that electron removal from the oxygen
2p-orbital and metals t2g-orbitals, which are the main components
near the Fermi level, partly compensates for the excess charge
without oxygen loss as suggested by the first-principles calculation.60

Meanwhile, the Fermi level of the material is reconstructed by the
partial oxygen loss from the particles. The vacancy or hole created at
the Fermi level during the high voltage plateau is partly lost by the
oxygen removal processes, lowering the average oxidation state of
the materials without the electrochemical reduction (lithium in-
sertion) process. Consequently, the energy level of manganese
empty eg-orbital is closer to the Fermi level than in the sample
before charging. The XAS results for LixCo0.13Ni0.13Mn0.54O2-δ



4412 dx.doi.org/10.1021/ja108588y |J. Am. Chem. Soc. 2011, 133, 4404–4419

Journal of the American Chemical Society ARTICLE

revealed that the manganese ions were partly reduced to the
trivalent state after the discharge to 2.0 V. If the lithium
extraction/insertion occur reversibly without the oxygen loss
as suggested by the first-principle study,60 an empty eg-orbital
cannot be accessed by discharge. This fact also supports the partial
oxygen loss from the materials after the charging to the voltage
plateau.
In this section, the results obtained from SXRD and XAS were

combined and discussed in terms of the charge compensation
mechanism of the Li-excess manganese layered oxides. From the
next section, the results of surface analysis in LixCo0.13Ni0.13M-
n0.54O2-δ are discussed in detail.
Analysis on the Electrode Surface by X-ray Photoelectron

Spectroscopy (XPS). XPS has been utilized to examine the
change in the surface of the electrochemically cycled electrodes.
Figure 4 shows the X-ray photoelectron spectra observed for
manganese 2p, oxygen 1s, and carbon 1s regions during the

electrochemical cycling in the voltage range of 2.0-4.8 V. The
points where the spectra were collected are plotted in Figure 4a.
(1) Mn 2p XPS spectra: Figure 4b shows the Mn 2p spectra,

which mainly reflect the existence of the LixCo0.13-
Ni0.13Mn0.54O2-δ oxide particles in the surface of the
composite electrodes. Two peaks are observed, which can
be assigned to themanganese 2p3/2 at 642 eV and 2p1/2 at
654 eV. These energies are in good agreement with the
literature data on MnO2.

62

When the Li1.2Co0.13Ni0.13Mn0.54O2 composite electrode
was charged to 4.8 V, the oxygen loss and cation
rearrangement process was confirmed by Rietveld anal-
ysis as discussed in the previous sections. No significant
change is, however, observed by XPS in this experimental
condition (Figure 4b,B). It is surprising that, although the
applied voltage during the charging is very high (∼4.8 V),
the oxide particles were not covered with a thick organic

Figure 4. XPS spectra of the LixNi0.13Co0.13Mn0.54O2-δ composite electrodes. The locations A-F, where the measurements were conducted to the
second charge process, are shown in (a). XPS spectra were collected in (b)Mn 2p, (c) O 1s, and (d) C 1s regions, and the XPS spectra of the electrodes,
which were collected after the Arþ etching, are also shown in parts e-g, respectively. Oxygen-rich deposits are found on the electrode surface below
2.0 V. The deposits disappear by the charging process beyond 4.0 V.
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component, such as decomposition products of electro-
lyte. This result probably suggests that nonaqueous
electrolyte is stable and Liþ/Hþ ion-exchange is negligi-
ble during charge to the high voltage plateau.
Upon the discharging from 4.8 to 3.0 V, no change in the
spectra is observed. It is noted that the intensity of Mn 2p
XPS spectrum is significantly reduced during the dis-
charge from 3.0 to 2.0 V (Figure 4b,D). The intensity of
the spectra recovers after the Arþ etching for 20 s
(Figure 4e,D). In general, because electrolyte solution is
electrochemically stable in this potential range, this ob-
servation suggests that the composite electrode was
covered with surface deposits, which might be formed
by the electrochemical reaction. The intensity of the Mn
2p XPS spectrum remains weak after the second charging
to 4.0 V (Figure 4b,E). The surface deposit is electro-
chemically stable below 4.0 V once it is formed on the
oxide surface. After the second charging to 4.8 V, the peak
intensity of Mn 2p XPS spectra almost recovers to that of
the pristine electrode, indicating that the surface deposits
on the oxides disappear, possibly by the electrochemical
decomposition above 4.0 V.

(2) O 1s XPS spectra: In contrast to the finding for theMn 2p
XPS spectra, the oxygen 1s XPS spectra show a trend
opposite to that shown in Figure 4c. The O 1s XPS spec-
trum, in the as-prepared electrode, is mainly composed of
two components. One is an oxide ion (O2-) in the crystal
lattice at 529 eV, and another is the carbonate species

CO3
2- at ca. 532 eV. The observation of the carbonate

species would suggest the existence of Li2CO3 near the
surface of the oxide particles because the over stoichio-
metric condition (5% excess Li) was used for the synthesis
of Li1.2Co0.13Ni0.13Mn0.54O2. When the electrode is
charged to 4.8 V, the intensity of the peak assigned to
oxide ion in the lattice is reduced in comparison to the
carbonate species (Figure 4c,B). There are, however,
subtle differences between the spectra, which are consis-
tent with the results in the Mn 2p spectra.
During the first discharge process, no change is observed
above 3.0 V, but the peak centered at 532 eV has con-
siderably grown after the discharging to 2.0 V. Moreover,
the peak disappears on Arþ etching (Figure 4f,D), clearly
indicating the formation of the surface deposits, which
contains oxygen atoms. The grown peak is still visible
after the second charge to 4.0 V (Figure 4c,E), and then
disappears during the further charging from 4.0 to 4.8 V
(Figure 4c,F). After the second charge to 4.8 V, the O 1s
spectrum becomes comparable in intensity to that of the
first charged state to 4.8 V, suggesting that the surface
deposits containing oxygen were electrochemically de-
composed above 4.0 V in the second charge process.

(3) Carbon 1s XPS spectra: Figure 4d represents the carbon
1s XPS spectra observed for the Li1.2Co0.13Ni0.13M-
n0.54O2 composite electrodes, which contain acetylene
black as a conductive agent and PVdF as a polymer binder.
The C 1s spectra can be deconvoluted to several

Figure 5. Comparison of TOF-SIMS spectra in the cycled LixNi0.13Co0.13Mn0.54O2-δ electrodes: (a) charged to 4.8 V, (b) discharged to 2.0 V after the
charging to 4.8 V, and (c) recharged to 4.8 V in 1 M LiPF6 (EC/DMC). The fragments of Li2O

þ and LiC2
þ are detected in the discharged electrode.
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components. Acetylene black mainly contributes to a
sharp peak located at 284.5 eV, which can be assigned
into the C-H and C-C components. The peaks ob-
served at 286 and 290.5 eV can be assigned into-CH2-
and -CF- in the PVdF backbone, respectively.37,40

Upon the initial charging process to 4.8 V, intensity of
the C-C component at 284.5 eV is slightly reduced, but
other components are only little influenced (Figure 4d,
B). No change is found after the discharge process to 3.0
V (Figure 4d,C). The intensity of the C-C and hydro-
carbon C-H, which originates from the acetylene black,
is evidently reduced during the discharge from 3.0 to 2.0 V
(Figure 4d,D), which is the same trend as was found in the
Mn 2p XPS spectra. The PVdF binder seems to be still
exposed to the electrode surface, because the peak of -
CH2- is still observed in the spectra. The profile of the
spectra is not affected during the second charge process to
4.0 V and recovers to the original surface state during the
second charging from 4.0 to 4.8 V. Although the organic
components are severely damaged by the Arþ etching, the
peak related to acetylene black is observed after the
etching for 20 s (Figure 4g). The surface deposits formed
on acetylene black below 3 V were removed by etching
(Figure 4g,D,E). The results are entirely consistent with
those of the Mn 2p and O 1s spectra.

(4) Comparison of XPS spectra for a conventional system
without oxygen loss: To interpret these observations, XPS
spectra collected from the Li1.2Co0.13Ni0.13Mn0.54O2 elec-
trodes are compared to that of commercially supplied
LiCo1/3Ni1/3Mn1/3O2. Oxygen 1s XPS spectra for the
LiCo1/3Ni1/3Mn1/3O2 electrodes surface, after the charg-
ing to 4.8 V and discharging to 2.0 V, are shown in
Supporting Information Figure S4. XPS spectra for the
Li1.2Ni0.13Co0.13Mn0.54O2 electrodes charged to 4.4 V

(before the voltage plateau) were also collected for com-
parison (Figure S4). For both systems, the electrochemi-
cal lithium insertion/extraction processes occur without
the oxygen loss. No change in the oxygen 1s XPS spectra
was confirmed in both systems, and surface deposits were
not found in this experimental condition. There is clear
evidence that the changes in peak profile found in theO 1s
spectra of the LixCo0.13Ni0.13Mn0.54O2-δ electrodes are
closely related to the oxygen removal process from the
Li2MnO3 component at the voltage plateau.

From the Mn 2p, O 1s, and C 1s XPS spectra, the findings are
summarized as follows. The oxygen-containing species were
accumulated on the electrode surface during discharge below
3.0 V, and then the deposits were decomposed in the second
charge process above 4.0 V. These formations/decompositions
of the deposits are in good agreement with the voltage plateau
observed at the lower current density (Figure 1b and c), sug-
gesting that these processes were accomplished by the electro-
chemical reactions. In conclusion, it is first proposed that an oxygen
molecule, released from the lattice during the initial charge at
voltage plateau, is electrochemically reduced at the electrode
surface. The oxygen reduction reaction increases the discharge
capacity of the Li-excess manganese layered oxides below 3 V. It
is also considered that over capacity observed for LixCo0.13-
Ni0.13Mn0.54O2-δ at 60 �C (Figure 1b) is also related to the
oxygen reduction reaction.
Surface Analysis by Time-of-Flight Secondary Ion Mass

Spectroscopy (TOF-SIMS). XPS analysis revealed that the oxy-
genmolecule was electrochemically reduced and accumulated on
the electrode surface. However, its chemistry of the deposits is
still unclear. TOF-SIMS analysis, therefore, was conducted to
study the chemistry of surface deposits in detail. Figure 5 shows
the highlighted TOF-SIMS spectra collected from the electrode
surface. The measurements were carried out in a positive-ion

Figure 6. Top surfaces of the LixNi0.13Co0.13Mn0.54O2-δ electrodes observed by using an optical microscope: (a) As-prepared electrode, discharged to
(b) 3.0 V and (c,d) 2.0 V after the charging to 4.8 V in 1 M LiPF6 (EC/DMC) in 1 M LiPF6 (EC/DMC).
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mode. The fragments obtained from three different electrodes
were compared: (a) initial charge to 4.8 V, (b) discharge to 2.0 V
(after the initial charge to 4.8 V), and (c) second charge to 4.8 V.
Similar mass spectra are observed on the electrode surface after
initial and second charge to 4.8 V. In contrast to the charged
electrodes, marked differences are noted in the electrode surface
of discharged state: (1) a number of counts at m/z = 26.98
(Alþ fragment) and 27.98 (AlHþ fragment) are clearly reduced
(>10 000 counts for the charged state), and (2) in the discharged
state, two signals are observed at m/z = 30.03 and 31.04, which
can be assigned to Li2O

þ and LiC2
þ, respectively. These two

fragments disappear after the second charge, and the observed
profile in the second charge is very similar to that of the initial
charge. It is expected that these two fragments observed in the
discharged state originate from the surface deposits as confirmed
by the oxygen 1s XPS spectra. It is probable that these fragments
are generated fromLiO2, Li2O2, Li2O, Li2CO3, etc., which are the
possible reduction products of the oxygen molecule.
From TOF-SIMS observation, it is found that these surface

deposits consist of not only oxygen, but also lithium and carbon
atoms. Note that when the direct electrochemical formation of
the Li2O2

51,63 with a two-electron reduction process is hypothe-
sized, the signal of LiC2

þmust not be observed. This fact implies
that the surface deposits were partly formed by the different
reaction mechanisms including from the electrolyte solution.
Surface Analysis by Synchrotron X-ray Diffraction (SXRD).

A careful analysis of the synchrotron XRD shed light on the
origin of carbon species detected by TOF-SIMS. The highlighted
synchrotron XRD patterns in the 2θ range of 5-11� (5.73-
2.60 Å in d-spacing) are shown in the insets of Figure 2. The (1/3
1/3 0)hex superlattice diffraction line is observed in the pristine
sample and the discharged state cycled in the voltage range of
2.0-4.4 V (before the voltage plateau), and this superlattice
diffraction line disappears after the charging to 4.8 V (Figure 2c).
New diffraction lines at ca. 6.8�, 9.8�, and 10.2� appear after
discharge to 2.0 V after charge to 4.8 V beyond the voltage
plateau. Moreover, these peaks are not observed after the second
charge to 4.8 V.
These three peaks seem to be assigned to the (110), (20-2),

and (002) Bragg diffraction lines of the Li2CO3. The broad (110)
diffraction line locating at ca. 6.8� is, however, very close to the
position of the (1/3 1/3 0)hex diffraction line observed in the as-
prepared sample. Therefore, electron diffraction patterns were
collected from the same sample to examine whether or not the

broad diffraction line observed in the discharged state originates
from the superlattice ordering remaining in the crystal lattice.
Typical electron diffraction patterns of the pristine sample and
cycled samples (charged to 4.4 or 4.8 V) are shown in Supporting
Information Figure S5. A zone-axis was assigned to [001]hex in all
diffraction patterns. The superlattice diffraction spots are not
visible by electron diffraction after the charging to 4.8 V.
From these results, it is proved that the broad peak centered at

ca. 6.8� is assigned to the (110) diffraction line of Li2CO3, which
is one of the products formed by the oxygen reduction reaction.
This is consistent with the results of TOF-SIMS, and Li2CO3 is
responsible for LiC2

þ fragment observed by TOF-SIMS. In
addition to the three peaks assigned to Li2CO3, the broad peak
centered at around 8.5� is also noted, which is speculated to be
another oxygen reduction product.
Distribution of the Surface Deposits on the Electrode

Surface. Distribution on the reaction products formed by the
oxygen reduction reaction at the electrode surface was observed
by using an optical microscope. Figure 6 shows the optical images
of the composite electrodes prepared by discharge to 3.0 or 2.0 V
after charging to the voltage plateau. When the images of the as-
prepared electrode are compared to the discharged electrode to
3.0 V (no deposits were found by XPS), no apparent change is
observed in Figure 6. After further discharging from 3.0 to 2.0 V,

Figure 7. Two-dimensional map obtained by TOF-SIMS from the cycled LixNi0.13Co0.13Mn0.54O2-δ electrode: The distribution of (a) manganese ion
and (b) lithium ion in the positive-ion mode. The data were collected from the discharged electrode to 2.0 V after the charging to 4.8 V in 1 M LiPF6
(EC/DMC). The overlapped image between (a) and (b) is also shown in (c). Manganese and lithium ions are unevenly distributed on the surface of the
cycled LixNi0.13Co0.13Mn0.54O2-δ electrode.

Figure 8. Oxygen 1s XPS spectra collected from the as-prepared and
cycled LixNi0.13Co0.13Mn0.54O2-δ electrodes in the voltage range of
2.0-4.8 V in 1 M LiPF6 (EC/DMC). XPS spectra were collected from
the discharged electrodes to 2.0 V after 1, 5, and 10 cycling tests.
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the formation of white particles is obvious on the electrode
surface, especially distributing the outer part of electrode surface.
The white particles are assigned to be the oxygen reduction
products and are found to have a nonuniform particle size (sub-
micrometer ∼50 μm), which are distributed on the electrode
after the discharging to 2.0 V.
The distribution of chemical species on the electrode was

further analyzed by TOF-SIMS, which provides a two-dimen-
sional surface map with a much higher resolution (∼sub-
micrometer size) in comparison to that of the optical microscope.
A two-dimensional map was obtained by TOF-SIMS from the
discharged electrode to 2.0 V. Signal counts of lithium (m/z = 6)
are compared to that of manganese (m/z = 55) in the positive ion
mode in Figure 7. An overlapped image between the Li and Mn
ions is shown in Figure 7c. The contrast between Li andMnmust
be uniformwhen the lithium originates from the oxides. The two-
dimensional map collected from the as-prepared Li1.2Co0.13-
Ni0.13Mn0.54O2 electrode is also shown in Supporting Information
Figure S6. Uniform contrast between Li and Mn is confirmed in

Figure S6, indicating that the source of the lithium ion compares
with the manganese ions; this is due to Li1.2Ni0.13Co0.13Mn0.54O2

oxide particles. In contrast to the as-prepared electrode, the
overlapped image of the discharged sample clearly demonstrates
that the source of lithium is not limited to the oxide particles. The
oxide particles were partially covered with the lithium-containing
deposits, leading to the nonuniformity in the micrometer scale.
Note that some oxides were not covered with the deposits at the
electrode surface, suggesting that the nucleation rate of the
oxygen reduction products (one of them must be Li2CO3) is
relatively slow in comparison to the growth rate. This leads to the
larger size (∼50μm) for somedeposits as shown in Figure 6c and d.
Reaction Mechanism at the Electrode/Electrolyte Inter-

face. From the results obtained from XPS, TOF-SIMS, and
SXRD, we proposed that the oxygen molecule generated at the
voltage plateau in the initial cycle is electrochemically reduced
below 3.0 V in the discharge process. When we assume the two
electron reduction of the oxygen, formation of Li2O2 is expected.
In this study, the formation of Li2CO3 was experimentally

Figure 9. Schemes of the proposed reaction mechanisms in the LixNi0.13Co0.13Mn0.54O2-δ composite electrodes consisting of the active material,
acetylene black, and PVdF. Two different mechanisms associated with the bulk particles and surface reactions have been proposed. See the text in detail.
A model of the crystal structures was drawn using VESTA.71
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confirmed by SXRD and TOF-SIMS. Therefore, questions arise
about the source of carbon in Li2CO3 as the product of oxygen
reduction and its electrochemical reversibility.
To address these questions related to the Li2CO3, the

electrochemical reactivities of the Li2O2 and Li2CO3 electrodes
in the closed cells were compared, and the results are shown in
Supporting Information Figure S7. Li2O2 can be decomposed by
electrochemical oxidation above 4.0 V as already reported by
Bruce and co-workers.51 As shown in Figure S7, Li2CO3 is also
electrochemically decomposed with a voltage plateau at ca. 4.2 V
under the existence of a catalyst, which is 0.2 V higher than that of
Li2O2. Charging (oxidation) capacity more than 1000 mAh g-1

is obtained from both materials. XRD shows that the Bragg
diffraction lines of Li2CO3 completely disappeared after the
charging to 4.8 V (Supporting Information Figure S8), indicating
that electrochemical decomposition of Li2CO3 is possible. This is
a consistent result with that Li2CO3 on the electrode surface was
electrochemically decomposed by the second charge as observed
by XPS, TOF-SIMS, and SXRD.
In the discharge cycle, the Li2O2 cell shows large discharge

capacity (>500 mAh g-1), suggesting that the oxygen molecules,
which were released by the electrochemical decomposition of
Li2O2 upon charging, were electrochemically reduced upon
discharging. In contrast to Li2O2, discharge capacity was not
observed for Li2CO3. Li2CO3 can be decomposed by the
electrochemical oxidation, but Li2CO3 cannot be reversibly
formed by electrochemical reduction. Oxygen molecules were
indeed not detected by GC-MS from the gas component of
decomposition products in the Li2CO3 cell (a laminate-type cell
was used in this test). These observations suggest that Li2CO3

can form as a byproduct of the oxygen reduction reaction.
Oxygen is electrochemically reduced with one electron reduction
process in the ionic liquid media, forming a superoxide.64 The
superoxide is stable in the ionic liquid, but may not be stable in
carbonate-based electrolyte solution (EC/DMC) used in this
study. This reaction might be facilitated by the oxide and carbon
as the catalyst. The superoxide ion could further react with the
carbonate-based electrolyte solution and/or its decomposed
products, for example, carbon monoxide/dioxide. Acetylene black
in the composite electrode could be also another possibility as
carbon source of Li2CO3. Recently, oxygen reduction/oxidation
reactions in the aprotic electrolyte solution have been examined
by several research groups for Li-Air batteries applications.
Although the reversibility of the oxygen electrode is significantly
improved by the electrocatalysts,65-67 the electrolyte solution
and salts are also important factors.68,69 Li2CO3 and lithium alkyl
carbonate were also found as the reduction products by FT-IR,70

which is consistent with that of our observations.
From these results, it is hypothesized that the reversible capac-

ity of the surface redox reaction is lost in subsequent cycles once
Li2CO3 formed at the electrode surface. To test this hypothesis,
XPS spectra of the electrodes were collected after cycling tests.
Figure 8 shows the change in the O 1s XPS spectra of the cycled
electrode after the first, fifth, and 10th cycles (discharged to
2.0 V). As shown in Figure 8, the intensity of O 1s XPS spectra
was reduced as a function of the cycle number, indicating that the
deposits as the reaction products of oxygen reduction have been lost
from the electrode surface in this experimental condition. This is
probably consistent with the fact that the voltage plateau at 2.5 V for
the discharge is not observed after five cycles, indicating that the
discharge capacity of the Li-excess manganese layered materials is

mainly obtained by the conventional lithium insertion/extraction
process into/from the oxide particles after several cycles.
In conclusion, the charge/discharge capacity, which originated

from the redox reaction of oxygen molecule at the electrode
surface, declined rapidly when the formation of Li2CO3 is con-
firmed. The proposed reaction mechanism can be extended to
similar Li-excess manganese layered oxides and rechargeable Li-
air batteries.51,63 In Li-air batteries, the supply of oxygen is
unlimited, but the depletion of electrolyte must be considered.
Therefore, it is believed that reversibility of the surface redox
reaction of oxygen is improved by the suppression of the Li2CO3

formation with the optimization of the electrolyte solution.

’CONCLUSIONS

The reaction mechanisms of Li1.2Co0.13Ni0.13Mn0.54O2 as an
electrode material for rechargeable batteries have been examined
by SXRD, XAS, TOF-SIMS, and XPS. On the basis of these
results, it is proposed that high capacity of the Li-excess man-
ganese layered oxides after the first charge to the high voltage is
divided into two mechanisms: one is the activated manganese
redox reaction (Mn3þ/Mn4þ), and another is the oxygen reduc-
tion reaction at the electrode surface. The proposed reaction
schemes are summarized in Figure 9. The reversible solid-state
redox reaction occurs in the range of 2.0-4.4 V. During the
charge to 4.8 V beyond the high voltage plateau, lithium and
oxide ions are simultaneously extracted from the oxide particles.
Rietveld analysis reveals that approximately 7.5% of oxide ion is
removed from the lattice at the voltage plateau, which is lower
than the amount of the oxide ion removed from the lattice
calculated on the basis of Li2O removal. Both SXRD data and the
simulation of the XANES spectra at Ni K-edge indicate that this
process is accompanied by the cation rearrangement process
including the nickel migration process frommetal to lithium layer
(∼5%). The XAS analysis suggested that tetravalent manganese
ions in the pristine sample are partially reduced to the trivalent state
in discharge because of the reconstruction of the Fermi level after
the oxide ion removal process. Because the results are consistent
with that of other Li-excess manganese layered systems, these
structural modification processes in the bulk particles are regarded
as the common characteristics in this system.

This Article has addressed the question related to the role of
oxygen molecules released at the high voltage plateau in the
discharge process and has demonstrated that oxygen is electro-
chemically reduced at the electrode surface in the discharge
process below 3 V. Electrochemical reduction of the oxygen
molecule resulted in the deposition on the electrode surface,
specifically on the carbon and oxides. Lithium carbonate is found
as the one of the major components of the reaction products,
which is the byproduct of the oxygen reduction reaction. The
electrochemically active oxygen is consumed by the formation of
Li2CO3, and then the reversible capacity related to the surface
redox reaction declines. It was concluded that suppression of the
lithium carbonate formation is necessary to improve the cycle-
ability of the surface redox reaction. It is believed that improve-
ment of the reversibility of the oxygen redox reaction at the
electrode surface will result in the development of the new high-
capacity positive electrode materials using both conventional
solid-state redox reaction and reversible redox reactions at the
electrode surface in the closed system.
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