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The layered LiNi1/3Co1/3Mn1/3O2 system has recently drawn considerable interest for use as a
cathode material for rechargeable lithium batteries. In order to investigate the charge-compensation
mechanism and structural perturbations occurring in the system during cycling,in situ x-ray
absorption spectroscopysXASd measurements were performed utilizing a novel electrochemicalin
situ cell specifically designed for long term x-ray experiments. The cell was cycled at a moderate
rate through a typical Li-ion battery operating voltage ranges2.9–4.7 Vd. The electrode contained
2.025 mg of LiNi1/3Co1/3Mn1/3O2 on a 25-mm Al foil and had an area of 0.79 cm2. The x-ray
absorption spectroscopysXASd measurements were performed at the Ni, Co, and the Mn edges at
different states of chargesSOCd during cycling, revealing details about the response of the cathode
to Li insertion and extraction processes. Changes of bond distance and coordination number of Ni,
Co, and Mn absorbers as a function of the state of charge of the material were obtained from the
extended x-ray-absorption fine structuresEXAFSd region of the spectra. The x-ray absorption
near-edge structuresXANESd region was studied in order to characterize the oxidation states of the
3d transition metals during cyclingsLi extraction/insertiond. We found that oxidation states of
transition metals in LiNi1/3Co1/3Mn1/3O2 are Ni2+, Co3+, and Mn4+, whereas during charging Ni2+ is
oxidized to Ni4+ through an intermediate stage of Ni3+, Co3+ is oxidized almost to Co4+ and,
utilizing Faraday’s calculation and XAS results, the Co was found to be at Co3.92+ at the end of the
charge, while Mn was found to be electrochemically inactive and remains as Mn4+. The EXAFS
data that were collected continuously during cycling revealed details about the response of the
cathode to Li insertion and extraction. These measurements on the LiNi1/3Co1/3Mn1/3O2 cathode
confirmed that the material retains its symmetry and good structural short-range order leading to
superior cycling. ©2005 American Institute of Physics. fDOI: 10.1063/1.1921328g

I. INTRODUCTION

The search for environmentally friendly and cost-
effective lithium battery electrode materials with higher ca-
pacity and high cycling stability is an ongoing quest. With
the emergence of portable telecommunications, computer
equipment, and ultimately hybrid electric vehicles, there has
been a great demand for substantial improvement in energy
storage devices which can lead to less expensive batteries
with longer lifetime and smaller size and weight.1 Over the
past years there has been a growing interest in lithium inser-
tion materials, largely because they potentially have a wide
range of application for positive and/or negative electrodes

in lithium-ion batteries. Lithium transition-metal oxides have
always attracted attention as candidate electrode materials
for lithium-ion batteries. Among them, layered LiTO2 sT
=3d transition metal elementd materials with ana-NaFeO2

structure have been widely investigated.2 The current com-
mercial lithium-ion battery is based on a layered oxide,
LiCoO2 cathode3 sspace groupR3md, with a theoretical ca-
pacity of 274 mAh/g, good reversibility, and charge/
discharge rate capability. However, the practically attainable
capacity is found to be only 120–130 mAh/g in the voltage
range of 2.8–4.2 V,4,5 and due to the high cost of Co there
has been a considerable interest in developing cathode mate-
rials based on Mn, Ni, or V as lower-cost alternatives. An
improved operational capacity can be achieved by utilizing
Li yNiO2 and its doped derivatives.6 But these materials are
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found to possess unstable cycling performance, and their ca-
pacity fades especially when charged and discharged at high
rates. The poor rate capability and instability associated with
these materials is ascribed to Ni migration into sites within
the depleted Li layer foryø0.5, which causes a deleterious
change in the cathode structure.7 In the last few years, Co has
been investigated as a substitution metal in the LiNi1−xCoxO2

system, mainly to improve the stability of the cathode by
creating a more stable LiNiO2–LiCoO2 solid solution.8 Lay-
ered LiMnO2 and its Co derivatives LisMn1−xCoxdO2 sx
ø0.5d, which are isostructural with LiNiO2, have also been
investigated. The cathodic capacity for this system was
found to be highs180–200 mAh/gd, but, unfortunately, the
main concern on cycling of this material has been capacity
fading and conversion to the spinel structure.9 Moreover, a
layered system LiNi0.8Co0.2O2 has attracted attention as a
new cathode material in lithium-ion batteries for hybrid elec-
tric vehicle applications.10 Compared to LiCoO2, this system
proved to possess enhanced electrochemical performance at
a projected lower cost. The electrochemical performance of
the layered system LisNi1/2Mn1/2dO2 was reported by Lu
et al.11 and by Ohzuku and Makimura.12 While the former
study observed a reversible capacity of 160 mAh/gsin the
range of 2.0–4.6 Vd, the latter group observed a reversible
capacity of 150 mAh/gsrange of 2.5–4.3 Vd. Furthermore, a
stable cycling behavior has been observed for the solid solu-
tion xLi sNi1/2Mn1/2dO2·s1−xdLi2TiO3, x=0.95,13 but as
Li sNi1/2Mn1/2dO2 can be derived from the solid solution
Li sNixLi s1/3−2x/3dMns2/3−x/3ddO2, x=1/2, Mn and Niwere as-
signed to be in the 4+ and 2+ oxidation state by Luet al.,11

and the electrochemical processes involved Ni2+→Ni4+ with
two-electron transfer, in agreement with the obtained capac-
ity and the stoichiometry of the compound.

In recent years there has been an upsurge in the search
for technologically important new layered materials such as
LiNi 1/3Co1/3Mn1/3O2. This system has been of significant in-
terest and has been intriguing, as the Mn was found to be
electrochemically inactive. One study suggests that the ma-
terial possesses a capacity of 150 mAh/g in the range of
2.5–4.2 V,12 while another study reports a capacity of
200 mAh/g sin the range of 2.5–4.6 V at 0.17 mA/cm2d.14

This system can be considered as a special instance of Co
substitution in the parent compound LisNi1/2Mn1/2dO2,

15 with
a chemical composition of LisNixCo1−2xMnxdO2, where x
=1/3. Thereason for its improved electrochemical perfor-
mance is still being investigated. Hence, x-ray absorption
spectroscopyin situ experiments during cycling will be of
immense importance and will be informative in developing a
complete understanding of the charge-discharge mechanism
in this system. There have been numerous efforts to observe
the detailed changes that occur in and on the electrodes dur-
ing the charging and discharging processes. In the case of
modern Li-ion batteries the electrode materials permit lithia-
tion and delithiation, a mechanism that, in the long run, can
result in severe degradation of the electrodes, strongly limit-
ing the life time of the battery. Real-time tracking of the
changes in the electrode materials undergoing electrochemi-
cal reactions is best performed by utilizing anin situ electro-
chemical cell. The advantage ofin situ XAS measurements

lies in the ability to directly monitor detailed structural
changes in the electrode material as ion extraction/insertion
proceeds. This, along with the simultaneous electrochemical
measurements, provides unique valuable information about
the relationship between structure and electrochemical prop-
erties, which is not accessible fromex situexperimental mea-
surements.

Here, we apply transmission x-ray absorption spectros-
copy to investigate LiNi1/3Co1/3Mn1/3O2 electrodessas used
in Li-ion batteriesd in various states of chargesSOCd. XAS
offers the possibility to follow the structural and electronic
changesin situ during an ongoing electrochemical process.
Information about the valence state of the investigated ele-
ment sin our case, Mn, Co, and Nid and its electronic con-
figuration was obtained from the XANES region of the
K-absorption edge, whereas the EXAFS region was used to
probe the structure around the x-ray absorbing atom. Very
recently, ex situ work on characterization and analysis of
LiNi 1/3Co1/3Mn1/3O2 has been performed using an x-ray dif-
fraction techniquesXRDd, but to the best of our knowledge
there has been noin situ EXAFS investigation reported on
this system. It is important to mention that in contrast to
XRD, which gives one a good picture of the long-range
structural changes in the cathode,in situ XAS investigations
during cycling can be illuminating in their own right, provid-
ing an understanding of the oxidation state as well as short-
range ordering and providing a baseline for further studies in
which the electrode material is modified by the introduction
of additional elements. In addition, XAS can distinguish be-
tween the bulk propertiessmeasurement in transmission
moded and surface propertiessby fluorescence, or even more
restricted to surface by electron yield or grazing incidence
measurementsd. In this paper, we present a comprehensive
analysis of Ni, Co, and Mn K-edge EXAFS, as well as an
analysis of the X-ray absorption near-edge structure
sXANESd.

II. EXPERIMENTAL PROCEDURES

A. LiNi 1/3Co1/3Mn1/3O2 electrode and electrochemical
XAS cell assembly

The experiments were performed with a complete
Li/LiNi 1/3Co1/3Mn1/3O2 cell. The prepared layered com-
pound was single phase, as was verified by x-ray diffraction
sXRDd. Electrodes were fabricated from an intimate mixture
of the LiNi1/3Co1/3Mn1/3O2 powder that comprised 85% by
weight of the total electrode with 8% polyvinylidene difluo-
ride polymer bindersKynard and 7% compressed acetylene
black in N-methyl-2-pyrrolidononesNMPd. The black vis-
cous slurry consisting of LiNi1/3Co1/3Mn1/3O2, acetylene
black, and Kynar was cast onto an aluminum foil of thick-
ness 25mm by the doctor blade technique.16 Then the NMP
was evaporated at 120 °C for about 1 h, and finally the elec-
trodes were dried under vacuum at 150 °C for 16 h. An elec-
trode with a 10-mm diameter was punched from the elec-
trode foil sheet. The thickness of the active mass on the
electrode was about 200mm and the charge density was
about 0.69 mAh/cm2. The electrochemicalin situ XAS cell
is shown in Fig. 1. For a complete detailed electrochemical
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XAS cell design and assembly the reader is referred to Deb
et al.17 A sheet of porous polypropylene membranesfrom
Celgard, Celgard 3400d was used as a separator. The separa-
tor was punched with an outer diameter of 10 mm and an
inner diameter of 4 mm. Then all necessary cell parts, chemi-
cals, and tools for the assembly were placed in an argon-
filled glove box in the laboratory. The separator was placed
on top of the working electrodesLiNi 1/3Co1/3Mn1/3O2d sFig.
1d, where the separator was soaked with electrolyte 1-M
LiPF6 dissolved in 50 wt % ethylene carbonatesECd and 50
wt % dimethylcarbonatesDMCd obtained as a solution from
Merck Company. Finally, to complete the cell assembly a
piece of lithium foil counter electrode was then punched with
an outer diameter of 10 mm and an inner diameter of 6 mm
from fresh supplies and placed on top of the separator. A
computer-controlled Princeton Applied Research Model
VERSA potentiostat/galvanostat was used for cycling the elec-
trochemical cell under a constant current control.

The electrochemical cyclingscharge and discharged of
the cell was performed at a constant current density of
0.14 mA/cm2 between 2.9 and 4.7 V, which corresponds to
about the 5-h rate. Thein situ measurements performed dur-
ing the charging and discharging were carried out at various
states of charge of the electrode. The spectra presented here
were obtained during the charging process at the 0% SOC,
25% SOC, 40% SOC, 75% SOC, 90% SOC, and finally
100% SOCscorresponding to 4.7 V versus Lid.

For the measurements using the model compounds, the
samples were diluted with boron nitridesBNd, and
0.78-cm2 pellets were then pressed using a pressure of 9
tons, yielding pellets of 400-mm thickness. Finally, the pel-
lets were mounted on aluminium sample holders using Kap-
ton adhesive foil on both sides of the sample.

B. X-ray absorption spectroscopy measurement and
data analysis

The XAS measurements were performed on the bending
magnet beamline station D of the DuPont-Northwestern-
Dow Collaborative Access TeamsDND-CATd at the Ad-
vanced Photon Source, Argonne National Laboratory. A
water-cooled Sis111d double-crystal monochromator was
used, and the energy resolution of the monochromatic beam
was determined to be,1.0 eV. Transmission ion chambers
were used to measure the incidentsI0d, transmittedsI td, and
referencesI refd signals. TheI0 and theI t chambers were filled
with a helium-nitrogen mixtures10/90% and 11/89%, re-
spectivelyd, while theI ref chamber was filled with a nitrogen-
argon mixtures82/18%d. A beam size of 0.330.5 mm was
chosen in order for the beam to pass easily through thein
situ cell x-ray window resulting in an incident photon flux of
,1011 photons per second. The monochromator was scanned
in energy from 200 eV below to 800 eV above the Mn and
Ni K-absorption edgess6539 and 8333 eVd, whereas the data
range collected at the Co K-absorption edge was limited to
8250 eVs12.7 Å−1d by the onset of the Ni K edge. Data were
collected within this energy range, with a step size of 0.2 eV
in the respective edge region. The energy calibrations at each
edge were performed using Mn, Co, and Ni metal foils be-
tween theI t andI ref ion chambers, respectively. XAS spectra
were collected at each of these absorption edges.

Extended x-ray-absorption fine structuresEXAFSd data
reduction was performed using theEXAFSPAK software
package18 and ATHENA.19 The resultingxskd function was
then weighted withk3 to account for the damping of oscilla-
tions with increasingk. The radial structure functions were
obtained by Fourier transformation ofk3xskd using ak range
of 1.0–16.2 Å−1 for Mn and Ni and 1.0–12.7 Å−1 for Co.

III. RESULTS AND DISCUSSION

A. Structure of LiNi 1/3Co1/3Mn1/3O2

The structure of LiNi1/3Co1/3Mn1/3O2 has been previ-
ously investigated and reported by different groups.20,13 Our
XRD investigation of the LiNi1/3Co1/3Mn1/3O2 electrode re-
vealed a typical XRD pattern similar to that of LiCoO2, as
reported earlier by Yabuuchi and Ohzuku.20 The atomic
structure fits the space-group symmetry ofR3m sa-NaFeO2

typed, ITC #166sInternational Tables for X-Ray Crystallog-
raphyd. The structure has Li ions at the 3a sites, the transition
metal ionssM =Mn, Co, and Nid at the 3b sites, and O ions at
the 6c sites in a hexagonal setting. However, it is important
to note that a partial interchange of occupancy of Li and
transition metalsMd ions among the sitessi.e., Li in 3b and
M in 3a sitesd leads to a disordering in the structure called
“cation mixing,”21,22 which leads to the deterioration of the
electrochemical performance of this layered compound. Re-
cently, Koyamaet al.23 investigated this layered compound
by first-principle calculations using a superlattice model,
where they found the average Mn–O, Co–O, and Ni–O dis-
tances to be 1.94 Å, 1.92 Å, and 2.02 Å, respectively. In
contrast to the large decrease in the unit-cell volume for
LiCoO2 sabout 6%d, LiNiO2 sabout 10%d, and LiMnO2

sabout 8%d during delithiationsi.e., during charging or oxi-

FIG. 1. Schematic view of electrochemicalin situ XAS cell.
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dationd, LiNi 1/3Co1/3Mn1/3O2 exhibits a small change in the
cell volumesabout 3%d, proving to be beneficial with regard
to cycling stability, cell life, and rate capability.

B. XAS results for LiNi 1/3Co1/3Mn1/3O2

1. XANES

Unlike LiNiO2 sRef. 24d and LiCoO2,
25

Li xNi1/3Co1/3Mn1/3O2 has a hexagonally layered structure,
and there has been no phase change to a secondary
phase with monoclinic symmetry when Li is extracted
from its lattice. This has been verified byex situXRD mea-
surements performed on electrochemical cells.26 For
Li1−xNi1/3Co1/3Mn1/3O2 it is now proposed that an extraction
of Li ions results in the lattice shrinkage along thea andb
directions while an expansion takes place along thec direc-
tion. Moreover, it has also been hypothesized that the driving
force for monoclinic distortion is not the Jahn–Teller effect
of Ni3+, but a lithium vacancy ordering that leads to a super
structure in LiNiO2.

25 Conversely, as Li1−xNi1/3Co1/3Mn1/3O2

does not exhibit any phase change to monoclinic symmetry,
it possesses a good ability to cycle Li into and out of the Li
layer while maintaining its hexagonalsR3md symmetry. In
general, the shape of the K-edge XANES of the transition
metal oxides provides unique information about the site sym-
metry and the nature of bonding with surrounding ligands,
while the threshold energy position of the absorption edge
provides information about the oxidation state of the probed
atom. Figure 2 shows the x-ray absorption near-edge struc-
ture sXANESd regions at 0% SOC compared to model com-
pounds at the Mn, Co, and Ni edges, respectively. The quali-
tative difference is immediately apparent from the figures.
In Fig. 2sad the Mn K-edge XANES spectrum of
LiNi 1/3Co1/3Mn1/3O2, when compared with model com-
pounds Mn2O3 sMn3+d and MnO2 sMn4+d, reveals that the
edge energy is identical to that of MnO2 sMn4+d, indicating
that the oxidation state of Mn in LiNi1/3Co1/3Mn1/3O2 is tet-
ravalentsMn4+d. The XANES spectrum for the sample at the
Co K edge was compared with that of LiCoO2, as shown in
Fig. 2sbd. The comparison clearly indicates that the XANES
spectrum for the Co K edge of the sample is identical to that
of LiCoO2 sCo3+d. Thus, Co in LiNi1/3Co1/3Mn1/3O2 can be
considered as Co3+. The XANES spectrum for the sample at
the Ni K edge was compared with that for NickelsII d oxide
fNiOsNi2+dg and with layered LiNi0.8Co0.2O2 sNi3+d, as
shown in Fig. 2scd. The XANES spectrum for the Ni K edge
of the sample is similar to that of NickelsII d oxide, indicat-
ing that Ni in LiNi1/3Co1/3Mn1/3O2 is divalentfNi2+g at 0%
SOC, whereas the Ni K-edge XANES is similar to that of
layered LiNi0.8Co0.2O2 at 40% SOC, confirming that Ni in
LiNi 1/3Co1/3Mn1/3O2 is trivalent fNi3+g at 40% SOC.

Figure 3 shows XANES spectra for selected SOC values
at the Mn, Co, and Ni edges, respectively. For Mn K-edge
XANES fFig. 3sadg during charging the edge position of the
first five scans at different charge states did not exhibit any
significant edge shift to higher energies, suggesting that the
Mn oxidation state remains unchanged, i.e., the Mn4+ atom is
electrochemically inactive. However, during charging, the
XANES observed for the Co K edgefFig. 3sbdg shows a

progression of the entire pattern from lower energy to higher
energy as a function of the decreased Li contentsat the five
different charge statesd, indicating the oxidation of Co3+ to-
wards Co4+ salmost Co4+ as it will be shown in the following
sectiond. The results for the XANES spectra for the Ni K
edge are shown in Fig. 3scd, at the five different charge
states. From here it is seen that the Ni K edge shows two
stages during charging. The first stage is from 0% SOC to
40% SOC and the second stage is from 40% SOC to 75%
SOC. Above 75% SOC, the XANES spectrum of the Ni K
edge did not move noticeably to a higher energy. This two-
stage observation may be attributed to the two-electron reac-
tion of the Ni ionssNi2+/Ni3+ and Ni3+/Ni4+d during charg-
ing. It is important to mention here that similar observations
have recently been reported by Koyamaet al.,23 using ab
initio calculations, that the redox reaction in
Li1−xNi1/3Co1/3Mn1/3O2 consists of Ni2+/Ni3+, Ni3+/Ni4+,
and Co3+/Co4+, respectively. However, in their work they
predicted the above redox reaction for the ranges of 0øx
ø1/3, 1/3øxø2/3, and 2/3øxø1, respectively. Thus
our experimental observation has been consistent with these
calculations, except the range for the Co3+/Co4+ redox reac-

FIG. 2. Calibrated and normalized XANES comparison ofsad Mn K edge
for LiNi 1/3Co1/3Mn1/3O2, observed at 0% SOC with the model compound
Mn2O3 sMn3+d sbroken lined and MnO2 sMn4+d sdash-dot lined; sbd Co K
edge for LiNi1/3Co1/3Mn1/3O2, observed at 0% SOC with the model com-
pound LiCoO2 sCo3+d; andscd Ni K edge for LiNi1/3Co1/3Mn1/3O2, observed
at 0% SOC sthick solid lined and 40% SOCsthick broken lined with
the model compounds NickelsII d oxide sNi2+d sbroken lined and
LiNi 0.8Co0.2O2 sNi3+d sdash-dot lined, respectively.
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tion, which they proposed to take place for 2/3øxø1,
while our experimental observation indicates that the
Co3+/Co4+ oxidation reaction occurs for essentially the entire
range of x in the sample. This small discrepancy can be
attributed to the fact that the calculations were performed
assuming an equilibrium homogeneous state, while, actually,
the particles are in a nonequilibrium heterogeneous state.
During discharge, these processes are reversed electrochemi-
cally: Li is inserted in the lattice structure, the Co4+ and Ni4+

are reduced to Co3+ strivalentd and Ni2+ sdivalentd states, and
theMsmetald–O andM–M bond lengths return to their origi-
nal values. Hence only the data during the charging cycle
have been presented here.

The insets of Figs. 3sad, 3sbd, and 3scd show the nature of
the preedge region of the respective XAS spectra. The
preedge results provide additional information about the na-
ture of the electronic states. For many transition elements,
the preedge peaks occur well below the main edges,15 eV
belowd and are assigned to transitions to empty states with
d-like character, i.e., these are 1s to 3dsn+1d transitions27,28

wheren is the initial number ofd electrons andsn+1d in-
cludes the excited electron in the final state, which usually
includes the effect of a core hole. The 1s→3d transitions are
directly allowed through a very weak quadrupole transition29

or allowed via an admixture of 3d and 4p states.30 In the
preedge region for MnfFig. 3sad, insetg, all the spectra re-
corded during delithiation show two peaks denoted byA and
A8 snear 6541 and 6543 eVd, which are assigned as the tran-
sitions from the core 1s level to unoccupied 3d states which
are, in turn, electric dipole forbidden. Experimentally, the
quadrupole nature of the 1s→3d preedge feature in
D4hCuCl4

2− was demonstrated by Hahnet al.30 with an analy-
sis of the angular dependence of the 1s→3d transition inten-
sity using polarized synchrotron radiation and oriented single
crystals. Thep-orbital mixing into 3d orbitals can also con-
tribute to the preedge intensity, which has much higher in-
tensity than the electric quadrupole-allowed transition. Thus,
even though this transition is dipole forbidden, the preedge
peaks here could be discerned due to quadrupole-allowed
transitions and/or due to the mixing of the 4p and 3d states.
The weak intensity of the preedge is indicative of the octa-
hedral coordination as opposed to the tetrahedral coordina-
tion from which strong preedge intensity is found.31 The po-
sition and the shape of these preedge peaks are now well
known to be closely related to the oxidation state of the
absorbing ion and the local arrangement of backscattering
ions, respectively. It is also evident here that the two peaks
sA andA8d at the preedge region are discernible because the
manganese is in the tetravalent state, as a preedge with only
one peak characteristic feature is observed for trivalent man-
ganese compounds. The latter characteristic single-peak
preedge feature for trivalent manganese compounds can be
interpreted as a result of the splitting of thet2g andeg energy
levels modified by Jahn–Teller deformation as shown earlier
by Horneet al.32 The preedge features observed in the Co
XANES spectrafFig. 3sbd, insetg, are due to Co 1s→3d
transitions, and are not well structured, but it clearly shows
two edges with some weak indication of an energy splitting
in between. The preedge featuressB and B8d are assigned

FIG. 3. Calibrated and normalized XANES spectra for
Li 1−xNi1/3Co1/3Mn1/3O2 at different states of charge at thesad Mn K edge
s0% SOC, 25% SOC, 40% SOC, 75% SOC, and 100% SOCd; sbd Co K edge
s0% SOC, 25% SOC, 80% SOC, 90% SOC, and 100% SOCd; andscd Ni K
edges0% SOC, 20% SOC, 40% SOC, 75% SOC, and 100% SOCd, respec-
tively. The insets show the nature of the preedge peaks of the respective
XAS spectra.
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here to the 1s→ t2g and 1s→eg transitions. The energy dif-
ference between Cot2g and Co eg orbitals in octahedral
oxygen-coordinated compounds is found to be about 2.5
eV,33 which corresponds to the separation of thet2g and eg

transitions. It is important to note that the presence of the
two transitions indicates at least a partial high-spin configu-
ration. Here, the preedge features are not clearly split; this
may indicate delocalized electrons in the band structure or an
overlapping mixture of low-spin1A1st2g

6 eg
0d, intermediate

3T1st2g
5 eg

1d, and high-spin5T3st2g
4 eg

2d states. Transitions from
1s to thet2g orbitals are both symmetry and dipole forbidden,
but they do occur, albeit very weakly, due to the mixing with
the oxygenp orbitals and quadrupole transitions. Transitions
from 1s to eg orbitals are also dipole forbidden, and hence
also much weaker than the symmetry- and dipole-allowed
1s→4p main transition. We also observe a shouldersCd at
about 7221 eV, which corresponds to the shake-down pro-
cess in which 1s→4p transition with ligand→3d electron
transition or ligand to metal charge transfersLMCTd occurs
f1s1c3d6→1s1c3d7Lg, as observed for Dy1−xCaxCoO3 sRef.
34d or for La1−xSrCoO3,

35 where it was shown that the
LMCT state t2g

6 eg
1L1 contributes about 45% to the ground

state. Since the binding energy decreases due to the core-hole
screening effect in Co by an electron transferred in ligand,
the transition in the shake-down process occurs at a lower
energy.36 For Ni, as shown in Fig. 3scd sinsetd, the preedge is
almost absent. In octahedral NisII d complexes only the 1s
→3d transition is allowed; and furthermore, this 1s→3d
transition is symmetry forbidden for centrosymmetric
pointgroups.37 This means that highly symmetrical octahe-
dral complexes will not show any prepeaks, while nonsym-
metrical octahedral complexes can be detected by their
higher 1s→3d peak intensity. Hence the intensity of the 1s
→3d peak can be used as an indicator of the geometry in
octahedral complexes. In Fig. 3scd the absence of a
1s→3d-transition preedge leads to the conclusion that the
local environment of the Ni atoms is highly symmetrical. It
is important to mention here that any distortion of the octa-
hedral environment would remove the center of inversion
symmetry, and a preedge or a shoulder in the XANES spec-
tra is expected.38 As evidenced from Fig. 3scd, the XANES
spectra observed during the different states of charge during
cycling sdelithiation or oxidationd show the absence of a
preedge which again strengthens the conclusion that the local
octahedral environment of the Ni atoms remains highly sym-
metrical during the charging process.

In order to present a quantitative picture of how the oxi-
dation process is taking place in this system, we have shown
here Fig. 4, which depicts the plot of the white line peak
position as a function of the SOC as opposed to the edge
position, defined by the energy at half of the edge step for the
Co, and the Ni K edge, observed during delithiationscharged
and lithiation sdischarged. Here, we have included also the
data of scans that have been taken in between the SOC val-
ues reportedsA, B, C, D, andEd. For the Co and the Ni metal
centers, the change in the peak position has been about +1.91
and +3.0 eV, respectively, as the lithium content changes
from the OCVsopen circuit voltaged fully discharged state to
the fully chargeds4.7 V versus Lid state. From the figure it is

evident that for the Co edge the oxidation state is changing
smoothly and nearly proportionally to the SOCfexcept after
75% SOC where there is an increase in slopesFig. 4d which
is consistent with our Faraday’s law calculationsFig. 5dg,
while for the Ni edge the situation is not very clear, but the
quantitative and qualitative indicators show that the oxida-
tion consists of two stagessfrom 0% SOC to 40% SOC and
from 40% SOC to 75% SOCd. This is due to the two-electron
reaction of Ni ions as discussed earlier. After 75% SOC the
Ni edge does not change significantly, suggesting that Ni2+ is
fully oxidized to Ni4+, while charge compensation still oc-
curs in CosFig. 4d. To obtain a further qualitative and quan-
titative picture about the valence change during the charging
processswith respect to the capacity changed of the constitu-
ent transition metals in this compound, we here tried to com-
bine the XAS and the electrochemistry information using
Faraday’s law. Using Faraday’s law the theoretical capacity

FIG. 4. Plot of the white line energy shift vs the state of chargesSOCd for
Co and Ni K edge. The filled symbolssP andmd represent the data during
charging si.e., during delithiationd, while the empty symbolsss and nd
represent the data during dischargingsi.e., during lithiationd.

FIG. 5. Average valence vs capacity profiles for the first charge of the cell
for the transition metals Nis,d, Co sPd, and MnsLd. The average valence
of Ni s.d and that of Mn sld at the theoretical calculated capacity
s278 mAh/gd have been shown here as positionA. The solid line is the
guide using Faraday’s law if all the charge is used for changing the nickel
valence from Ni2+ to Ni4+.
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of LiNi 1/3Co1/3Mn1/3O2 is 277.68 mAh/g. So, theoretically,
for the average valence change of one for the transition met-
als sNi2+ to N3+, Ni3+ to Ni4+, and Co3+ to Co4+d in this
compound, the capacity used will be a third of the total the-
oretical capacity, i.e., 92.56 mAh/g. Hence using the experi-
mentally measured capacity at each state of the charging pro-
cess, along with the average valence change from the XAS
resultssFig. 4d and the theoretical capacity, we can represent
the average Ni and Co valence as

Nivalsaveraged = 2.0 +FExpt . measured capacitysmAh/gd
92.56 mAh/g

G
3sNifracd, s1d

Covalsaveraged = 3.0 +FExpt . measured capacitysmAh/gd
92.56 mAh/g

G
3sCofracd, s2d

and

Nifrac + Cofrac = 1, s3d

where Nifrac is the fraction of the charge that causes change
in the Ni valence and Cofrac is the fraction of the charge that
causes change in the Co valence.

From the XAS results it is observed that Ni2+ changes to
Ni3+ at 40% SOCs108 mAh/gd and finally changes to Ni4+

at 75% SOCs202 mAh/gd. Hence taking the Ni valence in-
formation and the measured capacitysmAh/gd at different
states of charge in Eq.s1d, we can find the Nifrac. Then, using
this information in Eq.s3d we can find the Co average va-
lence at different SOC. This quantitative information is
shown in Fig. 5, where we can see that during the first charge
cycle the Co is almost changed from Co3+ to Co4+. In Fig. 5
we have shown that at the theoretical capacity of
277.68 mAh/g, Mn is Mn4+ and Ni is Ni4+, while we found
that at the measured extraction capacity of the first cycle
s269 mAh/gd Mn is Mn4+, Ni is Ni4+, and Co is Co3.92+. In
Fig. 5 the line shows the guidance from Faraday’s law on
how the Ni valence changes if all of the charge is used to
change the Ni valence only. The observed increase in slope
of the Co K-edge white line in Fig. 4 after 75% SOC can
now be explained by the Faraday’s law results in Fig. 5. This
increase in slope is due to the fact that after 75% SOC Ni is
at Ni4+, and the whole of the charge is now used to change
the valence of Co, as can be seen from Fig. 5.

2. EXAFS during the charging cycle

The local structure of the Mn, Co, and Ni ions in
Li xMn1/3Co1/3Ni1/3O2 was measured by EXAFS. The back-
grounds were subtracted by extrapolating a Victoreen-type
function from the preedge region, and EXAFS oscillations
xskd were extracted using cubic spline baseline functions.39

The radial structure functions for the central absorbing Mn,
Co, and Ni atoms were obtained by Fourier transformations
of the EXAFS oscillations. Fourier transformations were per-
formed over thek range as mentioned in Sec. II B usingk3

weighting sKaiser–Bessel windowd. In all cases the Li con-
tribution to XAFS was ignored because of the low back-

scattering ability of the lithium. Figure 6 shows the normal-
ized k3xskd function for selected scans at different SOC
values during the charging cycle, as a function ofksÅ−1d for
Mn, Co, and Ni. It can be seen that the data quality is very
good at the Mn, Co, and Ni edges. The peak intensity and
broadness of the radial structure function correlate to the
coordination numbersCNd and Debye–Waller factorsssd
which reflect the thermal fluctuations and/or local order.40

Only small changes take place in the case of Co and Ni
between the different SOC values. This can be more clearly
understood from the results of the FTsFourier Transformd of
the data at selected SOC’s, as shown in Figs. 7, 8, and 9. It
should be noted that the Ni EXAFS extends to ak value of
,15 Å−1, but the Co EXAFS extends to only,12.5 Å−1.
The lower range of the Co EXAFS is due to the presence of
the Ni edge at 8.33 keV. The first peak at,1.9 Å in Figs. 7,
8, and 9 is due to the Mn–O, Co–O, and Ni–O interaction,
respectively. During chargingsor delithiationd it is seen that
the Mn–O distance remains nearly unchanged, contrary to
the gradual dwindling of the Co–O distances and the de-
crease of the Ni–O distances. These variations of the inter-
atomic distances are closely related or can be attributed to
the change in the valence state in the transition metals. In the
presence of an octahedral crystal field, thed orbitals split
into triply degeneratest2gd and a higher-energy doubly de-
generate setsegd. Hence the outermost electronic configura-
tion of Co3+/Co4+ can be represented ast2g

6 eg
0/ t2g

5 eg
0, while for

Ni2+/Ni4+ sor Ni3+/Ni4+d, it can be represented ast2g
6 eg

2/ t2g
6 eg

0

sor t2g
6 eg

1/ t2g
6 eg

0d. Thus during the oxidation reaction of the
charging cycle, the change in energy in Co3+/Co4+ is very

FIG. 6. Selectedk3xskd data observed for Mn atsad 0% SOC,sbd 25% SOC,
scd 40% SOC,sdd 75% SOC, andsed 100% SOC; for Co atsad 0% SOC,sbd
25% SOC,scd 80% SOC,sdd 90% SOC, andsed 100% SOC; and for Ni K
edges atsad 0% SOC,sbd 20% SOC,scd 40% SOC,sdd 75% SOC, andsed
100% SOC.
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small because the change takes place only in thet2g degen-
erate set, which results in a very small change in the ionic
radiussRCo

3+,0.54 Å/RCo
4+,0.53 Åd, whereas the variation in

energy for Ni2+/Ni4+ sor Ni3+/Ni4+d, where the change takes
place between the lowert2g and highereg sets, would be
larger, inducing a larger change in the ionic radiussRNi

2+

,0.69 Å/RNi
3+,0.56 Å/RNi

4+,0.48 Åd. It can be seen that
for 0% SOC, the amplitude of the Ni–O peak is lower than
that of the Co–O peak. Also, unlike Li1−xNi0.5Co0.5O2 sRef.
41 and Li1−xNiO2,

42 here as the sample is delithiated it can be
seen that the amplitude of the Ni–O and the Co–O peaks
almost remains the same. These observations can be best
understood by considering the local structure of Ni and Co in

pure LiNiO2 and LiCoO2. As observed earlier, in LiNiO2
sRef. 43d oxygen atoms are present at two different distances
surrounding Ni. This distorted octahedral coordination is
consistent with a Jahn–Teller effect expected for Ni3+ in a
low-spin state. For the Li1−xNiO2 system during delithiation
the increase of the Ni–O peak amplitude has been ascribed to
the changes in the local structure of the Ni created by the
oxidation of the Ni3+ to Ni4+. Since Ni4+ is not a Jahn–Teller
active ion, the oxidation of Ni3+ to Ni4+ results in a diminu-
tion of the Jahn–Teller effect which results in an increased
amplitude of the Ni–O peak. In contrast to the LiNiO2 sys-
tem, the Li1−xCoO2 system during delithiation does not ex-
hibit any increase of the Co–O peak, which has been as-
cribed to the absence of the Jahn–Teller effect in the case of
Co3+. Thus based on these observations, it is understood that
the absence of a Jahn–Teller active ionsi.e., Co3+ and Ni2+

are not Jahn–Teller active ionsd in this system results in a
similar amplitude of the Ni–O and the Co–O interaction in
the FT of Li1−xNi1/3Co1/3Mn1/3O2 during delithiation.

The second peak at,2.8 Å in Figs. 7, 8, and 9 corre-
sponds to a metal–metal interaction. It can be seen that at the
Co and the Ni edges the peak position shifts to lowerR
values as Li is deintercalated. In pure LiNiO2 sRef. 41d a
similar behavior was observed by Nakai and Nakagome for
the Ni–Ni interaction. In contrast, in pure LiCoO2 the peak
representing the Co–Co interaction does not shift upon
delithiation.44 They also observed that the peak amplitude of
the Co–Co interaction reduces as Li is deintercalated. The
small shift in peak position of the Co-metal interaction as
well as the increase in amplitude of the peak in delithiation

FIG. 7. Magnitude of the k3-weighted Fourier transform of
Li1−xNi1/3Co1/3Mn1/3O2 at the Mn K edge at selected SOC during the charge
cycle sk range=1.5–15.1Åd. M represents the transition metal atom.

FIG. 8. Magnitude of the k3-weighted Fourier transform of
Li1−xNi1/3Co1/3Mn1/3O2 at the Co K edge at selected SOC during the charge
cycle sk range=1.5–12.5Åd. M represents the transition metal atom.

FIG. 9. Magnitude of the k3-weighted Fourier transform of
Li1−xNi1/3Co1/3Mn1/3O2 at the Ni K edge at selected SOC during the charge
cycle sk range=1.5–15.1Åd. The labelssad, sbd, scd, sdd, and sed represent
the FT observed at the 0%, 20%, 40%, 75%, and 100% SOC, respectively.
M represents the transition metal atom.
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in Li1−xNi1/3Co1/3Mn1/3O2 show clearly that Co is not present
as isolated LiCoO2-like entities but may be present as a sub-
stitutional entity for Ni-type sites in the host lattice. A quan-
titative analysis to obtain EXAFS structural parameters of
Mn, Co, and Ni absorbers was performed based on a two-
shell model, obtained by nonlinear least-squares fits to the
first two peaks of the FT spectra at the K edges of Mn, Co,
and Ni, respectively, in Li1−xNi1/3Co1/3Mn1/3O2. The bond
distancessRd and the Debye–Waller factorsssd were left as
free parameters, and the coordination numbersCNd of
Mn–O, Co–O, Ni–O, Mn–M, Co–M, and Ni–M was kept
fixed to the crystallographic value of six. The structural pa-
rameters obtained by curve fitting are summarized in Tables
I, II, and III. The first shell metal–oxygensMn–O, Co–O,
and Ni–Od interaction distances at various charge and dis-
charge states are shown in Fig. 10. It is evident from the
figure that the Mn–O distances varied the leastsat the most
by 0.01 Åd, while the Co–O distances varied by about 0.05 Å
and the Ni–O distances varied the most by about 0.08 Å. It is
important to note here that we observe for Ni–O distances

above 75% state of charge, the change in the distance is
negligible and is,0.002 Å; this is consistent with the fact
that after 75% SOC in the system the Ni2+ is changed fully to
Ni4+ sas also evidenced from Fig. 4d. The observation of the
significant decrease in the Ni–O bond distance can be ex-
plained by the oxidation of Ni2+ to Ni4+ since the ionic radius
of Ni2+ s0.69 Åd is larger than that of Ni4+ s0.46 Åd.45

The Ni4+–O bond distance in this materials,1.87 Åd is
consistent with other previously reported Ni4+–O bond dis-
tances observed in compounds such as BaNiO3 and
KNiIO6s,1.88 Åd.46,47 This also indicates that at the end of
the charge Ni2+ is completely oxidized to Ni4+. Finally, the
second shell metal–metalsMn–M, Co–M, and Ni–Md inter-
action distances at various charge and discharge states are
shown in Fig. 11. It is interesting to note here that the
changes inM–M distances at the Mn, Co, and Ni K edges
between the initial and the fully charged state varies at the
most by 0.05 Ås0.04 Å for Mn–M, 0.05 Å for Co–M, and

TABLE I. Structural parameters from nonlinear least-squares fits to the first
two peaks of the Fourier transform at the Mn K edge at different states of
chargesSOCd. The SOCsin percentd, shell sZa–Zbd, coordination number
sCNd, bond distancesRd, and Debye–Waller disorderss2d are tabulated. The
coordination numbersCNd of both Mn–O and Mn–M contributions were
constrained to be six. The number in the parentheses is the uncertainty in the
last digit or digits of the parameter.

SOC s%d Za–Zb CN RsÅd s2sA2 10−3d

00 Mn–O 6 1.910s8d 2.7s5d
Mn–M 6 2.885s9d 3.3s3d

25 Mn–O 6 1.908s8d 2.9s4d
Mn–M 6 2.857s9d 3.1s4d

40 Mn–O 6 1.904s6d 2.9s6d
Mn–M 6 2.842s9d 3.0s5d

75 Mn–O 6 1.899s7d 3.1s5d
Mn–M 6 2.838s9d 3.2s4d

100 Mn–O 6 1.900s5d 3.1s4d
Mn–M 6 2.841s9d 3.2s5d

TABLE II. Structural parameters from nonlinear least-squares fits to the first
two peaks of the Fourier transform at the Co K edge at different states of
chargesSOCd. The SOCsin percentd, shell sZa–Zbd, coordination number
sCNd, bond distancesRd, and Debye–Waller disorderss2d are tabulated. The
coordination numbersCNd of both Co–O and Co–M contributions were
constrained to be six. The number in the parentheses is the uncertainty in the
last digit or digits of the parameter.

SOC s%d Za–Zb CN RsÅd s2sA2 10−3d

00 Co–O 6 1.932s7d 3.0s4d
Co–M 6 2.852s8d 3.7s3d

25 Co–O 6 1.929s7d 2.9s3d
Co–M 6 2.829s8d 3.3s2d

80 Co–O 6 1.911s3d 3.0s4d
Co–M 6 2.814s8d 3.4s5d

90 Co–O 6 1.893s5d 3.2s3d
Co–M 6 2.815s8d 3.6s4d

100 Co–O 6 1.882s5d 3.4s4d
Co–M 6 2.816s8d 3.6s5d

TABLE III. Structural parameters from nonlinear least-squares fits to the
first two peaks of the Fourier transform at the Ni K edge at different states
of chargesSOCd. The SOCsin percentd, shellsZa–Zbd, coordination number
sCNd, bond distancesRd, and Debye–Waller disorderss2d are tabulated. The
coordination numbersCNd of both Ni–O and Ni–M contributions were con-
strained to be six. The number in the parentheses is the uncertainty in the
last digit or digits of the parameter.

SOC s%d Za–Zb CN RsÅd s2sA2 10−3d

00 Ni–O 6 1.945s9d 4.1s4d
Ni–M 6 2.868s8d 4.8s6d

20 Ni–O 6 1.921s8d 4.3s3d
Ni–M 6 2.844s5d 4.8s7d

40 Ni–O 6 1.902s8d 4.3s5d
Ni–M 6 2.831s8d 4.9s6d

75 Ni–O 6 1.872s7d 4.6s4d
Ni–M 6 2.826s6d 4.8s5d

100 Ni–O 6 1.870s7d 4.5s5d
Ni–M 6 2.829s8d 4.7s6d

FIG. 10. First shell metal–oxygen bond length changes during
Li/Li xNi1/3Co1/3Mn1/3O2 cell cycling. The filled symbolssP and.d repre-
sent the Mn–O and Ni–O bond distances, while the empty symbolsqd
represents the Co–O bond distances as observed during different states of
charge and discharge.
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0.055 Å for Ni–Md—about 1.6% contraction. It is seen from
Fig. 11 that on delithiation the bond distancessNi–M, Co–M,
and Mn–Md decrease upon charging but tend to increase
slightly at the end of the charge. These metal–metal distances
correspond to thea lattice parameter of the trigonalR3m
cell. The changes observed here in the metal–metal distances
are consistent with the changes seen in the case of x-ray
diffraction pattern of LixNi1/3Co1/3Mn1/3O2.

48

IV. CONCLUSIONS

An XAS characterization of LixNi1/3Co1/3Mn1/3O2-based
electrode material during charging and discharging cycles
has been performed using anin situ electrochemical cell. The
XAFS has provided us with an excellent tool for analyzing
the changes that occur when Li is cycled into and out of the
layered lattice of LixNi1/3Co1/3Mn1/3O2 in a Li-ion battery.
The XANES results confirm that during the charging of
Li xNi1/3Co1/3Mn1/3O2 to 4.7 V the oxidation state of manga-
nese does not change and remains tetravalentfMn4+g until
the end of charging and was found to be electrochemically
inactive, whereas divalent nickelfNi2+g is oxidized to tet-
ravalent nickelfNi4+g through an intermediate stage of triva-
lent nickel fNi3+g, and finally cobalt is found to be oxidized
from Co3+ to almost Co4+ during the entire range of the state
of charge as seen from the Faraday’s law results. The small
volumetric changes and the retention of the hexagonal struc-
ture confirm that this material possesses very desirable char-
acteristics for an electrode, which makes it an excellent
choice for Li-ion cell applications. When all the Ni atoms are
oxidized to Ni4+, the Ni atoms are coordinated by six oxygen
atoms at,1.87 Å. This Ni–O bond distance is consistent
with what is expected for a Ni4+–O bond. The EXAFS data
show that the change in theRM–O from the initial to the fully
charged state varies byø0.08 Å, while the change in the
RM–M from the initial to the fully charged state varies by
ø0.06 Å, confirming that only minor changes occur in the
structure of the electrode during electrochemical cycling.
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