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High-frequency electron paramagnetic resonance (HF-EPR) spectroscopy was employed to examine the oxidation
state and local structure of Ni and Mn ions in Ni,Mn-codoped LiCoO2. The assignment of EPR signals was based on
Mg,Mn-codoped LiCoO2 and Ni-doped LiCoO2 used as Mn

4þ and low-spin Ni3þ EPR references. Complementary
information on the oxidation state of transition-metal ions was obtained by solid-state 6,7Li NMR spectroscopy. For
slightly doped oxides (LiCo1-xNixMnxO2 with x < 0.05), nickel and manganese substitute for cobalt in the CoO2 layers
and are stabilized as Ni3þ and Mn4þ ions. The local structure of Mn4þ ions was determined by modeling of the axial
zero-field-splitting parameter in the framework of the Newman superposition model. It has been found that the local
trigonal distortion around Mn4þ is smaller in comparison with that of the host site. To achieve a local compensation of
Mn4þ charge, several defect models are discussed. With an increase in the total dopant content (LiCo1-xNixMnxO2

and 0.05e xe 0.10), a saturation in the Ni3þ amount (up to x < 0.05) is attained, while the Mn4þ content increases
gradually. Ni3þ ions are surrounded by Co3þ ions only in the whole concentration range (0 < xe 0.10). The first metal
coordination sphere of Mn4þ ions undergoes a transformation with an increase in the total Ni and Mn contents due to a
progressive replacement of Co3þ by Mn4þ and Ni2þ ions. For highly doped oxides (LiCo1-xNixMnxO2 with x = 0.10),
nickel and manganese achieve, with respect to the local charge compensation, their usual oxidation states of 2þ
and 4þ.

Introduction

Lithium cobaltates and lithium nickelates with the com-
position LiMO2 (M=Co andNi) are of significant research
and technological interest as electrode materials for Li ion
batteries because of their exceptional capability to intercalate
reversibly large amounts of lithium at a potential of about
4 V.1-3 The crystal structure of LiMO2 (space group R3m,
R-NaFeO2-type) is composed of consecutively arranged Liþ

andM3þ ions in the close-packed oxygen arrays, as a result of
which discrete lithium and cobalt/nickel layers are formed.4,5

The electrochemical reaction includes reversible Liþ

intercalation, which is concomitant with a reversible oxida-
tion/reduction of Co/Ni3þ to Co/Ni4þ (one-electron re-
action).6,7 LiCoO2 and LiNiO2 form solid solutions in the
whole concentration range (LiCo1-xNixO2), thus providing
opportunities to control precisely their electrochemical prop-
erties.8-10

Recently, LiCo1-2xNixMnxO2 compositions with x = 1/2
and 1/3 were proposed as the next generation of electrode
materials.11,12 In general, the layered crystal structure is
preserved for LiCo1-2xNixMnxO2.

11,13 Contrary to LiNiO2,
Ni ions in LiCo1-2xNixMnxO2 are in the oxidation state 2þ,
while Co andMn ions adopt their commonly found oxidation
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states: 3þ and 4þ, respectively.14,15 As a result, the electro-
chemical reaction is a two-electron one, comprising a rever-
sible oxidation of Ni2þ to Ni4þ, as well as Co3þ to Co4þ. The
Mn4þ ions remain electrochemically inactive; their role is to
stabilize the layered structure during the reversible electro-
chemical reaction.12

The common feature of all electrode compositions is the
formation of separate layers comprising transition-metal and
Li ions. The main difference between LiCoO2 and Li-
Co1-2xNixMnxO2 comes from the short-range cationic dis-
tribution inside the transition-metal layers. This is a
consequence of the appearance of cations with different ionic
dimensions and oxidation states.16-20 Using first-principles
calculation, electron diffraction, high-resolution transmis-
sion electron microscopy and X-ray diffraction (XRD)
analysis, solid-state 6Li NMR, and Mn4þ electron paramag-
netic resonance (EPR) experiments, a nonrandom cationic
distribution has been established, which is consistent with
Ni2þ and Mn4þ clustering.16,17,19,20 On the contrary, a ran-
dom Ni, Mn, and Co distribution in the layers has been
reported by Whitfield et al. using neutron and anomalous
dispersion powder XRD.18

Prior to the use of layered oxides as electrode materials, a
detailed knowledge of the local structure and the oxidation
state of the transition-metal ions is needed. EPR spectrosco-
py is a suitable experimental method for the study of both the
electronic and geometric structures of transition-metal ions.
Recently, enormous extension of the EPR capability was
achieved because of application of a higher microwave
frequency and a stronger magnetic field.21 This technique is
now recognized as high-frequency EPR (HF-EPR), which is
operated at microwave frequencies and magnetic fields high-
er than 95 GHz and 3 T, respectively, whereas the conven-
tional EPR is operated at 9.2GHz and amagnetic field lower
than 1 T (X-band EPR). For ions with S = 1/2, HF-EPR
allows resolution of a small g-tensor anisotropy, while for
ionswith an integer spin orS>1/2, the higher field employed
here permits the precise determination of the axial and
rhombic zero-field-splitting (ZFS) parameters.21-23 In gen-
eral, EPR parameters are determined mainly by spin-orbit
coupling, as a result ofwhich they are highly sensitive to small
differences in the coordination sphere of the transition-metal
ions.21,23

Layered oxides represent complex solid solutions where
more than one paramagnetic ion is stabilized. Analysis of the
local structure of these complex solid solutions is a difficult

task. However, multifrequency EPR has been used for
the structural characterization of both LiNiyCo1-yO2 (0 e
y e 1)24-29 and LiCo1-2xNixMnxO2 (x = 1/3 and 1/2)
compositions.20,30-33 Although Ni2þ, Ni3þ, and Mn4þ are
EPR-active,EPR signals only fromNi3þ andMn4þ ions have
been detected.20,24-33 In layered oxides, Ni3þ ions adopt a
low-spin configurationwith S=1/2,

20,26 whileMn4þ ions are
in a high-spin configuration with S = 3/2.

30-33 The EPR
parameters of both Ni3þ and Mn4þ ions display a depen-
dence not only on their immediate environment but also on
the nature of the atoms in the second metal coordination
sphere. On the basis of analysis of HF-EPR spectra of low-
spin Ni3þ ions used as spin probes in layered LiAlyCo1-yO2

and LiGayCo1-yO2,
24-26 a local tetragonal distortion of

Ni3þ ions is observed when they are located in a mixed
Co6-yAly environment. The strength of the crystal field for
Ni3þ increases gradually, and the extent of the tetragonal
distortion shows a tendency to increase along the progressive
replacement ofCobyAl.ForLiCo1-2xNixMnxO2withx=

1/3
and 1/2, signals fromMn4þ ions having a different number of
Ni2þ asmetal neighbors are clearly resolvedbyHF-EPR.20,30-33

It is worth mentioning that while the local structure of Ni3þ

ions in layered oxides has been the subject of intensive studies
by HF-EPR spectroscopy,24-26,28 little work has been done
on the structural characterization of Mn4þ.34

The aim of this contribution is to analyze the oxidation
state and local structure of both Ni and Mn ions in Ni,Mn-
codoped LiCoO2 by applying HF-EPR. In LiCo1-2xNix-
MnxO2, Ni and Mn dopants are in small amounts (0 e x e
0.10) in order to suppress the magnetic interactions between
them. To facilitate the assignment of EPR signals, Mg,Mn-
codoped LiCoO2 was used as a Mn4þ EPR reference. First,
the EPR studies are focused on the local environment of
Mn4þ in Mg,Mn-codoped LiCoO2. Structural information
about theMn4þ site in layered oxides was based onmodeling
of the magnitude of the ZFS parameter in terms of the
Newman superposition model (NSM).35-37 Then, the EPR
spectra of Mn4þ in Ni,Mn-codoped LiCoO2 are analyzed.
Complementary information on the oxidation state of transi-
tion-metal ions was obtained by solid-state 6,7Li NMR
spectroscopy. This technique has been shown to provide
valuable information on the local environment of the Li
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nucleus in layered oxides because of 90� and 180� electron-
nuclear interactions.38-40

Experimental Section

LiCo1-2xNixMnxO2 samples with 0 e x e 0.10 were
prepared by the coprecipitation method as described else-
where.20 This method relies on a solid-state reaction between
coprecipitated cobalt, nickel, andmanganese hydroxides and
lithium hydroxides at 950 �C.Cobalt nitrate (Aldrich), which
containsNi,Mn, andMg traces in concentrations of less than
10, 20, and 10 mg/kg, was used as a starting reagent. To
compensate for the lithium volatility, an excess of 2.5%
LiOH.H2O was used. For the sake of comparison, the same
procedure was used for the preparation of Li-
Co1-2xMgxMnxO2, where Mg2þ substitutes for Ni2þ. The
single phase of LiCo1-2xMgxMnxO2 was obtained in the
concentration range of 0 e xe 0.05.
Themetal content of the samples was determined by atom-

ic absorption analysis. The mean oxidation state of transi-
tion-metal ions was determined by iodometric titration.
X-ray structural analysis wasmade by a BrukerAdvance 8

diffractometer with Cu KR radiation. Step-scan recordings
for structure refinement by the Rietveld method were carried
out using 2θ = 0.03� steps of 10 s duration. The computer
program FULLPROF was used in the calculations.41 In
agreement with previous structural characterization,13 the

structural model used comprised lithium in 3b sites (0, 0,
0.5), Co1-2xNixMnx in 3a sites (0, 0, 0), and oxygen in 6c sites
(0, 0, z) for the R3m space group. The Li/(Co þ Ni þ Mn)
ratiowas imposed by the chemical composition of the oxides.
The refined structural parameters are as follows: a= 2.8156
Å, c=14.0508 Å, and z=0.2594 for LiCoO2; a=2.8146 Å,
c = 14.0641 Å, and z = 0.2602 for LiCo0.98Ni0.01Mn0.01O2;
a = 2.8232 Å, c = 14.1062 Å, and z = 0.2609 for LiCo0.80-
Ni0.10Mn0.10O2 obtained at 950 �C. For Mg,Mn-codoped
LiCoO2 (i.e., LiCo0.90Mg0.05Mn0.05O2), the refined struct-
ural parameters are a = 2.8170 Å, c = 14.0974 Å, and z =
0.2592.
EPRmeasurements at 9.23GHz (X-band)were carriedout

in an ERS 220/Q spectrometer within the temperature range
85-410 K. The g factors were established with respect to a
Mn2þ/ZnS standard. TheHF-EPR spectra were recorded on
a single-pass transmission EPR spectrometer built at the
High-Magnetic Field Laboratory, Grenoble, France. The
frequencies were varied from 95 to 345 GHz using Gunn
diodes and their multipliers. The detection of absorption was
performed with a bolometer. The recording temperatures
were varied from 5 to 300 K using a variable-temperature
insert (Oxford Instruments). The simulation software SIM
written by Weihe was used to extract numerical values of
spin Hamiltonian parameters from experimental EPR spec-
tra.42,43 The program is based on a full-matrix diagonaliza-
tion procedure and allows the generation of powder pattern
EPR spectra of spin systemswith any values of the ZFS para-
meters relative to the operating frequencies. This program
also takes into account the Boltzmann population factor in

Figure 1. X-band EPR spectra at 103 K of LiCo1-2xMgxMnxO2 (left) and LiCo1-2xNixMnxO2 (right). Black lines correspond to the experimental EPR
spectra, red lines to the simulated signal due to low-spin Ni3þ, green lines to the simulated signal due to nonisolatedMn4þ ions, and blue lines to the signal
due to isolated Mn4þ ions. For LiCo0.98Mg0.01Mn0.01O2, the narrow signal with g= 2.14 is due to Ni3þ impurities (concentrations of less than 0.001%).
The intensity scales of LiCo0.98Mg0.01Mn0.01O2 and LiCo0.98Mg0.01Mn0.01O2 are magnified 4 and 2 times as compared to that of other samples.
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calculating the EPR intensities. The Lorentzian line shape
was used in the fitting procedure.
Solid-state 6.7 Li NMR spectra were recorded at 88.32 and

233.23 MHz (14.1 T) on a Bruker AV600IIþ spectrometer.
Magic-angle-spinning NMR spectra were recorded with sin-
gle pulse excitation (1 μs) and a 0.2 s recycle delay. The
number of scans acquired depended on the Li content of the
sample, typically 128-1024 for 7Li and 10 000-300000 for
6Li. The samples were loaded into 4 mm zirconia rotors and
spun at 11.0 kHz. Chemical shifts are quoted in parts per
million, from external tetramethylsilane (TMS; Ξ scale). The
unified scale relies on Ξ values, stated as percentages Ξ �
100(vX/vTMS), where vX is the absolute frequency for the
0 ppm position in the X spectrum and vTMS is the absolute
frequency for 1H NMR of TMS. The solid-state NMR
spectra were fitted usingDMFIT programs.44

Results

EPRStudies ofMn4þ Ions inMg,Mn-Codoped LiCoO2.
The ground-state electronic term for Mn4þ in an octahe-
dral crystal field is 4A2g.When the symmetry is lowered in
the absence of a magnetic field, the spin-orbit coupling
induces a splitting of the spin sublevels into two Kramers
doublets. The splitting between them is measured by the
axial (D) and rhombic (E) ZFS parameters. The EPR
features ofMn4þ depend on theD andE parameters. Two
limiting cases are defined when the magnitude of the D
parameter is either much larger or much smaller than hν.
For accurate determination of the ZFS parameters, the
use of multifrequency EPR is needed.
Figures 1 and 2 show the X-band and HF-EPR spectra

of the Mn ions in Mg,Mn-codoped LiCoO2. In the X-
band experiment, the EPR spectrum of slightly doped
oxides consists of multiple lines spanned over a wide field
range: there are two sets of intensive lines with effective g
values of 4.9 and 1.9 together with two other sets of low
intensive lines with g=2.6 and 1.5, respectively. All EPR

lines are relatively broad, and the hyperfine structure is
poorly resolved. When the Mn content increases, the
multiple lines are further broadened. In general, the
EPR patterns can be attributed to ions with S > 1/2, for
which the magnitude of the ZFS parameter is compar-
able with the energy of the microwave frequency (hν ≈
0.3 cm-1, low-field approximation). However, the broad
EPR lines cause difficulties in the detailed interpretation
of the EPR spectrum detected in the X-band experiment.
With an increase in the total dopant amount, an addi-
tional broad signal with a Lorentzian line shape, an
isotropic g factor of 1.99, and a line width of 78 mT
grows in intensity. The transformation of the multiple
EPR lines into one symmetric line with an increase in the
Mn content indicates that the broad signal comes from
ions that are coupled by magnetic dipole-dipole and/or
exchange interactions. These ions are usually denoted as
nonisolated ions. The main conclusion from the X-band
experiment is the presence of isolated and nonisolated
paramagnetic ions in Mg,Mn-codoped LiCoO2. To
determine their origin, HF-EPR was undertaken.
The EPR profile undergoes a significant change when the

microwave frequency increases (Figure 2). At 30 K, the HF-
EPR spectrum (285 GHz) consists of a central signal with an
axial symmetry.Thevaluesof theg tensorareg||=1.9968and
g^ = 1.9765. The signal displays a hyperfine structure with
constants ofA^=67.4� 10-4 cm-1 andA|| = 71.8� 10-4

cm-1.TheEPRparametersof theaxially symmetric signal are
typical forMn4þ ions inoxidematrixes:45Mn4þ inAl2O3with
g||= g^=1.9937 andA||=A^=70� 10-4 cm-1,46Mn4þ in
h-BaTiO3 with g|| = 1.9901 and g^ = 1.9932,47 and Mn4þ

in PbTiO3 with g|| = 1.997 and g^ = 1.985.48 This allows

Figure 2. HF-EPR spectra at 285 GHz of LiCo1-2xNixMnxO2 and LiCo1-2xMgxMnxO2. The temperatures of spectral recording are 5 and 30K. Signals
due to low-spin Ni3þ, isolatedMn4þ, and nonisolatedMn4þ ions (red line) are shown. The inset reveals details of the signal due to isolatedMn4þ ions: the
signal with an axial symmetry (g||= 1.9968, g^=1.9765,A^=67.4� 10-4 cm-1, andA||= 71.8� 10-4 cm-1) for the slightly doped oxide (x=0.01) and
the asymmetric signal (obtained after subtraction of the simulated Lorentzian line from the experimental spectrum, green line) for the strongly doped oxide
(x= 0.05).
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assignment of the axially symmetric signal toMn4þwithS=
3/2. These ions are also responsible for the appearance of the
multiple EPR spectrum in the X-band experiments.
When the temperature is lowered from 30 to 5 K,

additional signals, which are shifted downfield and up-
field to the central axial signal, become visible (Figure 2).
Their intensities increase progressively at the expense of
the central axial signal. At 5 K, two intensive outermost
signals at about 9.6 and 10.9 T dominate the EPR
spectrum. The temperature variation of the EPR patterns
indicates that only one type of Mn4þ ion accounts for
the EPR spectrum of LiCoO2, which is slightly codoped
Mg,Mn.
The structured EPR pattern of Mn4þ ions provides

information on the splitting of the four magnetic sub-
levels of the ground state S = 3/2 in a zero magnetic
field (D and E, respectively). In the case when the
microwave frequency exceeds the fine structure inter-
actions (high-field approximation), the central signal
corresponds to the |-1/2æ to |þ1/2æ transition, while the
outer lines come from the noncentral allowed transi-
tions (|(3/2æ to |(1/2æ, respectively). The line positions
depend on both the magnitude of D and the E-to-D
ratio, while the line intensities reflect the population of
the MS states.

22 As one can see, the high-field approx-
imation is fulfilled when the EPR spectrum of Mn4þ in
slightly codoped with Mg,Mn. LiCoO2 is recorded at
285 GHz (Figure 2). The observed distance between the
central line and the outermost line indicates that the D
value has to be about 300 mT, while the line splitting is
consistent with an E-to-D ratio slightly lower than 1:3.
Using these values as the initial parameters, the powder
EPR spectrum is generated by a simulation program
written by Weihe.42,43 By comparison of the generated
EPR spectrum with the experimental one, the refinedD
and E parameters are determined: D = -0.295 cm-1

and E/D=0.247 (Figure 3). The magnitude of the axial
D parameter is comparable with that determined for
Mn4þ in Al2O3, h-BaTiO3, and PbTiO3: D = -0.1957
cm-1, |D| = 0.1160 cm-1, and |D| = 0.3157 cm-1,
respectively.46-48

To check the correctness of the experimentally ob-
tained D and E parameters, EPR experiments at lower
frequencies were undertaken. Figure 3 gives the Mn4þ

EPR spectra registered at 95 and 190 GHz. Using the D
and E values determined at 285 GHz, the same figure
gives the simulated EPR spectra at these frequencies. As
one can see, there is a satisfactory agreement between the
experimental and simulated EPR spectra.
For highlyMg,Mn-codoped oxides, the HF-EPR spec-

trum at 30 K is a superposition of two signals with
symmetric and axially symmetric shapes (Figure 2). The
symmetric signal is well fitted by a Lorentzian line with a
line width of 0.142 mT and a g value of 1.982 (Figure 2,
red line). The g value of the Lorentzian line is close to the
mean g value of the axially symmetric signal due to
isolated Mn4þ ions in slightly doped oxides. This allows
assignment of the broad Lorentzian signal to the non-
isolated Mn4þ ions. After subtraction of the Lorentzian
line from the experimental EPR spectrum, an axially
symmetric signal with g|| = 1.997 and g^ = 1.977 is
clearly visible (Figure 2, green line). These g values match
that of isolated Mn4þ ions in slightly codoped oxides.
This indicates that the axially symmetric signals detected
for slightly and highly Mg,Mn-codoped oxides have one
and the same origin. At 5 K, the EPR spectrum of the
nonisolatedMn4þ ions becomes extremely broad because
of magnetic dipole-dipole interactions (and/or magnetic
exchange interactions). As a result, there are difficulties in
the determination of ZFS parameters.

EPR Studies of Mn4þ Ions in Ni,Mn-Codoped LiCoO2.
The X-band EPR spectra of Mg,Mn- and Ni,Mn-co-
doped LiCoO2 are compared in Figure 1. After replace-
ment of Mg by Ni, two types of EPR signals become
clearly resolved. A broad symmetric signal with a g factor
of 1.99 dominates the EPR spectrum of highly doped
LiCo1-2xNixMnxO2 oxides. The signal intensity de-
creases progressively when the dopant content decreases.
In the same sequence, the line width also decreases
(Figure 4). The signal possesses the same parameters as
those in the case of Mg,Mn-substituted oxides. This
allows assignment of the broad signal to nonisolated
Mn4þ ionswhose amount depends on the dopant content.
Contrary to Mg,Mn-doped oxides, the signal due to

Figure 3. EPR spectra of Mg,Mn-codoped LiCoO2 (x = 0.01). The
spectra are registeredat 95, 190, and285GHz.The experimental (exp) and
simulated (sim) spectra are shown.The simulated spectra are generated by
using the following EPRparameters: g||= 1.9968 and g^=1.9765;A^=
67.4� 10-4 cm-1andA||=71.8� 10-4 cm-1;D=-0.295cm-1andE/D=
0.247.

Figure 4. X-bandEPR line width at 103K ofNi3þ (9) andMn4þ (b) as
a function of the dopant content (x in LiCo1-2xNixMnxO2). The inset
shows the EPR line width of Ni3þ (2) determined at 285 GHz and 60 K.
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isolated Mn4þ ions is not detected in the X-band EPR
spectra of Ni,Mn-doped oxides.
For slightly doped oxides, the EPR spectrum is domi-

nated by the narrow signal with a Lorentzian line shape and
a g factor of 2.14. The line width increases with the dopant
content, reachinganearly constant valueof 9mTatx≈0.02
(Figure 1). The signal intensity displays a complex depen-
dence on the dopant content. There is an increase in the
signal intensity up tox=0.02, followedbya slight decrease:
the relative intensities are 1.0. 2.1, 0.6, and <0.1 for oxides
with x=0.01, 0.02, 0.05, and 0.10, respectively. The signal
with the same g value and line width has been well docu-
mented for Ni3þ-doped LiCoO2.

49,27 On the basis of EPR
studies of layered LiNixCo1-xO2 solid solutions, the EPR
signal is assigned to low-spin Ni3þ ions. From the concen-
tration dependence of the EPR intensity and the line width,
it is possible to determine the amount of Ni3þ ions in Ni,
Mn-codoped LiCoO2. It appears that, for slightly doped
oxides (x < 0.05), all Ni ions adopt the oxidation state of
3þ, whereas for highly doped oxides, Ni3þ reaches a con-
stant value of about 0.05. Contrary toNi3þ ions,Mn4þ ions
increase proportionally with the Ni and Mn contents.
With a view to a more detailed analysis of the local

structures and oxidation states of Ni and Mn ions, HF-
EPR spectroscopy was undertaken (Figure 2). The two
signals due to Ni3þ and Mn4þ ions are clearly detected in
the EPR spectrumofLiCo0.98Ni0.01Mn0.01O2 at 285GHz.
At 60 K, Ni3þ ions give rise to a single Lorentzian line
with g = 2.14, which upon cooling is split into an
anisotropic doublet and a nearly symmetric single line
in the central part (Figure 2). According to our previous
EPR studies on Ni3þ-doped LiAlyCo1-yO2,

49,24,25 the
anisotropic doublets originate from the vibronic doublet
ground state, while the single line can be assigned to an
excited vibronic singlet and/or a relaxation-averaged
singlet. It is of importance that the EPR parameters of
the Ni3þ ions in pure LiCoO2 and Ni,Mn-codoped Li-
CoO2 are the same. Recently, we demonstrated that the
metal ions included in the first coordination sphere
induced a local distortion of the NiO6 octahedron, which
is monitored by the changes in the g value of Ni3þ.24,25

The constancy in the EPRparameters ofNi3þ ions in pure
LiCoO2 and Ni,Mn-codoped LiCoO2 reveals the same

local coordination of Ni3þ ions; i.e., Ni3þ ions are sur-
rounded by Co3þ ions only.
BecauseMn4þ is an ionwithS=3/2, theEPRspectrum is

more complex because of the splitting of the four magnetic
sublevels of the spin ground state in zero magnetic field. At
60 K, the Mn4þ ions cause the appearance of a signal with
axial symmetry and g values g^ = 1.9765 and g|| = 1.996,
respectively (Figure 5). The g values coincide with that
determined for Mn4þ in Mg,Mn-codoped LiCoO2. Upon
cooling, several weaker signals that are symmetrically
shifteddownfield andupfield in comparisonwith the central
anisotropic signal become visible. At 5 K, the upper-field
signals at about 11.0 T dominate the EPR spectrum of
Mn4þ. This signal is shifted in comparison with that of
Mn4þ in Mg,Mn-codoped oxides, indicating an increase in
the ZFS parameters of Mn4þ in Ni,Mn-doped oxides. The
downfield-shift signal (probably at 9.6 T) is not resolved
because it falls in the rangewhere the signal ofNi3þ is visible.
The temperature dependence of the line position and line

intensity permits the determination of the axial and rhom-
bic ZFS parameters for Mn4þ ions in LiCoO2 (Figure 6).
This procedure is the same as that described for Mg,Mn-
codoped LiCoO2. Thus, the values of axial and rhom-
bic ZFS parameters are as follows:D=-0.366 cm-1 and
E/D = 0.212.
With an increase in the dopant content, the intensity of the

Ni3þ signal decreases (Figure 5). For highly doped oxides
(x=0.10), the signal due to Ni3þ is hardly visible. As in the
case of the X-band EPR, the line width (determined at 60 K)
increases with the dopant content, reaching a constant value
of about 76 mT at xe 0.05 (Figure 4, inset). The g factor of
Ni3þ is the same for slightly and highly doped oxides.
Irrespective of the fact that the Ni3þ content is saturated for
highly doped oxides, it is worth mentioning that there are no
signals due to Ni2þ ions in both X-band and HF-EPR
experiments. This can be understood if we suppose that the
ZFS parameter for Ni2þ in LiCoO2 is significantly higher,
thus preventing its observation.ForNi2þ ions coordinated by
oxygen ligands, it has been found that the magnitude of the
ZFS parameter varies in wide ranges:-1.38 cm-1 forNi2þ in
a Al2O3matrix,-3.5 cm-1 forNi(H2O)6

2þ inNiSO4 3 7H2O;
-5.3 cm-1 for Ni2þ in a LiNbO3 matrix.50,51

Figure 5. 285 GHz EPR spectra of LiCo1-2xNixMnxO2 with x=0.01, 0.02, 0.05, and 0.10 at 5 and 60 K. EPR spectra for Ni3þ andMn4þ references are
also shown.

(49) Angelov, S.; Friebel, C.; Zhecheva, E.; Stoyanova, R. J. Phys. Chem.
Solids 1992, 53, 443–448.

(50) Petrosyan, A. K.; Mirzakhanyan, A. A. Phys. Status Solidi B 1986,
133, 315–319.

(51) Ono, K. J. Phys. Soc. Jpn. 1953, 8, 802.

http://pubs.acs.org/action/showImage?doi=10.1021/ic902351u&iName=master.img-004.png&w=412&h=149


1938 Inorganic Chemistry, Vol. 49, No. 4, 2010 Stoyanova et al.

When the total Ni and Mn contents increase, there is a
smooth conversion of the signal due to isolatedMn4þ ions
into the signal due to nonisolated Mn4þ (Figure 6). The
signal due to isolated Mn4þ is still visible for the oxide
with x = 0.05, with the EPR parameters being the same.
For this oxide (LiCo0.90Ni0.05Mn0.05O2), the EPR spec-
trum is dominated by the broad symmetric signal with
g=1.982, which is due to nonisolatedMn4þ ions. After a
further increase in the dopant content (LiCo0.8Ni0.1-
Mn0.1O2), the EPR spectrum becomes more complex
(Figure 6): the HF-EPR spectrum is a convolution of
two nearly symmetric signals with g values of 1.981 and
2.024, respectively. The g value of the first signal (g =
1.981)matches the g value of nonisolatedMn4þ, while the
g value of the second signal (g= 2.024) is slightly higher.
The appearance of the two signals can be attributed to
Mn4þ ions having different metal surroundings. Re-
cently, it was found that each Ni2þ ion included in the
first coordination sphere of Mn4þ leads to a progressive
increase of the g value ofMn4þ.20,30,31 It is noticeable that
the dependence of the g value of Mn4þ on the number of
Ni2þ neighbors has also been established for LiMg0.5-x-
NixMn1.5O4 spinels, where a long-range order between
Mg2þ1-2xNi2þ2x and Mn4þ ions in the octahedral spinel
sites takes place.52,53 Therefore, the two symmetric sig-
nals can be assigned to Mn4þ ions having different local
environments: (i) Mn4þ ions surrounded by Co3þ and
identical Mn4þ ions (the signal with g = 1.981) and (ii)
Mn4þ ions in an environment composed of Co3þ, Mn4þ,
and one Ni2þ (the signal with g = 2.024). In the X-band
experiment, the two signals merge into one broad signal.
This broad signal is assigned to nonisolated Mn4þ ions
(Figure 1).

6Li and 7Li NMR Spectra of Ni,Mn-Codoped LiCoO2.
Complementary to EPR spectroscopy, solid-state 6,7Li
NMR spectroscopy was used with the aim of analyzing
the oxidation state of paramagnetic ions by probing the Li
local environment. In pure LiCoO2 (where Co is in the
diamagnetic state), Liþ occupies a trigonally distorted
octahedron and displays a chemical shift close to 0. For

LiCo1-2xNixMnxO2, the important piece of information
comes from the interactions between the Li nucleus and
an unpaired electron of Ni and Mn ions. On the basis of
detailed NMR studies of electrode materials with layered
and spinel structures, the shift of 6Li causedby paramagnetic
Mn4þ, Ni2þ, and Ni3þ ions has been determined:38-40

þ250 and -60 ppm for 90� and 180� bounded
Mn4þ-O-Liþ ions, respectively; -30 and þ170 ppm
for 90� and 180� Ni2þ-O-Liþ configurations, and -15
andþ110 ppm for 90� and 180�Ni3þ-O-Liþ configura-
tions. All of these interactions have an additive effect,
leading to discrete changes of the chemical shift of Li after
progressive replacement of diamagnetic Co3þ neighbors
by different paramagnetic ions.
Figure 7 shows the 6Li and 7Li NMR spectra of

LiCo1-2xNixMnxO2 compositions. Because of smaller
quadrupole moments, the 6Li NMR spectra are better
resolved. However, both 6Li and 7Li NMR spectra can be
deconvoluted into several resonance lines, with chemical
shifts, independent of the dopant content. The main
resonance appears in the NMR spectra of all samples at
-0.1 ppm. The relative intensity of this resonance line
decreases with an increase in the Ni and Mn contents
(Table 1). In addition to the central signal, two downfield-
shifted resonance lines at þ3.5 and 9.0 ppm with inten-
sities increasingwith theNi andMncontents are detected.
Additionally, the resonance lines become broader
(Table 1). For oxides with x > 0.01, an upfield-shifted
resonance line at about -13 ppm is clearly resolved in
both the 6Li and 7Li NMR spectra. The relative intensity
of this resonance line shows a tendency to decrease with
an increase in the Ni and Mn contents. For highly doped
oxides, an additional upfield-shifted resonance line at
about -58 ppm grows in intensity. It should be noted
that the resonance lines at higher field are broader in
comparison with the central resonance line.
The resonance at -0.1 ppm can be assigned to Li

located in a diamagnetic-only Co3þ environment, taking
into account the NMR studies on LiCoO2.

54,55 The
presence of paramagnetic ion substitutes (such as Ni
and Mn) for diamagnetic Co3þ in LiCoO2 in the first
and second coordination spheres of Li is responsible for
the observed upfield shifts of the lines.38-40 The chemical
shift at -13 ppm could be assigned to Liþ with one Ni3þ

(90� Ni3þ-O-Liþ configurations) in the first coordina-
tion sphere, while the presence of Mn4þ in the second
coordination sphere of Liþ is responsible for the signal at
-58 ppm (180� Mn4þ-O-Liþ configurations). It is
worth mentioning that in the NMR spectra of Ni,Mn-
codoped LiCoO2 no resonance line indicates the presence
of Ni2þ ions. This result is consistent with the EPR data
on LiCo1-2xNixMnxO2. The origin of the upfield-shifted
resonance lines remains unclear. Positive shift resonances
have been reported for undoped LiCoO2 obtained in
excess of Li.54,55 In this case, LiCoO2 is capable of
accommodating a small excess of Li in the Co layers by
the creation of oxygen vacancies, thus leading to
Li1þtCo1-tO2-t with t ≈ 0.04.55 The overstoichiometric

Figure 6. Temperature evolution of the EPR spectra (recorded at
285 GHz) of LiCo0.98Ni0.01Mn0.01O2 oxides. The signals due to low-spin
Ni3þ and Mn4þ ions are indicated.

(52) Zhecheva, E.; Stoyanova, R. Solid State Commun. 2005, 135, 405–
410.

(53) Alc�antara, R.; Jaraba, M.; Lavela, P.; Tirado, J. L.; Zhecheva, E.;
Stoyanova, R. Chem. Mater. 2004, 16, 1573–1579.

(54) Levasseur, S.; M�en�etrier, M.; Shao-Horn, Y.; Gautier, L.; Audemer,
A.; Demazeau, G.; Largeteau, A.; Delmas, C. Chem. Mater. 2003, 15, 348–
354.

(55) Menetrier, M.; Carlier, D.; Blangero, M.; Delmas, C. Electrochem.
Solid State Lett. 2008, 11, A179–A182.
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Li1þtCo1-tO2-t displays downfield-shifted lines due to Li
in different environments. In the spectra of the oxides
studied by us, the intensities of the downfield-shifted lines
increase with the Ni,Mn dopants, which allows associa-
tion of their origin with long-range effects of Ni and Mn
ions.

Discussion

Local Environment of Mn4þ Ions in Mg,Mn-Codoped
LiCoO2. Analysis of the local environment of Mn4þ is
based on the modeling of the experimentally determined
ZFS parameters. There are several mechanisms compris-
ing the direct spin-spin interaction of the unpaired
electrons and the spin-orbit coupling of the excited states
with the ground state, which contribute to the ZFS
parameters. In the analysis of the ZFS of transition-metal
complexes, it is accepted that the contribution from the
spin-spin coupling (SSC) is negligible and ZFS is mainly

determined by spin-orbit coupling (SOC). The role of the
SSC and SOC terms can now be calculated in the frame-
work of the density functional theory (DFT)-based cal-
culations.56 For ions with d3 and d5 configurations, it has
been demonstrated that the contribution of SSC is less
than 30% of the total value ofD.57,58 It is worthmention-
ing thatDFT calculations overestimate the importance of
the spin-spin contribution and underestimate the
spin-orbit terms. Irrespective of this fact, the DFT
calculations predict that the D parameter coming from
the SOC term is extremely sensitive toward the local
environment of the transition-metal ions, while the SSC
term is essentially geometry-independent.58 Another

Figure 7. 6Li and 7Li NMR spectra (left and right) of LiCo1-2xNixMnxO2. The asterisk denotes the spinning side bands.

Table 1. Chemical Shifts (δ, (0.05 ppm), Line Widths (Δδ, ppm), and Relative Intensities of 6Li NMR Signals in LiCo1-2xNixMnxO2

signal 1 signal 2 signal 3 signal 4 signal 5

δ, ppm Δδ, ppm A, au δ, ppm Δδ, ppm A, au δ, ppm Δδ, ppm A, au δ, ppm Δδ, ppm A, au δ, ppm Δδ, ppm A, au

x = 0.01 -0.2 1.97 0.71 2.0 7.4 0.29
x = 0.02 -0.2 2.41 0.74 -13.0 13.8 0.16 3.9 3.0 0.08 9.2 2.1 0.02
x = 0.05 -0.4 3.48 0.49 -58 22.5 0.15 -13.0 12.0 0.18 3.9 3.1 0.12 8.2 2.9 0.06
x = 0.10 -0.2 3.52 0.21 -58 13.7 0.06 -13.0 5.64 0.08 3.4 6.6 0.29 9.5 14.7 0.36

(56) Zein, S.; Neese, F. J. Phys. Chem. A 2008, 112, 7976–7983.
(57) Duboc, C.; Collomb, M.-N.; P�ecaut, J.; Deronzier, A.; Neese, F.

Chem.;Eur. J. 2008, 14, 6498–6509.
(58) Liakos, D. G.; Ganyushin, D.; Neese, F. Inorg. Chem. 2009, 48,

10572–10580.
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method suitable for calculation of the ZFS parameters is
the semiempirical NSM.35,36,57 According to this model,
the ZFS parameters are regarded as a superposition of the
individual contributions of the separate neighboring li-
gands. The assumption is that the contribution of ligands
is restricted toward the nearest neighbors and the inter-
action between the ligands is ignored. Despite these
restrictions, the superposition model has been shown to
provide valuable information on the local structure of
transition-metal ions with d3 and d5 configurations.59-63

The NSM expression for the ZFS parameters is as
follows:35,36,59

b02 ¼ 3
X
i

b2ðRiÞ K0
2 ðΘi,φiÞ ð1Þ

where the fine-structure parameter (b2
0) is related to the

experimentally available axial ZFS:D= b2
0. HereRi is the

distance between the ith ligand and the paramagnetic ion,
Θi and φi are the polar and axial angles, and K2

0(Θi,φi)
denotes the coordination factor that is specific for a
particular geometrical arrangement. For a trigonal sym-
metry, K0

2 ðΘi,φiÞ ¼ 1
2
ð3 cos2 Θ-1Þ.35,36,59 The single

ligand contribution is expressed by b2(Ri), which is spe-
cific for a particular ion-ligand system and is determined
by the nature of the ligand and the covalency of the bond.
For Mn4þ ions coordinated by the oxygen ligand, the
b2(R) parameter has been derived from uniaxial stress
experiments on Mn4þ in SrTiO3:

37

b2ðRÞ ¼ -A
R0

R

� �n

þ B
R0

R

� �m

ð2Þ

whereA=-11.1 cm-1, B=-8.48 cm-1,R0 = 1.905 Å,
n = 10, and m = 13.
IfMn4þ occupies the trigonal host site, theD parameter

can be expressed within the framework of the semiempi-
rical superposition model as follows:

b02 ¼ 3b2ðRÞ ð3 cos2 Θ- 1Þ ð3Þ
where R is the Mn-O bond length and the trigonal
distortion angle Θ stands for the angle between the
Mn-O bond and the 3-fold axis (for the undistorted
octahedron, the Θ value is 54.74�). For determination
of the host Co1-2xMgxMnx-O bond length and the host
trigonal angle Θ, the positions of the O atoms surround-
ing the Li and transition-metal ions in the layers were
taken from the Rietveld refinement of powder XRD
patterns of LiCo1-2xNixMnxO2. For the trigonal host
site, the E parameter has to be zero.
From eq 3, one can conclude that the sign ofD changes

from negative to positive when theMn4þ ions move from
a trigonally compressed octahedron to a trigonally elon-

gated octahedron. The experimentally determined D
parameter of Mn4þ has a negative sign. This is evidence
that Mn4þ occupies a trigonally compressed octahedron
site in layered LiCoO2. From a structural point of view,
the negative sign of D reveals that Mn4þ substitutes for
Co3þ ions in the CoO2 layers, where a trigonally com-
pressed host site is available.
Figure 8 presents the dependence of D on the Mn-O

bond length and the trigonal angle. As one can see, the
magnitude of theD parameter increases with the extent of
trigonal distortion and with contraction of the Mn-O
bond length. In LiCo0.90Mg0.05Mn0.05O2, themeanmetal-
oxide bond length and the trigonal distortion angle of
the host site are 1.933 Å and 57.3�. If Mn4þ occupies the
host site in Co0.90Mg0.05Mn0.05O2 layers, the magni-
tude of D has to be -1.0 cm-1. Comparison shows that
the experimentally obtained D value is lower. This dis-
crepancy indicates a local structural distortion around the
Mn4þ ions located in the transition-metal layers. In
lithium manganese oxides, Mn4þ usually adopts a bond
length of about 1.90-1.94 Å.64 These values are close to
that determined for the host site in Co0.90Mg0.05Mn0.05O2

layers: 1.933 Å. If the bond length of Mn4þ in layered
LiCoO2 falls in the range of 1.90-1.94 Å, then the
trigonal angle has to vary between 55.0 and 55.5�. This
means that the local trigonal distortion around Mn4þ is
smaller in comparison with the host trigonal distortion
angle: 55.5 vs 57.4�.

Oxidation State andLocal Structure of Ni andMn inNi,
Mn-Codoped LiCoO2. Going from Mg,Mn- to Ni,Mn-
codoped LiCoO2, the host site geometry is changed. The
metal-oxygen bond length slightly decreases, together
with an increase in the trigonal distortion angle: 1.924 Å
and 57.9�, respectively. This is consistent with an in-
creased magnitude of the D parameter of Mn4þ for Ni,
Mn-codoped LiCoO2. Supposing thatMn4þ occupies the
host site in Co0.80Ni0.10Mn0.10O2 layers, the calculated D
parameter would be significantly higher than the experi-
mentally determined value: -1.2 vs -0.366 cm-1. The
observed discrepancy indicates a local structural distortion
around the Mn4þ ions. On the basis of the relationship of

Figure 8. Dependence of the axial ZFS parameter (D) on the trigonal
distortion angle (Θ) and theMn-Obond length (rMn-O) calculated in the
framework of the NSM.
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the D parameter and the geometric structure of Mn4þ

(Figure 8), the local structural distortion around the
Mn4þ ions can be estimated: the trigonal distortion angle
has to vary between 55.5 and 55.8� if the Mn4þ-O bond
length falls in the range of 1.90-1.94 Å. It is worth noting
that the extent of trigonal distortion is still lower in
comparison to the host distortion. The rhombic distor-
tion seems similar for Mn4þ in both Mg,Ni- and Ni,Mn-
codoped LiCoO2 oxides.
For slightlyNi,Mn-codopedLiCoO2oxides, theNi ions

are preferentially stabilized as Ni3þ. These ions reside at
the trigonal host site of transition-metal layers and are
surrounded by Co3þ ions only. With an increase in the
total dopant content, there is a saturation in the Ni3þ

amount (up to xe 0.05), while theMn4þ content increases
gradually. Contrary toNi3þ ions, the first metal coordina-
tion sphere ofMn4þ is smoothly changed with an increase
in the totalNi andMncontents: a progressive replacement
of Co by Mn and Ni takes place. This means that, for
highlyNi,Mn-codopedLiCoO2 oxides, part of theNi ions
remain undetectable. The ion that is not detected by EPR
in the layered oxides is Ni2þ.20 This can be understood if
the ZFS magnitudes for Ni2þ in the layered oxides are
higher than 9 cm-1 (or 285 GHz). Although Ni2þ ions
remain EPR-undetectable, they have an effect on the g
values ofMn4þ: every Ni2þ in the first metal coordination
sphere causes a discrete increase in the g values of Mn4þ

(Figure 4). The appearance ofNi2þ ions in close proximity
to Mn4þ ions should induce a significant chemical shift
and line broadening of 6Li and 7Li nuclei, which prevents
their observation by NMR experiments. In addition, the
close location of both the Ni2þ and Mn4þ ions meets the
requirements for local charge compensation. Therefore,
for highly doped oxides, one can conclude that Ni andMn
adopt the oxidation states of 2þ and 4þ.
The question is, how is the local charge of Mn4þ

compensated for whenNi adopts preferentially the oxida-
tion state of 3þ? Because there is no EPR signal due to
Mn2þ, the charge compensation can be achieved either by
the creation of vacancies in the transition-metal layers or
by the introduction of Liþ. Themechanism is still unclear.
However, one can expect that the local distortion ofMn4þ

ions will be sensitive to the appearance of metal vacancies
or Liþ ions in its first metal coordination sphere. Re-
cently, we have demonstrated the effect of metal neigh-
bors on the ZFS parameters of Fe3þ ions in layered
LiCo1-yAlyO2 oxides:

26 the maximum trigonal distortion
for the FeO6 octahedron is achieved when the Fe3þ

ions were surrounded by Al3þ only, while the Co3þ

environment yields a rhombic distortion of the FeO6

octahedron. The reduced extent of the trigonal distortion
ofMn4þ can,most probably, be related to the appearance
of Liþ as metal neighbors. The origin of Liþ in the
transition-metal layers is a consequence of the excess of
the Li salts used during the synthesis of layered oxides.

Conclusions

Co doping of LiCoO2 with Ni and Mn leads to the
stabilization of Ni3þ, Ni2þ, and Mn4þ in the CoO2 layers.
For LiCo1-2xNixMnxO2 with x varying between 0 and 0.1,
theNi3þ content reaches amaximumof about xe 0.05,while
theMn4þ content increases in the whole concentration range.
Above x>0.05,Ni2þ ions in addition toNi3þ appear in close
proximity to Mn4þ. Irrespective of the total Ni and Mn
contents, the Ni3þ ions are surrounded by diamagnetic Co3þ

ions only. With an increase in the total Ni and Mn contents,
there is a progressive replacement of Co3þ byMn4þ andNi2þ

in the first metal coordination sphere of Mn4þ. For highly
dopedoxides (LiCo1-xNixMnxO2withx=0.10),Ni andMn
achieve, with respect to the local charge compensation, the
usual oxidation states of 2þ and 4þ. The extent of trigonal
distortion of theMnO6 octahedron is limited as compared to
that of the host site: the trigonal distortion angle varies
between 55.5 and 55.8�, and the Mn4þ-O bond length is in
the range of 1.90-1.94 Å.
The results obtained demonstrate, on the one hand, the

capability of HF-EPR in comparison with 6,7Li NMR
spectroscopy to probe the local structure of more than one
transition-metal ion stabilized simultaneously in the layered
oxides and not coupled by magnetic interactions. On the
other hand, the new information on the local structures and
the oxidation states of Ni andMn is essential in order to give
a reliable correlation between the composition and electro-
chemical properties of LiCo1-2xNixMnxO2-based cathode
materials.
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