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a  b  s  t  r  a  c  t

In  this  work,  we studied  the  local  environment  of a series  of LiNiyMnyCo1−2yO2 materials  synthesized
by  wet  chemistry  via  oxalate  route.  Measurements  included  the  temperature  dependence  of the  mag-
netic  susceptibility  �m(T),  the  magnetization  M(H),  and  the  electron  spin  resonance.  The  influence  of  the
synthesis  conditions  on  the  magnetic  and  electronic  properties  is  presented  and  discussed.  Magnetic
properties  and  electron  spin  resonance  spectroscopy  provides  further  information  on Ni2+,  Mn4+ ion dis-
eywords:
ayered oxides
ntercalation compounds

agnetic properties
i-ion batteries

tribution  in  LiNiyMnyCo1−2yO2.  The  magnetic  data  allows  the  determination  of  the  cationic  disorder,  i.e.
the  concentration  of  Ni2+ ions  in  the  3a  lithium  sites,  as  a  function  of  the  composition,  in  quantitative
agreement  with  the  results  of  XRD  experiments.  We  find  that  the  lithium  extraction  proceeds  by  dif-
ferent  steps.  In a first  step,  Ni2+ in converted  first  in  Ni3+, then  in  Ni4+ as  x decreases  from  x =  1,  while
Co  remains  in  the  Co3+ valence  state.  The  ESR  spectra  show  a  resonance  due  to  Mn4+,  which  is  analyzed
self-consistently  with  magnetic  experiments.
. Introduction

Layered oxide materials LiMO2 (M = 3d transition metal ele-
ents) are among the most promising electrode materials for

heir applications in rechargeable Li-ion batteries [1–3]. These
ompounds have been exhibited with multiple transition-metal
ations such as (Ni0.8Co0.2), (Ni0.5Mn0.5), (Ni0.33Mn0.33Co0.33O2)
r more generally (NiyMnyCo1−2yO2) with ultimate goals of
arge enhancement of the thermal and structural stability and
ppreciable increase of the capacity retention [4–8]. Recently,
iNiyMnyCo1−2yO2 materials were proposed to replace LiCoO2, the
ost often used material in practical batteries [2].  The structure of

ayered LixNiyMnyCo1−2yO2 compounds consists of a cubic close-
acked (ccp) arrangement of the oxide ions with the stacking
equence of ABCABC along the c-axis. The transition metal ions
n the structure occupy alternating layers in the octahedral sites.
ccordingly, these materials crystallize in the �-NaFeO2 (O3-type)
tructure with the R3m symmetry. For an ideal LiMO2 crystal, the
onic configuration is regulated with Li at the 3a site (0,0,0), M at the
b site (0,0,1/2), and O at the 6c site (0,0,1/4) [9].  These compounds
atisfy two rules. First, the sum of the cation occupations on the 3b

ites of space group R3m in the transition-metal layers equals one.
econd, the sum of the cation oxidation state times the cation occu-
ation must equal three [10]. According to previous experiments
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(i.e. XANES, NMR, XPS) the oxidation states of Ni, Co, and Mn  in
these compounds are proved to be +2, +3, and +4, respectively
[11–13].

Magnetic experiments are powerful tools to study fundamen-
tal properties and to check the quality of samples. Temperature,
stress and impurities can all affect magnetic properties and play
an important role in using materials for engineering applications.
The estimation and analysis of the spontaneous magnetization can
reveal ferromagnetic particles as impurities in the samples. The
shape of the temperature dependence of the magnetization M mea-
sured in magnetic field H = 10 kOe is indicative of the origin of
the magnetic properties [14,15].  However, it is necessary to cor-
relate the �m(T) = M/H curves and isothermal M(H) plots to achieve
a complete analysis of the electronic properties of the materials. For
instance, it has been shown that LiNiO2 grows with the presence of
excess Ni ions randomly distributed at predominantly Li sites (3a
Wyckoff position). The magnetic properties are extremely sensi-
tive to the Ni2+ ion distribution and their analysis has been useful to
evaluate the deviation z from stoichiometry in Li1−zNi1+zO2 [16]. For
a review of the magnetic properties of lamellar compounds related
to the present work, see [17].

In a previous work [18], we used tartaric acid as the chelating
agent to prepare one element of this LixNiyMnyCo1−2yO2 series, cor-
responding to x = 1, y = 1/3. The purpose of this prior work was  to

report the efficiency of the combination of different techniques to
characterize this compound, which allowed us to adjust the syn-
thesis parameters (heating temperature, acid to metal-ion ratio) to
obtain the ‘optimized’ sample, meaning optimize the crystallinity

dx.doi.org/10.1016/j.jallcom.2011.12.055
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. XRD pattern of LiNiyMnyCo1−2yO2 (0.0 ≤ 1 − 2y ≤ 0.5) materials synthesized
by  wet-chemistry via oxalate route (a). Bragg lines have been indexed in the rhom-
bohedral system (R3m S.G.). Insert presents the SEM image of the y = 1 − 2y = 1/3
A. Mauger et al. / Journal of Allo

nd reduce as much as possible the cationic disorder for this par-
icular case x = 1, y = 1/3.

In the present work, we address the important question of
urrent interest in the context of Li-ion batteries, namely which
omposition of the LiNiyMnyCo1−2yO2 series is most suitable to
pplications, in terms of stability and cationic disorder. For this
urpose, we report the study of the local environment in the
rystallographic structure of the whole series in the whole range
.2 ≤ 1 − 2y ≤ 0.5, and also at the different steps of delithiation

 ≤ x ≤ 1. In the following, the samples will be identified indif-
erently by their concentration y in Ni and Mn,  or by their
oncentration 1 − 2y in cobalt when attention is focussed on the
ole played by this ion that is introduced to stabilize the lattice.
he strategy we have adopted is the investigation of the magnetic
roperties, and we have added electron spin resonance (ESR) spec-
roscopy, since we found that the ESR resonance is quite sensitive
o the cationic disorder. A different synthesis route has been chosen
the oxalic route), but the method of characterization is the same
s in our prior work, so that the results are reported hereunder
nly for the ‘optimized’ samples. The results give a new insight on
he role played respectively by the cobalt and the manganese on the
hemical properties and stability of the lattice, and a new insight on
he delithiation process. The self-consistent analysis of the differ-
nt experimental properties gives for the first time quantitatively
he evolution of the cationic disorder with the composition, and
he evolution of the valence of the ions upon delithiation at the
ifferent steps x.

. Experimental

The powders were prepared by wet chemistry using the oxalic acid assisted
ol–gel method [19]. Stoichiometric amount of lithium acetate, Li(CH3COO)·2H2O,
ickel acetate, Ni(CH3COO)2·4H2O, manganese acetate, Mn(CH3COO)2·4H2O, and
obalt acetate Co(CH3COO)2·4H2O (Alfa Aesar products) were dissolved in distilled
ater and mixed with aqueous solution of oxalic acid. The resulting solution was
ixed with a magnetic stirrer at 80–90 ◦C for 6–8 h to obtain a clear viscous gel. The

el  was  dried in an oven at 140 ◦C for 12 h. The slurries were ground and pre-calcined
t  400 ◦C for 24 h. The crystalline samples were formed by heating the precursor at
50 ◦C during 8 h in air.

XRD patterns have been recorded on a Philips X’Pert PRO MRD  (PW3050)
iffractometer equipped with a Cu anticathode (CuK� radiation � = 1.54056 Å) at
oom temperature. The measurements have been recorded under Bragg-Brentano
eometry at 2� with step 0.05◦ in the range 10–80◦ . SEM observations were real-
zed by a high resolution electron microscope Hitachi (S-4700). The susceptibility
nd magnetization were measured using a superconducting quantum interference
evice (SQUID) magnetometer (Quantum Design MPMS). The derivative signals
f the absorption ESR spectra have been recorded with the use of an X-band
ARIAN spectrometer. The powder samples have been placed in an ESR Oxford

nstruments continuous flow cryostat, allowing measurements in the whole tem-
erature range between room temperature and 3.5 K. The cryostat itself was

nserted in a TE 102 microwave cavity. The frequency of the microwave field
as 9.25 GHz. The frequency of the ac modulation magnetic field was  100 kHz,

nd the dc magnetic field varied in the range 0–20 kOe. FTIR absorption spectra
ere recorded with a Fourier transform interferometer (model Bruker IFS113 v)

n  the wavenumber range 150–1400 cm−1 at a spectral resolution of 2 cm−1. The
amples were ground to fine powders and dispersed into a CsI pellet in the
roportion (1:300).

The lithium extraction from LiNiyMnyCo1−2yO2 powders was made by chem-
cal delithiation using molar fraction of potassium peroxydisulfate (K2S2O8)
n  an aqueous solution. The molar ratios LiNiyMnyCo1−2yO2:K2S2O8 were 4:1
nd 2:1 to obtain LiNiyMnyCo1−2yO2 with x = 0.5 and x = 0 samples, respec-
ively. The mixture LiNiyMnyCo1−2yO2 and K2S2O8 dissolved in water was stirred
t  room temperature for 24 h. The powders were washed, filtered and dried
t  800 ◦C.

Li, Co, Ni, and Mn contents (with an error of 3%) in the resulting materials
ere analyzed using an inductively coupled plasma/atomic emission spec-

rometer (ICP/AES, Kontron S-35). The obtained mole ratios were calculated

rom the average weight-percent of three repeated ICP-data of each ana-
yzed element. The results are reported in Table 1 for some of the samples
nvestigated before delithiation. The Li concentration x upon delithiation was
lso  verified by ICP and XRD measurements. Both methods gave the same
alues.
sample post-treated at 950 ◦C for 8 h. (b) shows the Rietveld refinement for one of
the  samples.

3. Results

3.1. Structural characterization

XRD patterns of the synthesized powders, LiNiyMnyCo1−2yO2,
are shown in Fig. 1a for various compositions. The insert in the
figure is the SEM image of our samples. The Rietveld refinement is
illustrated for one of them in Fig. 1b. The samples in the whole range
of compositions are single phase with rhombohedral structure of
�-NaFeO2-type (R3m space group) similar to the high tempera-
ture polymorph of LiCoO2 [9].  The electron diffraction patterns
exhibit the good crystallinity of LiNiyMnyCo1−2yO2 powders. Lattice
parameters of powders fired at 950 ◦C in air are listed in Table 2.
We have shown elsewhere how the Rietveld analysis of the XRD
spectra can be used to determine the site-exchange ratio of Li+ and
Ni2+ ions [20,21]. The same analysis in the present work shows

that this ratio decreases from 6.7% to 0.7% upon increasing the Co
concentration. This is the first benefit of the substitution of Co for
Mn.  The c/a ratio of the lattice constants is a direct measure of the
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Table 1
The elemental analysis of the LixNiyMnyCo1−2yO2 (0.2 ≤ 1 − 2y ≤ 0.5) powders by the ICP method.

Sample Element in wt.% [mole ratio]

Li Co Ni Mn

LiCoO2 6.98 [1.005] 58.81 [0.998] – –
LiNi0.4Mn0.4Co0.2O2 6.91 [0.995] 12.43 [0.211] 23.19 [0.395] 21.48 [0.391]
LiNi0.33Mn0.33Co0.33O2 7.01 [1.010] 19.44 [0
LiNi0.3Mn0.3Co0.4O2 6.95 [1.002] 23.86 [0
LiNi0.25Mn0.25Co0.5O2 6.92 [0.997] 29.17 [0

Table 2
Lattice parameters of LiNiyMnyCo1−2yO2 (0.25 ≤ y ≤ 0.5) powders deduced from
Rietveld refinements.

Co content (1 − 2y) a ( ´̊A) c ( ´̊A) c/a � (%)

0.00 2.9033 (2) 14.365 (2) 4.948 6.7
0.20  2.8745 (1) 14.267 (8) 4.963 5.0
0.33  2.8646 (3) 14.291 (2) 4.977 2.8
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netic clusters of finite size [20,21]. We  shall recall the origin of this
0.40  2.8586 (5) 14.239 (1) 4.981 1.4
0.50  2.8517 (1) 14.219 (6) 4.986 0.7

eviation of the lattice from the perfect cubic closest packing (ccp).
he trigonal distortion leading to c/a larger than the ccp value 4.899
ndicates that the substitution of Co for Mn  in LiNiyMnyCo1−2yO2
lso promotes the formation of the layered structure.

The investigated samples have complex compositions and are
repared from the metal acetate hydrates. The starting materials
ormally vary with respect to their specific hydrate content. This
ffect could falsify the metal ratios in the educt mixture and con-
equently also in the product. Therefore, an independent check
f the water content of the educts is desirable, although the ICP
esults in Table 1 show that the metal ratios in the final product
s in quantitative agreement with the expectation value. For this
urpose, TGA experiments have been done. The results are illus-
rated in the insert of Fig. 2, starting form the initial mixture for
he LiNi0.33Mn0.33Co0.33O2 sample, chosen as an example. First, a
mooth and continuous loss of weight is observed as the tem-
erature increases up to 250 ◦C (marked by the letter A in the
gure). Heating above this temperature results in a sharp decrease
f weight, and the weight is stabilized above 700 ◦C, up to the tem-
erature 950 ◦C used for the preparation of the samples (marked by

he letter B in the figure). To understand theses results, FTIR spec-
ra are shown in Fig. 2 at these two temperatures 250 ◦C and 950 C.
elow 1000 cm−1, the spectra show the characteristic bands asso-
iated with the internal vibration modes of LixNiyMnyCo1−2yO2.

ig. 2. FTIR spectra of the LiNi0.33Mn0.33Co0.33O2 sample at 250 and 950 ◦C, labeled
 and B, respectively. The TGA experiment is shown in insert.
.330] 19.07 [0.325] 18.69 [0.340]

.405] 17.90 [0.305] 16.37 [0.298]

.495] 14.38 [0.245] 13.89 [0.253]

Therefore, the final product is already forming at 250 ◦C. Neverthe-
less, the bands are quite broad, which gives evidence that we are
experiencing the first step of the synthesis. This is at contrast with
the spectrum at 950 ◦C, in which the intrinsic bands are narrow,
the evidence that the material is now well crystallized. Additional
bands are observed on the spectrum at 250 ◦C. The two bands at
circa 1420 cm−1 and 1730 cm−1 are attributable to C–H bending
[22] and �(C O) [23], respectively. The presence of these vibrations
due to the organic precursors gives another evidence that all the
acetate hydrates are not fully decomposed at this temperature. The
two  other bands in the range 2800–3000 cm−1 are attributable to
�(OH) vibrations [22]. All these vibrations have disappeared in the
spectrum at 950 ◦C. Therefore, the samples are free of any structural
water and of any hydrates and organic compound, and actually,
heating at 700 ◦C is sufficient to get rid of all these products, as no
loss of weight is observed in TGA results above 700 ◦C. Heating at
950 ◦C was  needed simply to improve the crystallinity.

3.2. Magnetic properties of LiNiyMnyCo1−2yO2 (0.2 ≤ 1 − 2y ≤ 0.5)

The magnetization curves M(H) at different temperatures have
been measured for different compositions y. The result is illustrated
for y = 0.4 in Fig. 3. A spin freezing is observed, characterized by the
onset of a remanent magnetization at the temperature Tc,  reported
in Table 3, for the various compositions investigated. The tempera-
ture dependence of the reciprocal magnetic susceptibility, �m

−1, is
shown in Fig. 4 for all samples. In these experiments, �m is defined
as M/H measured in applied magnetic field H = 10 kOe. We  have
shown earlier that Tc is associated to a spin freezing of ferromag-
magnetic clustering hereunder. For the moment, we simply note
that the dynamics of such a transition are known to be slow at low
magnetic field, leading to a difference between FC and ZFC magnetic

Fig. 3. Isothermal plots of the magnetization M(H) for LiNi0.4Mn0.4Co0.2O2 powders
synthesized via the oxalate route.
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Table  3
Magnetic parameters of LiNiyMnyCo1−2yO2 (0.2 ≤ 1 − 2y ≤ 0.5).

1 − 2y(Co) Tc (K) �p (K) �eff experimental �eff theoretical (�B) % Ni2+ in 3a site

0.5 8 −90 2.44 2.40 0.7
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0.33  30 −103 2.84
0.2  60 −93 3.05
0.0  140 −87 3.25

usceptibilities. These dynamics, however, are accelerated by appli-
ation of an external magnetic field. The applied field H = 10 kOe has
een chosen high enough so that the FC and ZFC magnetic suscepti-
ilities cannot be distinguished from each other in our experiments,
o that �m is defined unambiguously. In counterpart, this value of H
s large enough to smear out the transition, so that Tc corresponds
o a simple inflexion point in the �m

−1(T) curves. We  can find in
ig. 4 a high temperature regime where �m

−1(T) is linear, which is
lso the regime where M is linear in H, as it can be seen in Fig. 3 for
he composition chosen to illustrate the magnetization curves. This
oncomitant feature gives evidence that the mean field approxi-
ation neglecting the spin correlations is valid in this temperature

ange, so that the Curie–Weiss law �m
−1 = (T − �p)/Cp applies. The

urie constant Cp and the paramagnetic Curie–Weiss temperature
p are reported in Table 3 for the different samples. The cobalt is
rivalent in the material, and Co3+ is a non-magnetic ion in its low
pin-state (S = 0). Neglecting its very small contribution to the mag-
etization, we can consider that only Mn  and Ni contribute to �m.

t is well established that these ions are in the Mn4+ and Ni2+ con-
gurations in these compounds and that their orbital moment is
uenched by the crystal field [11,13,17,21–24], so that their effec-
ive magnetic moment is their spin-only value, namely 3.87�B and
.83�B, for Mn4+ and Ni2+, respectively. Indeed, we  find that the
heoretical effective moment �eff = [y(2.83)2 + y(3.87)2]1/2�B is in
ood agreement with the experimental value deduced from the
urie constant Cp for all the values of y investigated, at it can be
een in Table 3.

According to the layered structure of the lattice, the metal
ons occupy layers of octahedral interstitials between cubic

lose-packed arrays to form O–(Mn4+, Ni2+, Co3+)–O sandwiches.
he dominant magnetic interactions between the magnetic ions
or the intrinsic compound are then intra-layer superexchange

ig. 4. Plot of the magnetic susceptibility H/M for LiNiyMnyCo1−2yO2

0.0 ≤ 1 − 2y ≤ 0.5) samples prepared by wet chemistry assisted by oxalic
cids.
2.75 3.0
3.03 5.0
3.39 7.0

interactions mediated via the oxygen inside this sandwich at 90◦

bonding angle. These magnetic interactions have been studied in
prior works, and are a mixture of ferromagnetic (FM) and antiferro-
magnetic (AFM) interactions [25,26].  The large and negative value
of �p, however, reveals that AFM interactions are dominant, so that
FM ordering of the bulk material in this case is not expected. We
have argued in previous studies [20,27] that the ferromagnetism is
extrinsic in nature. Following our prior works [20,25] we identify
the fraction of magnetic ions contributing to the extrinsic ferromag-
netism to Ni2+ ions that occupy the 3a Wyckoff site of the lithium
sublattice and generate 180◦ interlayer Mn4+(3b)–O–Ni2+(3a) fer-
romagnetic interactions after the Goodenough rules [28]. When
attributing the remanent magnetic moment at low temperature
to the magnetic moment at saturation of Mn4+(3b)–Ni2+(3a) pairs
spin-frozen in a ferromagnetic order, we have found a concen-
tration of Ni2+(3a) defects in quantitative agreement with the
result deduced from the Rietveld refinement of the XRD spectra
in Ni1/3Mn1/3Co1/3O2 (i.e. y = 1/3) [20,21,24].  We  also found 7% of
Ni2+(3a) impurities in LiNi0.5Mn0.5O2 [20] which compares well
with the results of the structural analysis by X-ray diffraction [29],
synchrotron and neutron diffraction experiments [30] on different
samples of the same composition y = 1/2. We  then follow the same
analysis in the present case. The remanent magnetization at T = 4 K
is in the order of 50, 250, and 600 emu/mol for (1 − 2y) = 0.5, 0.33,
and 0.2 respectively. The corresponding concentration of Ni2+(3a)
defects is reported in Table 3. In all cases, we  also find a quantita-
tive agreement with the concentration of Ni2+(3a) defects deduced
from the Rietveld refinement of the XRD spectra (see Table 2).

In the layered system investigated here, the almost linear
Ni2+(3a)–O–Mn4+(3b) magnetic path leads to a ferromagnetic inter-
action that is stronger than the AFM interactions above mentioned
responsible for a negative paramagnetic Curie temperature. There-
fore these AFM interactions cannot prevent the ferromagnetic
freezing of the Ni2+(3a)–O–Mn4+(3b) locally near the Ni2+(3a)
defect. However, they prevent the material from a cooperative fer-
romagnetic ordering at a Curie temperature below which all the
Mn4+ and Ni2+ ions would align their magnetic moment, simply
because such an ordering supposes a concentration of ferromag-
netic pairs at least equal to the critical concentration for the
percolation transition [31], and the amount of Ni2+(3a) defects
estimated in the material (Tables 2 and 3) is at least three times
smaller than the percolation threshold for a two-dimensional lat-
tice. Therefore, Tc in our material is not a Curie temperature that is
associated to the cooperative long-range ferromagnetic ordering.
It is simply defined as the temperature that characterizes the onset
of a remanent magnetization associated to the spin freezing of the

Mn4+(3b)–Ni2+(3a) ferromagnetic pairs diluted in the matrix.

The fraction of Ni2+(3a) displayed in Table 3 for the samples
1 − 2y /= 0 investigated in the present work decreases with the

Table 4
Magnetic parameters of delithated LixNiyMnyCo1−2yO2.

Co content (1 − 2y) Tc (K) �p (K) �eff (�B) experimental x

0.50 8 −210 3.04 0.52
0.33  30 −254 3.90 0.27
0.00  140 −201 4.22 0
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Fig. 6. Temperature dependence of the reciprocal magnetic susceptibility of
ig. 5. Temperature Tc defined by the onset of a remanent magnetization as a func-
ion of the concentration of Ni2+(3a) defects. The straight line is theoretical, after Eq.
1).

mount of cobalt. This is actually expected, if we remember that the
ntroduction of cobalt aimed at stabilizing the lattice and, indeed,
his stabilization reflects in the decrease of Ni2+(3a) native defects.
n a diluted magnetic semiconductor, defined as an assembly of
ocalized spins S in concentration c diluted on the lattice sites of

 semiconductor matrix, Tc can be evaluated in the mean field
pproximation, as

c = c
4S(S + 1)�B

2

3kB
J(q = 0),  (1)

here kB is the Boltzmann constant, and J(q) is the Fourier trans-
orm of the exchange interaction at the vector q = 0 averaged over
he disorder [32]. We  are in the same situation here, with S the effec-
ive spin associated to the Ni2+(3a)–Mn4+(3b) ferromagnetic pairs.
he variation of Tc with the concentration c = [Ni2+(3a)] of nickel
n (3a) sites is reported in Fig. 5. Indeed we find that the linear law
c ∝ [Ni2+(3a)] according to Eq. (1) is well satisfied, except for the
ample without any cobalt where the concentration of such defects
s too large and thus located outside the linear regime. The same
ehavior has been observed in other spin-diluted semiconductors
32–34].

.3. Magnetic properties of delithiated LixNiyMnyCo1−2yO2

Fig. 6 illustrates the temperature dependence of the reciprocal
agnetic susceptibility of LixNiyMnyCo1−2yO2 delithiated sample

or one Co concentration chosen as an example (1 − 2y = 0.33) for
 = 0.27, together with the same curve obtained before delithiation
x = 1) for comparison. We  shall detail hereunder how this com-
osition x = 0.27 has been determined. The main effect is in the
aramagnetic regime where the Curie constant has been changed,
ecause the valence of the magnetic ions has changed. The effective
oment �eff deduced from the slope of the H/M curves in the para-
agnetic regime where the Curie–Weiss law is satisfied is reported

or the different samples in Table 4. We  find, however, that �eff devi-
tes from the theoretical value predicted for full delithiation that
ould be achieved if the transition ions were in the Ni4+, Mn4+, and
o4+ valence state. This deviation gives evidence that we could not
emove completely the lithium in these samples. Since, however,

he limit x = 0 could be reached in absence of cobalt [20], the limit
n the delithiation process comes from the difficulty to change the
xidation state of Co from Co3+ to Co4+. We  find that the delithi-
tion proceeds by different steps. In a first step, Ni2+ in converted
LixNi0.33Mn0.33Co0.33O2 materials for x = 1 and x = 0.27. The LixNi0.33Mn0.33Co0.33O2

sample was  prepared by chemical delithiation using the potassium peroxydisulfate
method.

first in Ni3+, then in Ni4+ as x decreases from x = 1, while Co remains
in the Co3+ valence state. As more Li+ ions are removed, we reach
a situation where no Ni2+ remains (besides the Ni ions on the (3a)
sites, but in samples with Co in them, Ni(3a) defects are in so small
concentration that they we can neglect them for this purpose).
Basically, we can pursue the delithiation process up to the point
where more or less all the Ni2+ will be converted in Ni4+ In case
some Ni3+ ions remain, we can write the chemical formula of the
samples Li+xNi3+

y′ Ni4+
y−y′ Mn4+

yCo3+
1−2yO2−

2. Then the equation
of neutrality of electronic charge is

x = 1 + y′ − 2y (2)

The theoretical value of the effective magnetic moment �eff
entering the Curie constant in the paramagnetic regime can be
determined, taking into account the spins carried by the magnetic
ions. We  know from earlier works [20,35,36] that Ni3+ ions is in the
low spin state (spin S = 1/2) and Ni4+ is in the high spin state (S = 2)
in the materials of this family. Therefore, �eff is:

�eff = [3y′ + 24(y − y′) + 15y]1/2 (3)

The first term in the second member of Eq. (3) is the contribution
from the Ni3+ ions, the second term is that of Ni4+, while the third
term is that of Mn4+ (spin S = 3/2). The comparison between the
experimental value of the effective magnetic moment and this for-
mula in Eq. (3) allows us to determine the value of y′; then x can
be determined from Eq. (2).  An example of this situation is pro-
vided for the sample with the cobalt concentration 1 − 2y = 0.5 for
which the Li content determined by this procedure is x = 0.52. Note
we find y′ = 0.02 in this sample. This very small concentration of
Ni3+ ions is comparable with the uncertainty in the determination
of this parameter, so that this result means essentially that all the
nickel has been converted in Ni4+ in this sample. Note also that the
magnetic measurements show unambiguously that the Ni4+ is in
the high spin state. This is actually imposed by the strong magnetic
moment �eff observed in our samples. For instance, taking again
the example 1 − 2y = 0.5, the value of y′ that would be the solu-

+4
tion of Eq. (3) in case Ni would be in the low spin (S = 0) state
according to the experimental value of �eff would be y′ = 2, which
is non-physical since this parameter is submitted to the constraint
y′ ≤ y.
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Fig. 7. Composition x of the samples LixNiyMnyCo1−2yO2 after delithiation, as a func-
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Fig. 8. Electron spin resonance spectra of LiNi Mn Co O at different tem-
ion  of the cobalt concentration. The full line corresponds to the situation where all
he nickel ions are tetravalent, and all the cobalt ions have remained in the trivalent
tate.

Upon further delithiation, we may  reach a situation where all
he Ni ions are converted into Ni4+ ions, and finally even a part of
o3+ is converted into Co4+, so that we can write the chemical for-
ula of the samples Li+xNi4+

yMn4+
yCo3+

1−2zCo4+
2z−2yO2−

2. Then
qs. (2)–(3) must be replaced by

 = 1 − 2z (4)

eff = �B[15y + 24y  + 70(z − y)]1/2 (5)

he last term in Eq. (5) comes from the Co4+ ion which carries a
pin S = 5/2 in the high spin state. This situation is illustrated for the
ample with the Co content 1 − 2y = 0.33, for which we find x = 0.27.
ote that we find a concentration of Co4+ that is 2(z  − y) = 0.067.
his is actually not negligible, but small, emphasizing again the dif-
culty we met  in changing the valence of the cobalt. This feature

s expected since the chemical process used in the present work is
nown to be a soft process to delithiate the sample, making very
ifficult the oxidation of the cobalt [37]. Again the magnetic mea-
urements show unambiguously that the Co4+ ion is in the high
pin state: for the case 1 − 2y = 0.33 illustrated in the figure, the
olution of Eq. (5) if the Co4+ ions were in the low-spin state taking
he experimental value of �eff into account would be 2(z  − y) = 1.67,
n unphysical solution since the chemical formula requires z ≤ 1/2.
herefore, there is only one unique physical solution to the Eqs.
2)–(5), which gives evidence that the magnetic ions in the tetrava-
ent valence state are all in the high-spin state in these lamellar
ompounds. In the case of Ni4+, the result was already known
20,35,36], but in the case of Co4+ the result is not trivial since Co4+

s in the high-spin state in LixCoO2 for 0.94 < x < 1.00, and low-spin
tate for 0.50 < x < 0.78 [38,39].  We  shall return to this feature in the
iscussion.

The situation where exactly all the Ni2+ has been converted
n Ni4+ while the cobalt has remained in the trivalent state cor-
esponds to the particular case y′ = 0 in Eq. (2) or z = y in Eq. (4),
amely

 = 1 − 2y. (6)

This linear behavior, compared with the results for the delithi-
tion of our samples is illustrated in Fig. 7. Just as in the case
f the sample without cobalt (1 − 2y) = 0 we  have investigated

n an earlier work [20], we find that the magnetic susceptibil-
ty does not much depend on x below Tc,  i.e. in the temperature
ange where the magnetic susceptibility is dominated by the fer-
omagnetic spin freezing. It shows unambiguously that neither
0.33 0.33 0.33 2

peratures: (a) above Tc and (b) below Tc. The spectrum at 50 K is reported both in
(a)  and (b) to follow the evolution in temperature.

the Mn4+(3b)–Ni2+(3b) nor the Ni2+(3b)–Ni2+(3b) magnetic inter-
actions play any role in the ferromagnetic spin freezing observed
at Tc in the LiNiyMnyCo1−2yO2, since there is essentially no Ni2+(3b)
left after delithiation.

3.4. ESR spectra of LiNiyMnyCo1−2yO2 (0.2 ≤ 1 − 2y ≤ 0.5)
The electron paramagnetic resonance of LiNiyMnyCo1−2yO2 has
been measured at different temperatures for different composi-
tions. The result is illustrated for two  of them in Figs. 8 and 9. Ni2+

has an integer spin S = 1, which is not favorable to the observation
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ig. 9. Electron spin resonance spectra of LiNi0.25Mn0.25Co0.50O2 at different tem-
eratures.

f the ESR signal. An ESR signal associated to Ni2+ impurities can be
etected in some materials when the amount of Ni2+ is the order of
he % [37]. However, when the amount of Ni2+ ions is large as it is in
he present case, the signal is broaden by local strains, so that no ESR
ignal associated to this ion can be detected. The lack of an EPR sig-
al at X-band frequency for octahedral Ni2+ with a 3A2g ground term
an also arise because the zero-field splitting in the electron spin
riplet is very large relative to the microwave energy, and hence res-
nances are outside the available field range of the electromagnet.
he paramagnetic resonance detected is attributable to the pres-
nce of Mn4+ ions that carry a half-integer spin (S = 3/2) and are then
SR-active. The position of the center of the signal is close to 3200 G.
his is the position expected for uncorrelated spins with the gyro-
agnetic factor g = 2.0, for the microwave frequency we have used.

he linewidth �B  is small at room temperature, namely 1580, 1410

nd 1150 G for (1 − 2y) = 0.2, 0.33 and 0.5 respectively, and varies
ery little with the temperature in the paramagnetic phase, as it can
e seen in Fig. 10.  On another hand, there is a strong broadening

ig. 10. Temperature dependence of the linewidth of the ESR line in
iNiyMnyCo1−2yO2.
Fig. 11. Linewidth of the ESR line of LiNiyMnyCo1−2yO2 as a function of the Ni2+(3a)
defect concentration.

of the line upon cooling below Tc,  so that Tc is evidenced in Fig. 10
by the change in the slope of �B(T). This increase of �B(T) below
Tc is due to the partial spin freezing in the ferromagnetic domains
evidenced by the presence of a finite remanent magnetization. In
addition, the line shape below Tc is no longer Lorentzian, as it can
be seen in Fig. 10b. This change in the line shape can be already
detected above Tc in Fig. 10a, namely in the range Tc < T < 100 K
where short-range ferromagnetic spin interactions take place as a
pre-transitional effect of the onset or the ferromagnetic clusters at
Tc.  Such spin correlations are responsible for the positive curvature
of the �B(T) curve in Fig. 10 in this temperature range. In the ESR
spectra, they also modify the line shape since the negative part of
the ESR signal extends progressively at much larger magnetic fields.
An important feature, however, is the fact that the linewidth still
increases upon cooling even at temperatures twice smaller than Tc.
This gives evidence that the Mn4+ spins are not frozen even at such
low temperatures. This is fully consistent with the analysis of the
direct magnetic measurements in the previous section, which has
shown that only a small fraction of the Mn4+ spins are frozen in a
ferromagnetic state.

The ESR linewidth �B  for LiNiyMnyCo1−2yO2 oxides decreases
as the Co amount increases, as it can be seen in Fig. 11.  A decrease
of �B(T = 300 K) upon dilution of the magnetic ions (Co3+ is non-
magnetic) is expected. However, the dilution rate (1 − 2y) ≤ 0.5
remains smaller than the percolation threshold for the magnetic
ions sublattice, while magnetic dilution effects should be impor-
tant beyond this percolation threshold. The large and quasi-linear
variation of �B  with the Co-content is then more likely attributable
to the decrease of the concentration of Ni2+(3a) impurities and
the ferromagnetic spin interactions associated with them, upon
increasing the Co content. �B(T = 300 K) in Fig. 11 varies roughly
linearly as a function of the concentration of Ni2+(3a) impurities, so
that it can be extrapolated to determine the intrinsic limit, i.e. the
value of �B in absence of Ni2+(3a) impurities. The result is 1100 G.

3.5. ESR spectra of the delithiated phases

The ESR spectra for the delithiated LixNiyMnyCo1−2yO2 samples

are illustrated in Figs. 12 and 13 for the samples the ESR spectra of
which is illustrated before delithiation in Figs. 8 and 9. The units
are arbitrary, but they are the same in Figs. 8, 9 and 12, 13 allowing
for a direct comparison between the spectra. Since the spectra of
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ig. 12. Electron spin resonance spectra of Li0.27Ni0.33Mn0.33Co0.33O2 at different
emperatures.

elithiated samples are quite different from the x = 1 case, when
 is so small that part of the cobalt ions are in the Co4+ valence
tate, which is the case in Figs. 12 and 13,  we also investigated
he ESR spectra of samples with an intermediate Li concentra-
ion to follow the modifications of the spectra more continuously
s a function of x. The result is illustrated in Fig. 14 that shows
he ESR spectrum of Li0.42Ni0.4Mn0.4Co0.20O2. The Li concentration
as been determined as explained in the section devoted to the
agnetic properties, i.e. from the effective magnetic moment. This

artial delithiation corresponds to a situation described in the for-
ula Li+0.42Ni3+

0.22Ni4+
0.18Mn4+

0.40Co3+
0.20O2−

2. The delithiation
as been stopped at a stage where both Ni3+ and Ni4+ still exist in
he same proportion, which guarantees the absence of Co4+ after the
iscussion of the previous section. We  have argued in the previous
ections that the main effect of the delithiation on the transition

etal ions is to change Ni2+ in Ni3+ and Ni4+. However, Ni2+ is not

etected in the ESR spectra for reasons already mentioned, and Ni4+

s not detectable either. The reason is that the Ni4+ ions have an

ig. 13. Electron spin resonance spectra of Li0.52Ni0.25Mn0.25Co0.50O2 at different
emperatures.
Fig. 14. Electron spin resonance spectra of Li0.42Ni0.40Mn0.40Co0.20O2 at different
temperatures.

important orbital momentum, so that they are strongly coupled to
the lattice by the crystal field. This strong crystal field coupling is
responsible for such a broadening of the ESR signal associated to
Ni4+ that it could not be detected. Note Ni4+ has the same elec-
tronic configuration as Fe2+, and for the same reason no ESR signal
associated to this ion can be detected in stoichiometric LiFePO4
for instance [37]. Ni3+ is a Jahn-Teller ion, and as such is hardly
detected by ESR, since it is very sensitive to the local strains that
modify its ground state, unless the Ni3+ concentration is the order
of the %. Actually, the integrated ESR signal in our samples is the
same before and after delithiation, despite the fact that the Ni3+

concentration has strongly increased in the delithiation process.
This gives evidence that the ESR signal in Fig. 14 is not related to
Ni3+; it is the EPR signal of Mn4+ ions, the concentration of which
has not been modified in the delithiation process. For the same rea-
son, this line is still centered at 3200 G. The only sizeable effect of
the delithiation for this ESR line associated to Mn4+ is an increase of
�B at given temperature. The change in the Coulomb interactions
between ions upon delithiation may  induce microstrains at the ori-
gin of this broadening of the linewidth in the delithiated samples.
Some authors have claimed the observation of an ESR signal asso-
ciated to Ni3+ in LiNiyCo1−yO2 [40], although the observation of
this signal is not expected in that case for reasons recalled above.
Our results on similar lamellar compounds in the present work,
which show the lack of any EPR signal associated Ni3+ suggest that
the analysis of the EPR spectra in Ref. [40] should be revisited: the
signal attributed to Ni3+ might be attributable to impurities, espe-
cially as the intensity of the EPR line has not been correlated to the
Ni-content; moreover �B does not scale with y.

Another structure at lower field is observed in the ESR spec-
tra shown in Figs. 12 and 13,  which should then be related to the
existence of Co4+ ions in these samples where the delithiation is
more complete. The concentration of Co4+ ions in the sample with
1 − 2y = 0.2 is so small that it could not be detected by the analysis of
the magnetic properties at high temperature, which only revealed
that the quasi totality of lithium has been converted in Ni4+. Indeed,

the signal associated to Co4+ is small in Fig. 12.  On another hand it
has grown up in the sample with (1 − 2y) = 0.5 in Fig. 13,  for which
we know from the effective magnetic moment that it contains a
concentration of 0.07 cobalt ions in the Co4+ valence state. We  note
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owever, that this additional line is shifted to a much lower field
han expected for a spin with g = 2, presumably because of magnetic
nteractions between Co4+ spins and the other magnetic ions.

. Discussion

LiNiyMnyCo1−2yO2 derives from the lamellar LiMO2 oxides with
 a 3d element that has been extensively studied in the past,

iCoO2 being still today the most used material in rechargeable Li-
on batteries. The present work brings some enlightenment on the

agnetic and structural properties of this family and should then
e discussed in this context. First, the analysis of the magnetic prop-
rties in ionic intercalation compounds is quantitative, because the
rbital momentum is quenched, and the magnetic moment of the
ons is reduced to the spin-only value, whether the materials are
amellar like in the present case [36] or olivine compounds [41].
his holds true for ions in the high-spin state of the 3(d7) con-
guration such as Fe2+ [41] or the Ni4+ case met  in the present
ork [20,35,36].  This is also true for the Mn4+ ion in the 3(d3) con-
guration [20,26,35,36]. The octahedral environment is obviously

avorable for this behavior. For instance, we found that the effec-
ive g-factor for the Mn4+ ions is g = 2.0, which is also the case in
ther materials where this ion is in the octahedral environment
42,43], but it is not the case when the crystal field symmetry is
ower. For instance, a smaller g-value is observed in case of a non-
egligible trigonal distortion, like g = 1.94 in MnO2 for instance [44].
uch a quenching of the orbital effects, however, requires that the
ctahedral crystal field is strong. Indeed, the spin–orbit coupling
e-introduces an orbital contribution that is second order in per-
urbation, i.e. in [�/(10Dq)]2, � is the spin–orbit coupling and 10Dq
he splitting energy between the eg and tg states. The high-spin
onfiguration implies that the crystal field is not too big; other-
ise, the Hund’s rule that holds true for free ions is violated, and

he low-spin state is stabilized. In the intercalation compounds we
re considering here, the lack of any significant orbital contribution
uggests that the crystal field is stronger than in most of the solids
here these high-spin configurations are met, i.e. that the mag-
etic ions are close to the spin transition to the low-spin state. This

s confirmed by the fact that a spin transition between low- and
igh-spin states has been observed for Fe3+ between the bulk and
he surface layer in delithiated LixFePO4 [45]. An additional proof
s provided by the cobalt ions. Co3+ is in the low spin-state, but
o4+ in the delithiated samples is in the high-spin state in the sam-
les we have studied (low Co-concentrations 1 − 2y ≤ 0.5), while

n the high concentration limit (1 − 2y = 1), it is in the high-spin
tate in LixCoO2 for 0.94 < x < 1.00 for samples that are free of impu-
ity [37,46], and in the low-spin state for 0.50 < x < 0.78 [38]. Ni3+ is
sually in the low spin state in lamellar compounds. This is known
o be the case for instance in LixNi0.8Co0.2O2 [4].  It has even been
videnced in LixNiyMnyCo1−2yO2 in one particular case (no cobalt:

 = 1/2, partial delithiation: x = 0.5) [47]. Note that Ni3+ is also in the
ow-spin sate when it is part of a complex defect (Li+ + Ni3+)(3a)
enerated when the samples are prepared with an excess of lithium
n LixNiyMnyCo1−2yO2 (x > 1) [21,48]. This behavior holds true for
ons in the bulk. However, in the surface layer, Ni3+ in the high spin
tate has been observed [24] in the study of the aging upon expo-
ure of samples to humidity in the case y = 1/3. The configuration
s different, however, for Ni4+. This ion is in the low spin state in
ixNi0.8Co0.2O2 [4] while it is known to be in the high spin state in
ixNiyMnyCo1−2yO2. Therefore, the introduction of the manganese
n the matrix, which was originally made to improve the structural

tability of the material, has also as a secondary effect to stabilize
he Ni4+ ions in the high spin state. One reason might be the fact that
he ionic radius of Ni4+ is only 0.48 Å in the low-spin state, while it
ill be the same as the ionic radius of Mn4+, namely 0.53 Å in the
 Compounds 520 (2012) 42– 51

high spin state. Therefore, the situation where Ni4+ is in the high-
spin state is energetically more favorable in our samples where
Mn4+ ions are in equal quantity, since it avoids a loss in elastic
energy in the metal ion sublattice that would have been distorted
otherwise. Smaller lattice distortion means a reduced crystal field,
which is responsible for the spin transition from low to high spin
state is the ground state; but it is also consistent with the fact that
there is no local trigonal distortion of the lattice that would have
reduced the g-factor associated to Mn4+ in the ESR experiments.
Nevertheless, the fact that Ni4+ has been observed in LixNi0.8Co0.2O2
also suggests that the crystal field is still strong enough to make it
close to the spin transition.

The ferromagnetism evidenced in these materials is extrinsic in
nature, and actually comes from the presence of a small amount of
divalent nickel ions in the lithium (3a) sites [17,20,23,24]. Note the
fact that the determination of [Ni(3a)] is in quantitative agreement
with the result of the Rietveld refinement of the XD spectra is also
due to the fact that the orbital contribution of Ni2+ and Mn4+ are
negligible. This ferromagnetic pairing explains why different mag-
netic behaviors have been reported in the past on such materials.
In a pioneer work on this ferromagnetic behavior, Rougier et al.
[49] noticed that magnetism is a powerful tool for structure deter-
mination of Li1−zNi1+zO2. While “stoichiometric” LiNiO2 material
should not order as a 2-dimensional magnetic lattice geometrically
frustrated, these authors gave evidence of ferri- or ferromagnetic
phase transition in Li1−zNi1+zO2 with Tc increasing with z, which
reaches 240 K for z = 0.36. They related this behavior to the pres-
ence of Ni2+ in the Li planes of this rhombohedral system, while we
argued that the remanent magnetization below Tc in our material is
due to the presence of Ni2+ ions in the Li sites. The analogy, however,
should not be pushed further. In Li1−zNi1+zO2, Tc is reported to be
a transition to a ferrimagnetic order, the net moment responsible
for a remanent magnetization below Tc being due to the difference
between Ni2+ and Ni3+ magnetic moments coupled antiferromag-
netically through Ni–Ni interactions. In our case, however, we do
not have any Ni3+ ions present in the material (before delithia-
tion) since the nickel is divalent, and the remanent magnetization
is attributable to ferromagnetic Mn4+–O–Ni2+(3a) interactions.

Another result of the present work is the evidence that the
introduction of cobalt in the LiMO2 reduces the presence of Ni2+

ions on the lithium sites. Fig. 5 provides us with a simple method
to determine the concentration of Ni2+(3a)  ions from the estima-
tion of Tc,  by simple (linear) interpolation, and we have found
that Ni2+(3a)  ions have been almost eliminated in our samples
with a cobalt concentration (1 − 2y) = 0.5. This feature also explains
that LixNi0.8Co0.2O2 has been found to be paramagnetic [4],  while
Li1−zNi1+zO2 is ferromagnetic [49]. Since the structure of our mate-
rial can be viewed as a piling of LiO6 octahedra planes in alternance
with MO6 planes, the presence of an M ion (Ni2+ in the occur-
rence) on a Li-site, i.e. in the plane of the LiO6 octahedra, breaks
the bidimensional character of the lattice. The reduction of the con-
centration of Ni2+(3a) ions by cobalt is thus a confirmation that the
substitution of cobalt for nickel tends to increase the 2D structural
character in these materials, a result that had previously inferred
from a structural study of the LiNi1–yCoyO2 [50].

The analysis of the magnetic properties has revealed sequential
steps in the delithiation process of LiNiyMnyCo1−2yO2. The nickel
is oxidized first, from Ni2+ to Ni3+and Ni4+. The cobalt is converted
from Co3+ to Co4+ only after the Nickel has been converted to Ni4+.
This result is in agreement with the analysis of the electrochemical
properties that we  have investigated in the particular case y = 1/3,
where this sequence was also observed [21]. Indeed, when delithi-
ation is achieved by electrochemical means, it is possible to reach

a voltage (>4 V versus Li) where Li can be extracted in the region
in the last step where Co3+ is converted in Co4+. With the chemical
process used in the present work, however, we found impossible
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o pursue the delithiation significantly beyond the concentration
 where all the nickel ions have been converted in Ni4+ (only few

 of Co4+ could be observed). This situation is often met  in these
amellar compounds, as it has been observed in LixCo0.8Mn0.2O2
51].

The analysis of the magnetic properties reported in the present
ork gives some insight on the electrochemical properties of the

ame samples, which have been reported in Ref. [52]. In particular,
he reduction of the concentration of the Ni(3a) defects upon the
ntroduction of cobalt in Li(Ni,Mn)O2 is benefit to the rate capabili-
ies. Also, the delithiation process investigated by charge/discharge
urves shows the same dynamics as in the chemical delithiation
rocess: the Ni2+ ions are oxidized first, and the oxidation of the
obalt takes places mainly after all of the nickel ions have been
onverted in Ni4+. Note also that the Mn  ions are in the material
nly to increase the stability of the lattice, but do not play any role
n the electrochemical properties. On another hand, the absence of
he Mn3+ is benefit to the cycling life, since this Jahn-Teller ion gen-
rates local deformation and thus internal stress inside the lattice
hat reduces the cycling life of the battery and its power.

. Conclusion

The magnetic properties of the LiNiyMnyCo1−2yO2 layered mate-
ial synthesized by wet chemistry via oxalate route have been
tudied. The analysis of magnetic data allowed us to determine the
ationic disorder, i.e. the fraction [Ni(3a)] of Ni2+ ions in the 3a
ithium sites as a function of the composition y. The spin freezing
emperature of the ferromagnetic clusters around Ni2+(3a) satis-
es a linear law Tc ∝ [Ni(3a)] is well satisfied, except for the sample
ithout any cobalt where the concentration of such defects is too

arge. This law gives a simple way to determine [Ni(3a)], and gives
lso a quantitative analysis of the role played by the cobalt to
educe this cation mixing. [Ni(3a)] decreases monotonically with
he cobalt concentration 1 − 2y, but becomes negligible only at

 − 2y = 0.5, where [Ni(3a)] is reduced to 0.7%. We  find that the
elithiation proceeds by different steps. In a first step, Ni2+ is con-
erted first in Ni3+, then in Ni4+ as x decreases from x = 1, while
o remains in the Co3+ valence state. The analysis of the magnetic
roperties turns out to be very sensitive, since they allowed us to
etermine independently the concentration of each metal element

n each ionic state.
The electron paramagnetic resonance of LiNiyMnyCo1−2yO2 has

een measured at different temperatures for different composi-
ions. Ni2+ has an integer spin S = 1, which is not favorable to the
bservation of the ESR signal. An ESR signal associated to Ni2+ impu-
ities can be detected in some materials when the amount of Ni2+ is
he order of the %. However, when the amount of Ni2+ ions is large
s it is in the present case, the signal is broaden by local strains, so
hat no ESR signal associated to this ion can be detected. The param-
gnetic resonance detected is attributable to the presence of Mn4+

ons that carry a half-integer spin (S = 3/2) and are then ESR-active.
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