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Abstract

Lithium–nickel–manganese oxides (Li1+x(Ni1/2Mn1/2)1�xO2, x ¼ 0 and 0.2), having different cationic distributions and an oxidation

state of Ni varying from 2+ to 3+, were formed under a high-pressure (3GPa). The structure and cationic distribution in these oxides

were examined by powder X-ray diffraction, infrared (IR) and electron paramagnetic resonance (EPR) in X-band (9.23GHz) and at

higher frequencies (95 and 285GHz). Under a high pressure, a solid-state reaction between NiMnO3 and Li2O yields LiNi0.5Mn0.5O2

with a disordered rock-salt type structure. The paramagnetic ions stabilized in this oxide are mainly Ni2+ and Mn4+ together with Mn3+

(about 10%). The replacement of Li2O by Li2O2 permits increasing the oxidation state of Ni ions in lithium–nickel–manganese oxides.

The higher oxidation state of Ni ions favours the stabilization of the layered modification, where the Ni-to-Mn ratio is preserved:

Li(Li0.2Ni0.4Mn0.4)O2. The paramagnetic ions stabilized in the layered oxide are mainly Ni3+ and Mn4+ ions. The disordered and

ordered phases display different intercalation properties in respect of lithium. The changes in local Ni,Mn-environment during the

electrochemical reaction are discussed on the basis of EPR and IR spectroscopy.

r 2007 Published by Elsevier Inc.
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1. Introduction

Lithium–nickel–manganese oxides, LiNi1/2Mn1/2O2,
have been considered as alternative to up-to-day used
LiCoO2 electrodes for lithium-ion batteries since they
deliver a higher reversible capacity at room and elevated
temperatures [1,2]. The crystal structure of LiNi1/2Mn1/2O2

is composed by consecutive arrangement of lithium and
transition metal ions in the close-packed oxygen arrays
leading to the formation of discrete lithium and transition
metal layers [3,4]. The oxidation states of the nickel and
manganese ions are (+2) and (+4), respectively, the Ni2+

ions being electrochemically active [7–11]. Contrary to the
ideal layered structure, some structural peculiarities can be
outlined for LiNi1/2Mn1/2O2. First, there is partial mixing
of Li and Ni between the layers leading to the following
cation distribution: [Li1�dNid][LidNi1/2�d Mn1/2]O2 with
e front matter r 2007 Published by Elsevier Inc.
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dE0.10 [3,6]. Secondly, the Li+ and Mn4+ ions in the
layers display a tendency to ordering [12–17]. In order
to stabilize the layered structure, Dahn et al. have
proposed overlithiated oxides of the type Li[NixLi(1�2x/3)

Mn(2�x)/3]O2, which can be considered as solid solutions
between layered LiNi1/2Mn1/2O2 and monoclinic Li2MnO3

(expressed in the layered notation as Li[Li1/3Mn2/3]O2) [18].
Based on analysis of the magic-angle spinning nuclear
magnetic resonance (MAS-NMR) spectra and lattice
imaging by transmission electron microscope (TEM),
Thackeray et al. have suggested that ‘‘Li[NixLi(1�2x/3)

Mn(2�x)/3]O2’’-oxides represent a complex domain struc-
ture of integration of monoclinic into layered oxides,
Li2MnO3*LiNi/MnO2 [19]. The electrochemical perfor-
mance of these electrode materials is strongly sensitive
towards the synthesis procedure [20,21], which is shown to
affect the cationic distribution in oxides [22].
High-pressure synthesis has been used for the prepara-

tion of new structural modifications of lithium transition
metal oxides [23–28]. For example, high-pressure synthesis
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allows stabilization of a new form of LiMPO4 (M ¼ Fe and
Ni), where the main crystal difference comes from the
oxygen arrangement [23]. Substitution of Ga for Ni and Co
in layered LiNi/CoO2 can be realized under a high-pressure
only [24–26]. In addition, the high-pressure in an oxygen-
rich atmosphere allows controlling the oxidation state of
transition metal ions. For example, novel compositions,
Li[LixNi1�x]O2, with 0oxo1/3 and a layered structure
have been prepared under high pressure in an oxygen-rich
atmosphere [27,28]. A new structural feature of these
compositions as compared to the well-known Li[Ni]O2 is
the development of mixed [LixNi1�x]O2-layers in addition
to nearly pure Li-layers. Charge compensation is achieved
by the appearance of Ni4+ ions. The compounds prepared
under high-pressure display different electrochemical prop-
erties as compared to the oxides prepared under atmo-
spheric pressure [23–28].

The aim of this work was to study the effect of high
pressure on the structure and electrochemical properties of
lithium–nickel–manganese oxides. Keeping the Ni–Mn
ratio equal to 1, two compositions were obtained under a
high pressure: Li1+x(Ni1/2Mn1/2)1�xO2 with x ¼ 0 and 0.2.
To affect the oxidation state of the nickel ions, high-
pressure synthesis in an oxygen-rich atmosphere was
performed for the latter composition. The crystal structure
of the oxides was determined by powder X-ray diffraction
(XRD) analysis. The local cationic distribution was
analysed by electron paramagnetic resonance (EPR)
spectroscopy. This method had been shown to give
valuable information on the cationic distribution in
LiNi1/2Mn1/2O2 obtained under atmospheric pressure
[17]. The electrochemical extraction and insertion from/
into LiNi1/2Mn1/2O2 obtained under a high pressure were
tested with constant current experiments. The changes in
local metal environment during Li extraction/insertion
were monitored by EPR and infrared (IR) spectroscopy.

2. Experimental

Li1+x(Ni1/2Mn1/2)1�xO2 oxides with x ¼ 0 and 0.2
were prepared by solid-state reaction using NiMnO3

as a precursor. The initial NiMnO3 oxide with an
ilmenite type structure was obtained by thermal decom-
position of Ni,Mn co-precipitated carbonates at 450 1C
for 5 h.

High-pressure synthesis was performed at 700 1C
and 3GPa using a 1/2 in end-loaded piston-cylindrical
apparatus at the Bayerisches Geoinstitut. The details
of the high-pressure synthesis are given elsewhere [24–28].
For the preparation of Li1+x(Ni1/2Mn1/2)1�xO2 oxide with
x ¼ 0, Li2O was used and the reaction mixture was
sealed in a Pt-capsule. For the preparation of Li1.2Ni0.4
Mn0.4O2, Li2O2 was used instead of Li2O and the
reaction mixture was sealed in an Au-capsule. Thermal
decomposition of Li2O2 under the experimental condi-
tions ensured an oxygen-rich atmosphere, which was
necessary for the stabilization of the nickel ions in higher
oxidation states in Li1.2Ni0.4Mn0.4O2. To compensate for
the lithium volatility at the relatively high synthesis
temperature (700 1C), a 5% Li2O or Li2O2 excess to
the stoichiometric amount was used. For the sake of
comparison, the same reaction mixture was used for the
preparation of lithium–nickel–manganese oxides under
atmospheric pressure.
X-ray phase analysis was carried out on a Philips X’Pert

powder diffractometer with CoKa-radiation, reflection
mode, using Si as an internal standard. The scan range
15p2Yp120 in a step increment of 0.021 was utilized. The
Fullprof computer program was used for the calculation
[29]. The diffractometer point zero, Lorentzian/Gaussian
fraction of the pseudo-Voigt peak function, scale factor,
lattice constants (a and c), oxygen parameter (z), thermal
factors for 3a, 3b and 6c positions, halfwidth parameters,
preferred orientation were refined. To gain stability during
the refinement, the Ni/Mn-ratio was imposed by the
chemical composition of the oxides. Subsequently, the
cationic occupancy factors were refined taking into account
that the total occupancies of the 3a and 3b sites were equal
to unity.
EPR measurements at 9.23GHz (X-band) were carried

out in an ERS 220/Q spectrometer within the temperature
range 85–410K. The high-frequency EPR spectra were
recorded on a single-pass transmission EPR spectrometer
built in the High-Magnetic Filed Laboratory, Grenoble,
France. The frequencies were changed from 95 to
285GHz using Gunn diodes and their multipliers.
The detection of absorption was performed with a
bolometer. The recording temperatures were varied be-
tween 5 and 100K using a variable temperature insert
(Oxford Instruments).
The electrochemical oxidation/reduction of LiNi1/2Mn1/2O2

was carried out using two-electrode SwagelokTM cells of the
type Li|LiPF6(EC:DEC)| LiNi1/2Mn1/2O2. The positive
electrode, having about 4mgcm�2 of active material sup-
ported onto an aluminium foil (Goodfellow), was prepared
as a 9mm diameter disk by drying at 120 1C into vacuum,
then pressing a mixture of 80% of the active oxide, 5%
of PVDF binder, and 15% of carbon (50% weight mixture
of graphite and carbon black) previously dispersed in
1-methyl-2-pyrrolidone. Lithium electrodes consisted of a
clean 9mm diameter lithium metal disk. The commercial
(Merck LP40) electrolyte solution was 1M LiPF6 in a 1:1w/w
mixture of ethylene carbonate (EC) and diethyl carbonate
(DEC) that was supported by WhatmanTM porous glass-
paper discs as separators. The electrochemical reactions were
carried out using a multichannel MacPile II system in
potentiostatic mode at 10mV/0.1h of scan rate. The cells
were mounted in a dry box under Ar atmosphere. To obtain
the ex-situ EPR spectra of the electrochemically oxidized
(charge process) LiNi1/2Mn1/2O, the electrochemical process
was interrupted at selected charge levels and then, after a
relaxation period, the electrochemical cells were dismounted
in an Ar-containing dry-box and the electrodes were
recuperated.
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Fig. 1. XRD patterns of ordered Li[Li0.2Ni0.4Mn0.4]O2 and disordered Li[Ni0.5Mn0.5]O2 obtained at 3GPa. The difference between the observed and

calculated profiles is plotted. Bragg reflections for disordered and ordered oxides, as well as the Si standard, are indicated.

Table 1

Structural parameters determined from XRD pattern Rietveld refinement

for disordered LiNi0.5Mn0.5O2 and ordered Li1.2Ni0.4Mn0.4O2, obtained

under high-pressure

Samples a (Å) c (Å) z d

Li[Li0.2Ni0.4Mn0.4]O2-ordered 2.8830 14.2536 0.2577 0.087

Li[Li0.2Ni0.2Mn0.6]O2-AP 2.8577 14.2584 0.2582 0.046

LiNi0.5Mn0.5O2-disordered 2.9256 14.3285 0.2524 0.375

LiNi0.5Mn0.5O2-AP 2.8844 14.3000 0.2580 0.099

For the sake of comparison, structural parameters for LiNi0.5Mn0.5O2 and

Li[Li0.2Ni0.2Mn0.6]O2 obtained at atmospheric pressure are also given

(AP).
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3. Results

3.1. High-pressure synthesis of disordered LiNi0.5Mn0.5O2

Under a high pressure, the solid-state reaction between
NiMnO3 and Li2O yields LiNi0.5Mn0.5O2 with a disordered
rock-salt type structure (Fig. 1). However, the low-intensity
peak at 211 demonstrates that some degree of cationic
order still remains with this composition. The unit cell
dimensions of LiNi0.5Mn0.5O2 obtained under a high
pressure are given in Table 1. From the Rietveld analysis
of the XRD patterns, the following cation distribution can
be extracted: [Li0.63Ni0.37][Li0.37Ni0.13Mn0.5]O2 (Table 1).
When the solid-state reaction between NiMnO3 and Li2O
proceeds under atmospheric pressure, LiNi0.5Mn0.5O2 with
a layered structure is obtained. The corresponding cation
distribution is as follow: [Li0.91Ni0.09][Li0.09Ni0.41Mn0.5]O2

(Table 1). It is noticeable that no more than 15% of
cationic mixing has been reported for LiNi0.5Mn0.5O2

obtained under atmospheric pressure [2–6]. The results
obtained show that the high pressure favours the cationic
disorder in the framework of the close oxygen packing. As
a comparison, this picture bears a resemblance to the
formation of solid solutions between cubic NiO and
layered LiNiO2 oxides, LixNi2�xO2 [30–33]. With a low
Li content (xo0.62), a disordered rock-salt structure is
formed, while for 0.62pxp1 lithium and nickel ions show
a tendency to order in (111) cubic planes, culminating at
Li/Ni ¼ 1 in discrete layers of Li and Ni [30,31]. While the
cationic order in the ‘‘NiO–LiNiO2’’ system is driven by the
changes in the Li–Ni and the corresponding Ni2+–Ni3+

ratios, the high pressure gives rise to cationic mixing
between the layers in LiNi0.5Mn0.5O2 without changing the
Li–Ni/Mn ratio.
Both compositions are characterized by different elec-
trochemical properties. For layered LiNi0.5Mn0.5O2 ob-
tained at atmospheric pressure, a reversible Li extraction/
insertion was shown to take place between 3.5 and 4.5V
[2–6]. Contrary to layered LiNi0.5Mn0.5O2, the disordered
LiNi0.5Mn0.5O2 obtained under high pressures displays
irreversible Li extraction. Fig. 2 shows the mass-normal-
ized intensity vs. voltage curves of disordered LiNi0.5
Mn0.5O2 electrodes in lithium test cells. The first charge/
discharge process was carried out in the voltage limit of
5.1–2.5V. Two intense peaks, at 4.1 and 4.8V, in the
charge curve were well resolved, while no peaks appeared
in the discharge curve. During the second charge up to
5.1V, the peak at 4.1V was not recovered and the peak at
4.8V lost in intensity. Based on the oxidation/reduction
processes of manganese ions in lithium transition metal
oxides with spinel and layered structures [34], one
can assign the oxidation peak at 4.1V to the Mn3+/
Mn4+ ionic couple. The capacity corresponding to this
peak is 30mAh/g. This means that about 10% of the
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Fig. 2. Potentiostatic curves corresponding to three charge/discharge cycles of disordered LiNi0.5Mn0.5O2 in lithium cells.
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manganese ions in the oxide prepared under a high
pressure appear in the oxidation state (+3). The oxidation
peak at 4.8V bears a resemblance to that observed for
overlithiated layered Li[Li(1�2x)/3NixMn(2�x)/3]O2 oxides
with xo0.5. The origin of this peak has been associated
with the irreversible loss of oxygen from layered oxides,
leading to the formation of an oxygen deficient layered
oxide [Li(1�2x)/3NixMn(2�x)/3]O1.5+x [3]. Keeping the upper
voltage limit at 5.1V, the low voltage limit is reduced to
1.5V. In this case, a reduction peak at about 2.25V is
developed. In the discharge curve, the reduction peak at
2.25V can be associated with the reduction of the residual
Ni3+ ions to Ni2+ ions [35,36]. The same peak has been
detected in the discharge curve of layered LiNi0.5Mn0.5O2

and has been assigned to the reduction of residual Ni3+ in
the Li-site to Ni2+ ions [35,36].

To determine the cationic distribution and changes in the
metal environment during the electrochemical reaction in
the oxides, EPR spectroscopy was undertaken. Recently we
showed that irrespective of Ni2+ and Mn4+ being EPR
active, an EPR response fromMn4+ ions only was detected
[17]. Fig. 3 compares the EPR spectra of both ordered and
disordered compositions. In the X-band, the EPR spectrum
of ordered LiNi0.5Mn0.5O2 consists of one single Lorent-
zian, while one asymmetrical signal is detected at a
frequency higher than 95 and 285GHz. The effective
g-factor is insensitive towards the frequency used. Based on
the systematic EPR studies of LiNi0.5�xMgxMn0.5O2

systems [17], the EPR signal observed on ordered
LiNi0.5Mn0.5O2 can be assigned to Mn4+ ions. Contrary
to ordered LiNi0.5Mn0.5O2, the EPR spectrum of dis-
ordered LiNi0.5Mn0.5O2 displays two overlapping signals
(Fig. 3). In the X-band, the broader signal has an effective
g-factor close to that of Mn4+ in ordered LiNi0.5Mn0.5O2

obtained at atmospheric pressure (g ¼ 1.96 at 103K).
Moreover, the effective g-factor increases strongly with
the registration temperature, this dependence being nearly
the same for both compositions (Fig. 4). This indicates
clearly that the broader signal detected for disordered
LiNi0.5Mn0.5O2 is also due to Mn4+ ions. However, there is
a difference in the EPR line width: 360mT for the
disordered oxide and 105mT for the ordered oxide
(Fig. 3). With increasing registration frequency, a line
broadening and an increase in the effective g-factor are
observed (Figs. 4 and 5). These EPR features are consistent
with the appearance of impurity Mn3+ ions in close
proximity of Mn4+ ions.
The narrow signal detected in the EPR spectrum of

disordered LiNi0.5Mn0.5O2 is characterized by a g-factor of
1.985 (at 103K), which is also typical of Mn4+ ions. At
103K, the g-factor is retained by increasing the registration
frequency from 9.2 to 95GHz (Fig. 5). At a higher
frequency (285GHz), the narrow symmetrical signal
becomes an asymmetrical one: g1 ¼ 2.000 and g2 ¼ 1.964
(Fig. 3, 285GHz, T ¼ 60K). It is worth mentioning that
the mean value of the g-factor for the asymmetrical signal
is 1.976, which is close to 1.985 as determined at lower
frequencies. This allows one to assign the narrow signal to
Mn4+ ions also. Contrary to the broader signal, these
Mn4+ ions are mostly surrounded by diamagnetic Li+ ions
and allied paramagnetic Mn4+ ions. In addition, the
temperature dependence of the g-factor observed in the
X-band (Fig. 4) gives an indication that at least one Ni2+

ion is also included in the first coordination sphere of
Mn4+. The registration of the two EPR signals reveals
inhomogeneous cationic distribution at a short-scale range
in disordered LiNi0.5Mn0.5O2. This is consistent with a
small degree of cationic order in these oxides detected
by XRD.
Fig. 6 gives the EPR spectra of electrodes obtained after

1 cycle between 5.1 and 2.5V, followed by 8 cycles between
5.1 and 1.5V and stopped at 1.5V. After the electro-
chemical reaction, the low-temperature EPR spectrum
(103K) of the electrode also displays two overlapping
signals as in the case of the pristine composition, while only
one broader signal is visible at a higher temperature
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Fig. 3. EPR spectra at 9.23, 95 and 285GHz of disordered LiNi0.5Mn0.5O2 oxides obtained under high pressure and layered LiNi0.5Mn0.5O2 obtained at

atmospheric pressure.

Fig. 4. The temperature dependence of the g-factor and the line width for

disordered Li[Ni0.5Mn0.5]O2. Open symbols connected with dotted lines

correspond to disordered Li[Ni0.5Mn0.5]O2 obtained after 1 cycle between

5.1 and 2.5V, following then 8 cycles between 5.1 and 1.5V, and stopped

at 1.5V. Si1 and Si2 denote the broader and the narrow signals detected at

disordered Li[Ni0.5Mn0.5]O2. For the sake of comparison, the dependence

of the g-factor and the line width for Mn4+ ions in layered LiNi0.5Mn0.5O2

obtained at atmospheric pressure is also given.

Fig. 5. The effective g-factor and the EPR line width for ordered

Li[Li0.2Ni0.4Mn0.4]O2 and disordered Li[Ni0.5Mn0.5]O2 as a function of the

frequency used. Si1 and Si2 denote the broader and the narrow signals

detected at disordered Li[Ni0.5Mn0.5]O2.
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(273K). The EPR parameters of both the narrower and the
broader signals (in terms of the effective g-factor and EPR
line width) are changed after the electrochemical reaction
(Fig. 4). By way of comparison, when the layered
LiNi0.5Mn0.5O2 oxide cycles between 5.0 and 2.5V, the
EPR response from Mn4+ is close to that of the pristine
composition, which agrees with the excellent structural
stability of the layered composition [35,36]. With dis-
ordered oxides, the EPR line width for both signals
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Fig. 6. EPR spectra at X-band of disordered Li[Ni0.5Mn0.5]O2, obtained after 10 cycles of lithium extraction/insertion between 5.0 and 2.5V, and ordered

Li[Li0.2Ni0.4Mn0.4]O2, obtained after 1 cycle between 5.1 and 2.5V, following then 8 cycles between 5.1 and 1.5V, and stopped at 1.5V.

Fig. 7. IR spectra of pristine disordered Li[Ni0.5Mn0.5]O2 and disordered

Li[Ni0.5Mn0.5]O2 obtained after 1 cycle between 5.1 and 2.5V, following

then 8 cycles between 5.1 and 1.5V, and stopped at 1.5V. The asterisk

corresponds to the characteristic IR modes of organic groups of the

electrolyte.
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decreases. The effective g-factor of the broader signal
(Si 1) also decreases, but its dependence on the registration
temperature remains. This can be associated with an
irreversible consumption of Mn3+ during the first charge
process at 4.1V, as observed in the first charge curve
(Fig. 2). The narrow signal (Si 2) displays an increase in
g-factor, indicating that paramagnetic neighbours (such
as Ni2+ or Mn4+) of Mn4+ ions undergo irreversible
changes.

The irreversible electrochemical processes with disor-
dered LiNi0.5Mn0.5O2 were followed on their IR spectra.
Fig. 7 compares the IR spectrum of the pristine composi-
tion with that of the electrode obtained after 1 cycle
between 5.1 and 2.5V, followed by 8 cycles between 5.1
and 1.5V and then stopped at 1.5V. The IR spectra are
given in the range of 400–950 cm�1, where the lattice
vibrations of the transition metal ions appear [37–39]. The
IR spectrum of the pristine composition displays one broad
band at 520 cm�1, which is in accordance with the
statistical cationic distribution in the framework of the
close cubic packing [37–39]. After the electrochemical
reaction, the IR spectrum of the electrode consists of two
intense peaks at 475 and 545 cm�1. The splitting of the IR
spectra can be related to the irreversible structural changes
appearing at 4.8V.

3.2. High pressure synthesis of layered Li1.2Ni0.4Mn0.4O2

Keeping Ni and Mn in equal amounts, a mixture of NiO
and Li1.2Ni0.2Mn0.6O2 is obtained when NiMnO3 reacts
with Li2O2 in air. On the contrary, a Li1.2Ni0.4Mn0.4O2

oxide with a layered structure is formed under a high
pressure in an oxygen reach atmosphere (Fig. 1). Evidently,
thermal decomposition of Li2O2 ensures an oxygen-rich
atmosphere inside the Au capsule, as a result of which the
Ni2+ ions are oxidized. The appearance of Ni ions in
higher oxidation states contributes to the stabilization of
the layered modification. The same has been observed with
cationic order in the ‘‘NiO–LiNiO2’’ system.
The unit cell dimensions are given in Table 1. The

cationic distribution, determined from the XRD peak
analysis, corresponds to [LiNi0.087][Li0.287Ni0.313Mn0.4]O2.
For the sake of comparison, the same Table gives the
unit cell dimensions and the cationic distribution of
Li1.2Ni0.2Mn0.6O2 obtained at atmospheric pressure. As
one can see, the cationic disorder is more significant for the
oxide prepared under a high pressure.
Another feature of the XRD pattern of the Li1.2Ni0.4

Mn0.4O2 oxide is the appearance of low-intensity peaks
around 231. Super-lattice reflections have been detected
for the complex ‘‘Li2MnO3*LiNi/MnO2’’ system. The
XRD patterns have been interpreted by the formation of
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‘‘Li2MnO3–LiNi/MnO2’’ solid solutions, where long-range
Li ordering on the 31/2a� 31/2 a super-structure appears
together with a uniform mixing of Ni and Mn on the
transition-metal sites [18]. On the other hand, based on
NMR and TEM analysis, formation of local Li2MnO3-rich
regions has been suggested [19].

As described above, disordered HP-LiNi0.5Mn0.5O2

showed a poor electrochemical response in lithium
batteries, which is an expected behaviour for a non-layered
rock-salt structure. A better electrode performance in
lithium test cells was obtained for Li1.2Ni0.4Mn0.4O2.
Potentiostatic experiments at 10mV/0.1 h were carried
out in the 2.5–5.0 V range (Fig. 8). The first charge
yielded a capacity of 275mAhg�1, which was not
recovered on successive cycling. Reversible discharge
capacities were close to 135mAhg�1 during the first
few cycles. The mass-normalized intensity vs. voltage
curves of the same electrode during the first three charge/
discharge cycles are shown in Fig. 8b. In this plot, no
peaks are visible at ca. 3V, this being indicative of the
absence of Mn3+ ions in the layered oxide. Assuming
that nickel is initially in the 3+ oxidation state in
Li1.2Ni0.4Mn0.4O2, the Ni4+/Ni3+ pair should allow a
maximum theoretical capacity of 125mAh g�1 for this
oxide. Thus, the presence of an irreversible signal at ca.
4.7V and its corresponding 275mAhg�1, during the
first charge, can be ascribed to simultaneous extraction
of lithium and oxygen leading to a solid with a
stoichiometry closer to LixMO2 [3,40]. The maximum
theoretical capacity value corresponding to the oxidation
of Li1.2Ni0.4Mn0.4O2 to ‘‘Ni0.4Mn0.4O1.6’’ is 375mAh g�1.
It means that there is still some capacity not used during
the oxidation of the inorganic oxide and thus the final
product could be Li0.56Ni0.4Mn0.4O1.88. However, as this
effect is completely irreversible and unrecovered in the
second and successive charge branches, one cannot discard
that the electrolyte decomposition contributes to the first
charge capacity.
On cycling, the main broadened signal is located between
3.6 and 4.2V in the charge process, and between 3.4 and
4.0V in the discharge process. According to previous
studies, these signals could be ascribed mainly to the Ni4+/
Ni2+ redox couples in the transition metal slab. Now the
total theoretical reversible capacity would be 250mAhg�1.
However, the observed values, 135mAhg�1, are well
below this estimate. Moreover, since the peak is broadened
and complex and shows increasing broadening on cycling,
the participation of other redox couples, such as those
involving Ni3+ and Mn4+ ions and transition metal ions in
the lithium slab cannot be discarded [40,41].
The EPR spectra of the pristine and the cycled

compositions give further information on the changes in
the local environments of the Mn ions during lithium
extraction and insertion. The EPR spectrum of pristine
Li1.2Ni0.4Mn0.4O2 consists of one signal with a Lorentzian
line shape (Fig. 9). At 103K, the g-factor is 1.995 and
becomes slightly higher at a higher registration temperature
(g ¼ 2.015 at 413K, Fig. 10). These values are spread out
into the limits typical of Mn4+ ions in oxide matrices. The
high-frequency EPR spectrum of Li1.2Ni0.4Mn0.4O2 at
103K also displays only one signal with a Lorentzian line
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Fig. 10. The temperature dependence of the g-factor and the line width for

ordered Li(Li0.2Ni0.4Mn0.4)O2. Open symbols connected with dotted lines

correspond to ordered Li(Li0.2Ni0.4Mn0.4)O2 obtained after 10 cycles

between 5.0 and 2.5V, and stopped at 2.5V. For the sake of comparison,

the dependence of the g-factor and the line width for Mn4+ ions in layered

Li(Li0.2Ni0.2Mn0.6)O2 obtained at atmospheric pressure is also given.

Fig. 11. IR spectra of pristine ordered Li[Ni0.5Mn0.5]O2 and ordered

Li[Ni0.5Mn0.5]O2 obtained after 10 cycles between 5.0 and 2.5V and

stopped at 2.5V. The asterisk corresponds to the characteristic IR modes

of organic groups of the electrolyte.
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shape (Fig. 9). This means that no Li2MnO3-rich regions
appear in Li1.2Ni0.4Mn0.4O2 obtained under a high-
pressure. The g-factor remains the same in the frequency
range 9.2–285GHz (Fig. 5). This indicates that the signal
originates from Mn4+ ions. No signals due to Ni2+ or
Ni3+ ions are observed.

To rationalize the oxidation state of the Ni ions in the
layered high-pressure oxide, Fig. 10 gives the EPR
parameters (determined at 9.2GHz) for Li[Li0.2Ni0.2
Mn0.4]O2 obtained at atmospheric pressure and containing
Ni2+ and Mn4+ ions. As one can see, the line width is
larger for Li1.2Ni0.4Mn0.4O2, while the values of the
g-factors are close for both oxides. This result can be
related with the different oxidation states of nickel ions in
Li1.2Ni0.4Mn0.4O2 and Li1.2Ni0.2Mn0.6O2. Recently we
demonstrated that the Ni3+ ions had a stronger broad-
ening effect on the EPR line width of Mn4+ as compared
to that of the Ni2+ ions [36]. Thus, comparison of the EPR
line widths of Li1.2Ni0.2Mn0.6O2 and Li1.2Ni0.4Mn0.4O2

allows assigning the charge distribution in Li1.2Ni0.4
Mn0.4O2 to Ni3+ and Mn4+ rather than to Ni2+ and
Mn4+. However, the contribution of same amount of Ni2+

ions to the charge distribution cannot be rejected.
Fig. 6 shows the EPR spectrum of the Li1.2Ni0.4Mn0.4O2

electrode after 10 cycles between 5.0 and 2.5V and then
stopped at 2.5V. Contrary to the pristine composition, the
EPR spectrum of cycled Li1.2Ni0.4Mn0.4O2 consists of a
single Lorentzian line superimposed on a low-magnetic
field absorption, while at low registration temperatures
(103K) the Lorentzian dominates the EPR spectrum
(Fig. 6). In comparison with the pristine composition, the
g-factor of the single Lorentzian line decreases slightly,
while the line width undergoes a strong change. This means
that the Mn4+ environment in respect of the Ni-to-Mn
ratio has changed after cycling. In addition, the line width
decreases on cycling and tends to the line width determined
with Li[Li0.2Ni0.2Mn0.6]O2 obtained at atmospheric pres-
sure (Fig. 10). This indicates that the Ni-to-Mn ratio
around Mn4+ ions decreases after lithium extraction and
reinsertion.
The observed low-magnetic field absorption is related to

magnetically correlated spin systems rather than to isolated
paramagnetic ions. Searching for the origin of this EPR
absorption, it is worth mentioning that a low-magnetic
field absorption due to 180o coupled Ni2+–Ni3+ spin
systems is detected for non-stoichiometric Li1�xNi1+xO2

with xE1/3 [42]. Comparison also allows assigning
the low-magnetic field absorption detected for cycled
Li1.2Ni0.4Mn0.4O2 to magnetically correlated Ni2+–Ni3+

spin systems.
Thus, we can suggest that during the electrochemical

reaction of Li1.2Ni0.4Mn0.4O2, Ni ions from the pristine
Mn4+ environment are released, leading to phase separa-
tion into: Li[Li0.2Ni0.4Mn0.4]O2-aLiyNi0.4�yMn0.4O1.88+
y/(1+x) ‘‘Li1�xNi1+xO’’+bLi2O, where 0oyo0.2 and
xE1/3. The proposed phase separation reaction can be
associated with the irreversible peak at 4.8V in the first
charge curve of Li[Li0.2Ni0.4Mn0.4]O2. Further on, the
reversible Li insertion and extraction proceed together with
reduction and oxidation of Ni2+/3+–Ni4+.
Fig. 11 compares the IR spectra of the pristine oxide and

the electrode composition obtained after 11 cycles between
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5.0 and 2.5V (the cell is stopped at 2.5V). The IR spectrum
of the pristine composition contains a broad band split into
several components: 468, 520 and 615 cm�1. According to
the IR study of lithium transition metal oxides [37–39], this
feature is associated with a cationic order in the close cubic
packing. After the electrochemical reaction, the broad
band still appears with slight changes in the positions of the
IR components. This is consistent with the proposed
mechanism of the electrochemical reaction including the
preservation of the layered matrix during lithium extrac-
tion and insertion.

4. Conclusions

High-pressure synthesis allows obtaining Lithium–
nickel–manganese oxides having different oxidation states
of Ni ions and cationic distributions. A solid-state reaction
between NiMnO3 and Li2O yields, at 3GPa, a LiNi0.5
Mn0.5O2 phase characterized by a disordered rock-salt type
structure. However, some cationic ordering is still pre-
served. The paramagnetic ions stabilized in this oxide are
mainly Ni2+ and Mn4+ together with Mn3+ (about 10%).
After the first charge to 5.1V, disordered LiNi0.5Mn0.5O2

delivers 115mAh g�1, corresponding to 42% of extracted
lithium. This process takes place concomitantly with
oxidation of Mn3+ to Mn4+ ions and irreversible phase
transformation. The reverse process of Li insertion does
not proceed up to 2.5V. Between 2.0 and 2.5V, some
residual nickel ions (mainly in the Li environment) are
reduced.

The oxidation of Ni2+ to Ni3+ in lithium–nickel–
manganese oxides has been performed using Li2O2 instead
of Li2O as an initial reagent for the high-pressure synthesis.
The higher oxidation state of Ni favours the stabilization of
the layered modification, as a result of which Li(Li0.2
Ni0.4Mn0.4)O2 oxides are formed. Contrary to the dis-
ordered oxides, the layered modification displays reversible
lithium extraction/insertion. The electrochemical reaction
is due to oxidation of nickel ions and phase separation
into LiyNi0.4�yMn0.4O1.88 (0oyo0.2) and Li1�xNi1+x2

(xE1/3). Further on, the reversible Li insertion and
extraction is associated with the Ni2+/3+/Ni4+ ionic
couple within the layered LiyNi0.4�xMn0.4O1.88 phase.
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