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TheeffectsofcompositionandpreparationtemperatureonthestructureofLiMgyNi0.5-yMn1.5O4
(y ) 0, 0.25, 0.5) compounds are studied by EPR, FTIR, X-ray, and neutron diffraction. For
y g 0.25, cation ordering in a P4332 superstructure takes place on increasing the annealing
temperature from 450 to 750 °C. In contrast, a loss of octahedral cation ordering and partial
reduction of transition metals are found for LiNi0.5Mn1.5O4 when preparation temperature
increases from 700 to 800 °C. The EPR behavior of LiMg0.5Mn1.5O4 is determined from
localized Mn4+ ions, whereas residual antiferromagnetic correlations between Ni2+ and Mn4+

ions give rise to strong resonance absorption for LiNi0.5Mn1.5O4. The magnetic dilution of
the Ni2+ sublattice by Mg2+ or Mg2+/Ni2+ causes strong changes in an apparent g-factor,
whereas the line width undergoes little changes. When LiMgyNi0.5-yMn1.5O4 oxides are used
as positive electrode materials in test lithium anode cells, the capacity in the 5-V region
decreases with decreasing Ni content. Nevertheless, cycling in the 3-V region showed a net
improvement on increasing Mg content. Lithium extraction from LiNi0.5Mn1.5O4 (up to 70%)
leads to a loss of intensity in the EPR signal as a consequence of the oxidation of paramagnetic
Ni2+ to diamagnetic Ni4+ without significant changes in local environment of Mn4+. For fully
delithiated Li1-xNi0.5Mn1.5O4 oxide, the EPR spectrum from localized Mn4+ ions is observed,
indicating an exhaustion of paramagnetic Ni2+ ions in the vicinity of Mn4+ ions.

Introduction

The crystallographic and magnetic structure of the
spinel compound LiNi0.5Mn1.5O4 has attracted the inter-
est of different researchers since the early work by
Blasse in 1966.1 Preudhomme2 ascribed the complexity
of the IR spectra and the analogy between the spectra
of LiNi0.5Mn1.5O4 and LiMg0.5Mn1.5O4 to the existence
of an ordered variety in the former compound with 1:3
octahedral order. In the 1990s, Gryffroy et al.3,4 exam-
ined the crystal structure of LiNi0.5Mn1.5O4 by X-ray and
neutron diffraction, and described a P4332 superstruc-
ture, similar to that previously found for LiFe5O8.5 More
recently, Ooms et al.6 and Strobel et al.7 confirmed the
P4332 superstructure in other LiNi0.5Mn1.5O4 prepara-
tions. Similarly,8,9 the Fd3m space group was found to
describe adequately the neutron diffraction data of some

preparations of this composition. From these studies,
it is clear that the preparation conditions should play a
major role in the cation ordering process. However, a
detailed description of the effects of preparation on the
crystalline and local structures is needed.

Besides these studies, the interest in LiNi0.5Mn1.5O4
increased substantially with the use of LiMn2O4 spinel
as the positive electrode of lithium cells. Thus, Amine
et al.10 found that LiNi0.5Mn1.5O4 prepared by sol-gel
technique intercalates lithium at 3 V, without Jahn-
Teller distortion, and has a high discharge capacity and
good reversibility. When LiNi0.5Mn1.5O4 is prepared by
solid-state reaction, two-phase intercalation reaction in
the 3-V region has been found and electrochemical
cycleability does not show any improvement.11 From the
electrochemical point of view, a good reversibility of Li
extraction/insertion in the 3-V region has been found
for highly crystallized LiNi0.5Mn1.5O4 oxides only.12,13
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Later,14-20 it was found that electrodes with this mate-
rial could be charged, giving a significant reversible
capacity at ca. 4.7 V. The optimization of the high-
voltage electrode material has been the subject of
different recent studies.16-19 Among other improve-
ments, the positive effect of doping with Mg7 and Ti9

has been demonstrated. The presence of Mg or Ti in the
structure of LiNi0.5Mn1.5O4 was shown to have very
different consequences.3 Thus, for Ti-substitution a
weak clustering of the paramagnetic Mn4+ ions in the
octahedral sites was described, in contrast to Mg
substitution, where long-range ordering is present for
all compositions.

Recently,16 we described a two-phase mechanism and
studied the changes in X-ray-determined lattice param-
eters during 5-V lithium deintercalation from LiNi0.5-
Mn1.5O4. The lithium local environment during charging
has been studied in detail by 6Li MAS NMR.21 However,
to our knowledge no study on the evolution of the local
structure around Mn4+ with lithium extraction has been
carried out. This will be carried out here by using EPR
spectroscopy. EPR technique has been shown to give
valuable information on the electronic structure and
cationic distribution in manganese spinels containing
Mn4+ only (such as LiLi1/3Mn5/3O4

22 and LiCoMnO4
23)

and mixed Mn3+/Mn4+ ions (Li1+xMn2-xO4
24,25 and

LiCoxMn2-xO4
26,27). A second aim of this work is to

evaluate the role of a large-extent substitution of a
nonactive element such as magnesium at different Ni/
Mg ratios, during the charge and discharge of the test
cells.

Experimental Section

A precursor method was used to obtain LiMgyNi0.5-yMn1.5O4

(x ) 0, 0.25, 0.5) compounds. Thus, low crystalline oxyhydrox-
ide was precipitated from a solution in a 3:2 water/ethanol
mixture of Ni(NO3)2‚6H2O, Mg(NO3)2‚6H2O, and Mn(NO3)2‚
4H2O, by addition of a LiOH‚H2O solution with a 10%
Li-excess. The slurry was stirred and heated in air to dryness.
The fine powdered solid was further annealed at 400 °C under
an air atmosphere. The low-crystallinity product was ground
in an agate mortar and reannealed at 800 °C for 1 day in an

air atmosphere. LiNi0.5Mn1.5O4 samples for neutron diffraction
recordings were obtained as described in ref 9, with annealing
at 700 and 800 °C during 5 days in both cases. All samples
were slowly cooled to the room temperature at 0.8 °C per
minute.

X-ray powder diffraction (XRD) patterns were recorded on
a Siemens D5000 instrument, using Cu KR radiation and a
graphite monochromator. The unit cell parameters are ob-
tained from least-squares fitting of all peak positions (10° e
2θ e 90°). The electrodes for ex-situ XRD were always
prepared inside the glovebox, by carefully opening the cells,
placing the products on a glass sample holder, and covering
them with a plastic film to avoid exposure to air. Neutron
diffraction (ND) experiments were carried out at room tem-
perature on the high-resolution D1A diffractometer of the
Institute Laue-Langevin (ILL, Grenoble, France) with wave-
length 1.91140 Å, step 0.050 (°, 2-θ), and data acquisition time
of 4 h by each sample. Fourier transform IR spectroscopy
(FTIR) was carried out with a Bomem MB-100 spectrometer,
using KBr pellets.

The EPR spectra were recorded as a first derivative of the
absorption signal of an ERS-220/Q (ex-GDR) spectrometer
within the temperature range of 90-400 K. The g factors were
determined with respect to a Mn2+/ZnS standard. The signal
intensity was established by double integration of the experi-
mental EPR spectrum. The analytical amount of Mn4+ was
determined relative to a Li2MnO3 standard. For EPR measure-
ments of positive electrode materials, the samples were
manipulated in a glovebox in an Ar atmosphere. The lithium
content of the charged/discharged compositions was calculated
assuming that no current was consumed in side reactions, thus
the charge/discharge level is overestimated.

The electrochemical behavior was tested using two-electrode
SwagelokcellsofthetypeLi|LiPF6(EC:DEC)|LiMgyNi0.5-yMn1.5O4.
The electrodes were prepared as 7-mm-diameter pellets by
pressing a mixture of 86% of the active oxide, 6% of PVDF
binder, 4% Graphite (Merck), and 4% carbon black 4N (Strem)
to improve the mechanical and electronic conduction proper-
ties, respectively. Lithium electrodes consisted of a clean
7-mm-diameter lithium metal disk. The commercial electrolyte
solution (Merck LP40, 1 M LiPF6 in a 1:1 w/w mixture of
ethylene carbonate (EC) and diethyl carbonate (DEC)) was
supported by porous glass-paper disks (Whatman). The elec-
trochemical curves were carried using a multichannel MacPile
II system. Potentiostatic cycling was performed at 10 mV/0.1
h rate and galvanostatic experiments at C/20, i.e., extraction
of 1 Li/formula in 20 h.

Results and Discussion

Three different LiMgyNi0.5-yMn1.5O4 compositions were
obtained with y ) 0, 0.25, and 0.5. The XRD pattern of
LiNi0.5Mn1.5O4 and LiMg0.25Ni0.25Mn1.5O4 samples could
be indexed in the Fd3m space group corresponding to a
high-purity spinel phase (Figure 1a). In the cubic spinel
notation, the lattice constant increases with the Mg
amount: a ) 8.1530 ( 0.0010 Å; a ) 8.1798 ( 0.0004
Å, and a ) 8.1927 ( 0.0005 Å for y ) 0, 0.25, and 1.0,
respectively. For LiMg0.5Mn1.5O4, new reflections occur,
which are ascribable to a P4332 superstructure by Mg
and Mn ordering in 16d sites of the initial Fd3m
structure, as described in the literature.4,6,7 The extent
of metal ordering in the end members was also exam-
ined as a function of preparation temperature. For
LiMg0.5Mn1.5O4, significant changes are visible in the
X-ray diffraction patterns obtained for samples annealed
between 400 and 800 °C (Figure 1). On increasing
preparation temperature up to 750 °C, an increase in
the intensity of the superstructure lines is observed, but
the changes are less notorious from 750 to 800 °C.
Because of the similar X-ray scattering factors of Mn
and Ni, the study for the LiNi0.5Mn1.5O4 sample was
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carried out by using neutron diffraction (Figure 2). In
this case, a decrease in the intensity and an increase
in line broadening of the superstructure lines are
observed on increasing preparation temperature from
700 to 800 °C. Thus, annealing conditions, as well as
the presence of other elements such as Ti, influence the
development of ordering in these systems.4,8,9

Since the early studies by Preudhomme,2 infrared
spectroscopy has proven to be a useful tool to qualita-
tively resolve cation ordering in LiM0.5Mn1.5O4. In fact,
the complexity of the IR spectra were used to detect
ordering for both M ) Ni and Mg in this pioneering
study, and a disordered variant with less complex IR
spectrum was also described for LiNi0.5Mn1.5O4. More
recently, we have shown how annealing temperature
has a direct effect on the resolution of cation ordering
bands in the IR spectra of LiMg0.5Mn1.5O4.17 Thus, for
preparation temperatures between 450 and 750 °C the
resolution of the spectra increases dramatically. On the
other hand, the effect of composition on the FTIR
spectra is summarized in Figure 3. Mg substitution
leads to negligible shifts of the band frequencies. This
fact arises from the similar ionic radius of Mg2+ (72 pm)
and Ni2+ (69 pm), with a similar strength of the M-O
bonding. The ordering bands are resolved for the three
compositions. This is in agreement with XRD of LiMg0.5-
Mn1.5O4 and ND of LiNi0.5Mn1.5O4. Moreover it is also
indicative that the ordering is also present in the
intermediate composition. The influence of the anneal-
ing conditions on the FTIR spectra fine structure

of LiNi0.5Mn1.5O4 samples was also previously re-
ported.28 In this paper, the lack of 4-V plateau and hence
of Mn3+ in the pristine spinel was correlated to the
presence of absorption bands with a well-resolved fine
structure.

To assess the local ordering in these spinels EPR
studies were carried out on the different compositions.
The LiNi0.5Mn1.5O4 compound shows a ferrimagnetic
order in the spinel structure below TN ) 130 K.1,8 For
1:3 cation ordering in the octahedral spinel sublattice,
every 4b octahedron occupied by Ni2+ is surrounded by
six 12d octahedra containing Mn4+ only, while 4 Mn4+

and 2 Ni2+ form the first metal shell of Mn4+ occupying
12 d sites. As a result, the ferrimagnetic behavior is a
result from 90° ferromagnetic Mn4+-O2--Mn4+ and
Ni2+-O2--Ni2+ interactions and stronger 90° antifer-
romagnetic Ni2+-O2--Mn4+ interactions. Above the
magnetic ordering temperature, some residual antifer-
romagnetic Ni2+-O2--Mn4+ correlations are preserved,
culminating at T > 450 K in paramagnetic state.1 The
EPR spectrum of LiNi0.5Mn1.5O4, collected between 140
and 410 K where the Curie-Weiss law is not obeyed,
consists of resonance absorption characterized with
Lorentzian line shape (Figure 4). On cooling, there is a
strong resonance shift, with the apparent g-factor being
changed from 2.022 to 1.946 (Figure 5). In the same
temperature range, a line narrowing takes place (Figure
5). The signal disappears below 150 K. Thus, the EPR
response from LiNi0.5Mn1.5O4 can be associated with the
residual antiferromagnetic correlations between Ni2+

and Mn4+ ions.
To rationalize the observation of the resonance ab-

sorption for LiNi0.5Mn1.5O4, Figure 4 gives also the EPR
spectra of two spinel compositions, LiMg0.5Mn1.5O4, and
LiNi0.25Mg0.25Mn1.5O4, in which the diamagnetic Mg2+

ions and mixed Mg2+/Ni2+ ions substitute for paramag-
netic Ni2+ ions. LiMg0.5Mn1.5O4 displays ferromagnetic
order at Tc ) 38 K due to 90° ferromagnetic Mn4+-O2--
Mn4+ interactions.1,8 In this case, a single Lorentzian
line accounts for the EPR spectrum of LiMg0.5Mn1.5O4.
The resonance absorption remains constant between
100 and 410 K, with the g-factor being 2.015. The
ferromagnetic interactions between Mn4+ ions deter-
mine the line narrowing on cooling. The EPR param-
eters observed for LiMg0.5Mn1.5O4 spinels are typical for
ferromagnetically coupled Mn4+ ions at temperatures
higher than that of the magnetic order. When mixed
Ni2+/Mg2+ ions substitute for paramagnetic Ni2+, the
EPR response for LiMg0.25Ni0.25Mn1.5O4 is similar to that
for LiNi0.5Mn1.5O4 in terms of line narrowing and
resonance shift with the recording temperature. Close
inspection of Figure 5 shows that the apparent g-factor
is more sensitive toward the magnetic dilution of the
Ni2+ sublattice by Mg2+ or Mg2+/Ni2+, whereas the line
width undergoes less obvious changes. On the other
hand, this result means that bivalent cations (para-
magnetic Ni2+ and diamagnetic Mg2+) are statistically
distributed over 4b sites without perturbing the total
1:3 M2+/Mn4+ ordering in the octahedral spinel sublat-
tice.

The potentiostatic charge and discharge in the range
between 3.0 and 5.1 V of test lithium cells using the
LiMgyNi0.5-yMn1.5O4 series are given in Figure 6a. As
one can see, LiNi0.5Mn1.5O4 shows only one oxidation

Figure 1. XRD pattern of (a) LiMgyNi0.5-yMn1.5O4 series (y )
0, 0.25, and 0.5) obtained at 800 °C and (b) LiMg0.5Mn1.5O4

obtained at different conditions. Dotted lines correspond to the
superstructure P4332 diffraction peaks.
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peak together with the reduction peak in the high-
voltage region. These peaks have been ascribed to Li
extraction/insertion from/into LiNi0.5Mn1.5O4 involving
the Ni2+/Ni4+ oxidation/reduction reaction.14,28 By in-

creasing the Mg content, the high-voltage plateau
disappears. In addition, no electrochemical activity is

(28) Ohzuku, T.; Ariyoshi, K.; Yamamoto, S.; Makimura, Y. Chem.
Lett. 2001, 1270.

Figure 2. Neutron diffraction patterns of LiNi0.5Mn1.5O4 samples obtained at 700 °C (a) and at 800 °C (b). Signals corresponding
to a superstructure are marked.

Figure 3. FTIR spectra of LiMgyNi0.5-yMn1.5O4 series (y ) 0,
0.25, and 0.5).

Figure 4. EPR spectra of LiNi0.5Mn1.5O4, LiNi0.25Mg0.25Mn1.5

O4, and LiMg0.5Mn1.5O4 collected at different recording tem-
peratures: 413 K (dashed lines); 293 K (dotted lines); and T
< 160 K (full lines). The intensification of the spectrum is
shown in brackets.
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observed in the 4-V region, indicating the negligible
presence of Mn3+ in the spinel composition. Although
this situation is predicted by the nominal stoichiometry,
the presence of trivalent manganese is commonly found
when the annealing temperatures are high and cause
the loss of oxygen.14 It demonstrates that a slow cooling

process after annealing also favors the Mn3+ oxidation
process. Moreover, the lack of oxidation signal in the
5-V region evidences that the Mn4+ ions are not elec-
troactive in this region, as found in related spinels.29

Galvanostatic cycling experiments of LiMg0.5Mn1.5O4
obtained at 450 and 600 °C in the 2.0-4.5-V cell
potential window are shown in Figure 6b. Whereas
LiNi0.5Mn1.5O4 displays a single plateau in the 3-V
region,10,12 three well-resolved reactions appeared for
LiMg0.5Mn1.5O4.30 A plateau at ca. 2.8 V was the main
feature in Figure 6b for both preparation temperatures.
The nature of this effect has been widely studied in
LiMn2O4. The reversible process is unambiguously
attributed to Li insertion in 16c octahedral sites of the
spinel structure. No clear differences are detected for
both samples at this cell potential, with the exception
of a more reduced capacity for the oxide obtained at the
lower temperature. For lower voltages, LiMg0.5Mn1.5O4
obtained at 600 °C shows a well-resolved reduction
plateau at 2.2 V. The observation of weak reduction
steps below 2.2 V has been already reported for the
ordered modification of LiMg0.5Mn1.5O4, and they have
been related with the cubic-tetragonal transition for
Li1+xMg0.5Mn1.5O4.30 For higher voltages, a low exten-
sion plateau at 4 V is detected, more clearly for the
spinel obtained at 450 °C. The lower synthesis temper-
ature may condition an incomplete manganese oxida-
tion. The remaining Mn3+ is reversibly oxidized but with
a very limited contribution to specific capacity. The
lower capacity of the disordered spinel oxide can be
attributed to a wider exchange of ions from their normal
sites with the possible existence of Mg atoms in Li sites
or octahedral empty sites. This fact would impede the
optimal alkaline ions’ occupancy and mobility in the
spinel framework.

To study the local coordination of Mn4+ during lithium
extraction/insertion in these positive electrode materi-
als, the LiNi0.5Mn1.5O4 spinel was selected, due to its
better performance in the high-voltage range. Figure 7
compares the EPR spectra of LiNi0.5Mn1.5O4 spinels
after lithium extraction and consecutive Li reinsertion.
The strong resonance absorption is still observed for the
samples with 30 and 70% of extracted lithium. More-
over, the apparent g-factor displays the same temper-
ature dependence in the range 140-293 K as in the case
of initial composition, whereas the line width is slightly
higher for the samples with 70% of extracted lithium
(Figure 8). Below 140 K, there is a resonance shift in
opposite direction for the latter sample only, and the
line width increases suggesting a magnetic disorder.
The resonance absorption disappears at 113 K (Figures
7b and 8a).

The electrochemical extraction of Li has been shown
to proceed simultaneously with the oxidation of para-
magnetic Ni2+ to diamagnetic Ni4+. However, EPR
spectroscopy shows that Ni2+-Mn4+ spin system at
LiNi0.5Mn1.5O4 is preserved up to 70% of Li extraction.
The EPR intensity is reduced following the changes in
the Li amount: from I ) 1.0 to 0.67 and 0.17 for initial
and after 30 and 70% of extracted lithium, respectively.

(29) Wang, X.; Iltchev, N.; Nakamura, H.; Noguchi, H.; Yoshio, M.
Electrochem. Solid-State Lett. 2003, 6, A99.

(30) Le Cras, F.; Bloch, D.; Anne, M.; Strobel, P. Solid State Ionics
1996, 89, 203.

Figure 5. Temperature dependence of the apparent g-factor
and the line width for LiNi0.5Mn1.5O4, LiNi0.25Mg0.25Mn1.5O4,
and LiMg0.5Mn1.5O4.

Figure 6. (a) Potentiostatic curves of LiMgyNi0.5-yMn1.5O4

series (y ) 0, 0.25, and 0.5) obtained at 10 mV/0.1 h. (b)
Galvanostatic curves of LixMg0.5Mn1.5O4 annealed at 450 and
600 °C in the 3-V region.
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The result obtained implies that the electrochemical
extraction of Li from LiNi0.5Mn1.5O4 can be regarded as
a two-phase reaction including the initial composition
and a new phase, which is EPR undetectable. This can
be explained by the sensitivity of the EPR spectroscopy
toward magnetically correlated spins as compared to
localized spins. As an example, at 293 K the relative
intensity of the resonance absorption of LiNi0.5Mn1.5O4

is about 10 times higher than that for the signal due to
localized Mn4+ in LiMg0.5Mn1.5O4. In addition, it is
interesting to compare the EPR behavior of LiNi0.5-
Mn1.5O4 during Li extraction with the 6Li NMR experi-
ments for charged LiNi0.5Mn1.5O4 electrodes.21 On the
basis of NMR experiments, it has been shown that the
charging process (up to 90% of extraction of Li) involves
the Li removal without changes in the Li local environ-
ment. On the other hand, it appears that both EPR and
NMR results give a complementary perspective to the
ex-situ XRD experiments, where only one cubic phase
is detected up to 50%16 or 80%18 of extracted Li. The
changes in the local structure start with the charge
process generating domains of localized spins. Only after
sufficient extension of this phenomenon, may the do-

mains coalesce to give a second X-ray detectable
phase.16,18,20,34

The Li0.0Ni0.5Mn1.5O4 composition displays a com-
pletely different EPR spectrum. In this case, two signals
can be resolved: at 293 K, the narrow signal with a
Lorentzian shape (Mnnarrow) dominates the EPR spec-
trum of Li0.0Ni0.5Mn1.5O4, whereas the broader sym-
metrical signal (Mnbroad) is better visible on cooling. The
intensity of the broader signal is about 10 times higher
than that of the narrower. The important difference

(31) Masquelier, C.; Tabuchi, M.; Ado, K.; Kanno, R.; Kobayashi,
Y.; Maki, Y.; Nakamura, O.; Goodenough, J. B. J. Solid State Chem.
1996, 123, 255.

(32) Greedan, J. E.; Raju, N. P.; Wills, A. S.; Morin, C.; Shaw, S.
M.; Reimers, J. N. Chem. Mater. 1998, 10, 3058.

(33) Gee, B.; Horne, C. R.; Cairns, E. J.; Reimer, J. J. Phys. Chem.
B 1998, 102, 10142.

(34) Mohamedi, M.; Makino, M.; Dokko, K.; Itoh, T.; Uchida, I.
Electrochim. Acta 2002, 48, 79.

Figure 7. (a) EPR spectra of LixNi0.5Mn1.5O4 after first charge
to 5.1 V and subsequent discharge to 3.0 V. The signals coming
from Mn and Ni coupled spins (MnNi), localized Mn4+ ions in
contracted spinel cell (Mnnarrow), and localized Mn4+ ions in
extended spinel cell (Mnbroad) are indicated. The signal from
carbon mixture is also shown. (b) EPR spectra, recorded at
temperatures lower than 143 K, of Li0.3Ni0.5Mn1.5O4 and Li0.0-
Ni0.5Mn1.5O4.

Figure 8. (a) Temperature dependence of the EPR line width
of signals from Mn and Ni coupled spins (MnNi), localized Mn4+

ions in contracted spinel cell (Mnnarrow), and localized Mn4+ ions
in extended spinel cell (Mnbroad) for LiNi0.5Mn1.5O4 after first
charge and subsequent discharge. For the sake of comparison,
the temperature variation of the EPR line width for LiCoMnO4

and Li4Mn5O12 compositions is also given. (b) Temperature
dependence of the apparent g-factor of signals MnNi, Mnnarrow,
and Mnbroad for LiNi0.5Mn1.5O4 after first charge and subsequent
discharge.
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between two signals and the resonance absorption
observed for LiNi0.5Mn1.5O4 is the constancy of the
g-factor in the temperature range 103-293 K: g ) 2.002
and g ) 2.09, for the narrower and broader signals,
respectively. The line width for the narrow signal
increases on cooling, while the broader signal is slightly
narrowed below 173 K.

For the sample with an effective composition Li0.0Ni0.5-
Mn1.5O4, two EPR signals from localized Mn4+ ions are
observed, indicating an exhaustion of paramagnetic Ni2+

ions in the vicinity of Mn4+ (Figures 7 and 8). However,
the EPR spectrum of the “fully delithiated” oxide is
different from that for LiMg0.5Mn1.5O4. This can be
understood if we consider the dependence of the mag-
netic Mn4+-Mn4+ interactions on the distance. The
magnetic behavior of the manganese spinel is a result
from the competition between 90° direct Mn4+-Mn4+

antiferromagnetic and 90° superexchange Mn4+-O2--
Mn4+ ferromagnetic interactions.31,1 Thus, it has been
shown that superexchange ferromagnetic interactions
dominate for LiMg0.5Mn1.5O4 where the Mn-Mn contact
is between 2.867(4) and 2.923(4) Å,8 whereas an anti-
ferromagnetic character is reported for both λ-MnO2 and
LiCoMnO4 with rMn-Mn ) 2.84 and 2.85 Å, respec-
tively.32,33 Li[Li1/3Mn5/3]O4 composition having rMn-Mn )
2.87 Å is near the crossover between the ferromagnetic
and antiferromagnetic transition.31 The development of
ferro- or antiferromagnetic interactions has an effect on
the temperature variation of the EPR line width. The
EPR line width decreases on cooling for ferromagneti-
cally coupled Mn4+, whereas for antiferromagnetically
coupled Mn4+ there is an increase of the EPR line width.
For the sake of comparison, Figure 8 gives the variation
of the line width for Mn4+ containing spinels, Li[CoMn]-
O4 and Li[Li1/3Mn5/3]O4.23,22 On the basis of this com-
parison, one may suggest that the narrow signal cor-
responds to an antiferromagnetic spinel phase with a
contracted lattice constant (rMn-Mn ≈ 2.85 Å or a ≈ 8.05
Å), whereas the spinel phase with the expanded lattice
constant (rMn-Mn ≈ 2.87 or a ≈ 8.13 Å) is responsible
for the appearance of the broader signal. This result is
in good agreement with the ex-situ XRD data on the
changes of the lattice constant of LiNi0.5Mn1.5O4 during
electrochemical extraction of Li.16,18,20

Li reinsertion causes a recovering of the EPR behavior
of the initial composition in terms of the temperature
dependence of the apparent g-factor and the line width
(Figures 7 and 8). This result reveals the good revers-
ibility of the charging/discharging process for LiNi0.5-
Mn1.5O4 spinel.

Conclusions

As found in the literature for some compositions in
the LiMgyNi0.5-yMn1.5O4 series, structural information
obtained from XRD and/or neutron diffraction, as well

as FTIR spectroscopy, reveals the occurrence of cation
ordering in the octahedral sites, leading to a P4332 space
group superstructure. The results in this work show
that the annealing temperature conditions the occur-
rence of the ordered variants in a different direction
depending on the magnesium content. Thus, for y g 0.25
the superstructure lines become more clearly visible
when the annealing temperature increases from 450 to
750 °C. In contrast, neutron diffraction patterns for
LiNi0.5Mn1.5O4 obtained at 700 and 800 °C evidenced
the progressive loss of ordering when preparation tem-
perature increases. This effect can be related with the
formation of LixNi1-xO and Mn4+ reduction during
annealing at 800 °C, which is less marked for the Mg-
containing spinels. However, the electrochemical be-
havior in the high voltage region was hindered by the
presence of large amounts non-oxidizing Mg2+ ions.
Nevertheless, cycling in the 3-V region, which implies
the Li insertion in octahedral sites (16d) along with
Mn4+ reduction to Mn3+, leads to an extended plateau
in which capacity increased with annealing temperature
for LiMg0.5Mn1.5O4 samples.

The EPR spectrum of LiMg0.5Mn1.5O4 consists of a
single Lorentzian line due to ferromagnetically coupled
Mn4+. When diamagnetic Mg2+ is replaced by paramag-
netic Ni2+, the EPR response from residual antiferro-
magnetic correlations between Ni2+ and Mn4+ ions is
observed for LiMgyNi0.5-yMn1.5O4 compositions. This
EPR behavior enables examination of the electronic
structure LiNi0.5Mn1.5O4 during the electrochemical
extraction of Li in the 5-V region. Lithium extraction
from LiNi0.5Mn1.5O4 leads to an intensity loss in the EPR
signal as a consequence of the oxidation of paramagnetic
Ni2+ to diamagnetic Ni4+ without significant changes
in local environment of Mn4+. Fully delithiated LiNi0.5-
Mn1.5O4 shows an EPR spectrum resulting from local-
ized Mn4+ ions, indicating an exhaustion of paramag-
netic Ni2+ ions in the vicinity of Mn4+ ions. The
spectrum differs from that of LiMg0.5Mn1.5O4, although
in this case it can also be ascribed to Mn4+ ions. The
predominance of superexchange ferromagnetic interac-
tions in the latter oxide would justify the different
profiles. Li reinsertion in LiNi0.5Mn1.5O4 shows a good
recovering of the initial properties making evident the
notorious reversibility of this positive electrode material.
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