
H
t

S
S
C

a

A
R
R
A
A

K
‘
H
H
P
H

1

a
h
b
y
i
m
i
b
a
a
t
c
I
s
t

0
d

Journal of Power Sources 189 (2009) 344–352

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

igh voltage spinel oxides for Li-ion batteries: From the material research
o the application

ébastien Patoux ∗, Lise Daniel, Carole Bourbon, Hélène Lignier, Carole Pagano, Frédéric Le Cras,
éverine Jouanneau, Sébastien Martinet

EA/LITEN, Commissariat à l’Energie Atomique/Laboratoire d’Innovation pour les Technologies des Energies Nouvelles, 17 rue des Martyrs, 38054 Grenoble Cedex 9, France

r t i c l e i n f o

rticle history:
eceived 25 July 2008
eceived in revised form 13 August 2008
ccepted 14 August 2008
vailable online 27 August 2008

eywords:
3 V’ and ‘5 V’ Li-ion batteries
igh energy

a b s t r a c t

Li-ion batteries are already used in many nomad applications, but improvement of this technology is
still necessary to be durably introduced on new markets such as electric vehicles (EVs), hybrid electric
vehicles (HEVs) or eventually photovoltaic solar cells. Modification of the nature of the active materials of
electrodes is the most challenging and innovative aspect. High voltage spinel oxides for Li-ion batteries,
with general composition LiMn2−xMxO4 (M a transition metal element), may be used to face increasing
power source demand. It should be possible to obtain up to 240 Wh kg−1 at cell level when combining
a nickel manganese spinel oxide with graphite (even more with silicon/carbon nanocomposites at the
anode). Specific composition and material processing have to be selected with care, as discussed in this
igh power
ositive electrode materials
igh voltage spinel oxides

paper. It is demonstrated that ‘LiNi0.5Mn1.5O4’ and LiNi0.4Mn1.6O4 have remarkable properties such as high
potential, high energy density, good cycle life and high rate capability. Choice of the electrolyte is also of
primary importance in order to prevent its degradation at high voltage in contact with active surfaces.
We showed that a few percents of additive in the electrolyte were suitable for protecting the positive
electrode/electrolyte interface, and reducing the self-discharge. High voltage materials are also possibly
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. Introduction

Li-ion batteries are one of the solutions to meet the energy stor-
ge required and contributed to reduce the overall warming (green-
ouse gases). These systems will probably compete with Ni–MH
atteries for propulsion of hybrid electric vehicles in the next few
ears (2009–2015). They could also compete with lead–acid batter-
es for the storage of solar energy (photovoltaic cells). For these two

ajor applications, as well as for portable electronics and upcom-
ng applications, it is essential to further improve current Li-ion
atteries (security, cost, performances). Present developments are
imed – through the search for new active compounds (electrodes
nd electrolyte) and implementation of optimized architectures –
o improve the energy densities and power, security organs, while
onsidering the cheapest and environmentally friendly solutions.

n addition, the use of active materials conferring high energy den-
ities allows to limit their amount, which normally saves energy at
he level of their production and recycling.

∗ Corresponding author. Tel.: +33 4 38 78 29 20; fax: +33 4 38 78 51 98.
E-mail address: sebastien.patoux@cea.fr (S. Patoux).
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d high power Li-ion cells. In this case, the negative electrode may be made
V’ system.

© 2008 Elsevier B.V. All rights reserved.

Since the first Li-ion cells were introduced on the market by
ony in the early 1990s, worldwide researches have been per-
ormed to find better active materials (cost, safety, capacity, cycle
ife, etc.). Today, high energy commercial cells have energy den-
ity of about 200 Wh kg−1. Most of the Li-ion cells are still using
iCoO2 or Li(Ni,Mn,Al,Co)O2 layered oxides at the positive elec-
rode, and carbon graphite at the negative electrode. To compete
ith the layered oxides, high voltage spinel oxides have been

tudied for the last 10 years. Initially, these materials have been
onsidered as substituted LiMn2O4 materials, because they were
tudied only for their 4 V capacity retention [1,2] (Mn4+/Mn3+ redox
ouple). In 1997, Amine et al. [3] and Dahn and co-workers [4] envi-
ioned the ‘5 V’ component of LiMn2−xMxO4 spinel oxides (M = Ni,
e with x = 0.5, 1 and M = Ni with 0 < x < 0.5). Subsequent researches
ave focused on simple or multi-substitutions for manganese to
nhance the capacity at high voltage. For the last 6 years intensive
fforts have been devoted to the development of LiNi0.5Mn1.5O4
nd variants as positive electrode materials for high energy density

i-ion batteries. In comparison with LiMn2O4, Mn remains essen-
ially in the +4 oxidation state, under normal cycling conditions,
voiding complications associated with the Jahn–Teller distortion
f Mn3+ ions in six-coordinate sites. The theoretical capacity of the
iNi0.5

IIMn1.5
IVO4/Ni0.5

IVMn1.5
IVO4 redox system is 146.7 mAh g−1.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:sebastien.patoux@cea.fr
dx.doi.org/10.1016/j.jpowsour.2008.08.043
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ig. 1. Voltage vs. capacity for several positive electrode materials, obtained under
ormal cycling conditions (20 ◦C, C/5 rate).

t corresponds to the oxidation of nickel (II) in nickel (IV) at
.7–4.75 V vs. Li+/Li (Fig. 1). This high potential, in comparison with
onventional LiCoO2, LiMn2O4 and LiFePO4, gives an energy density
quivalent to 700 Wh kg−1 of active material, referring to Li metal.

For these reasons, LiNi0.5Mn1.5O4 and substituted counterparts
ave focused large interest over the last 6 years, being depicted in
ore than 120 scientific papers. Subsequent researches for the last
years allowed us to optimize the electrochemical performances

nd highlight the LiNi0.4Mn1.6O4 composition for future develop-
ents. This article will discuss our researches on the high voltage

pinel oxides, and it will present the physico-chemical and electro-
hemical characterization of the best compounds. Self-discharge
oncerns will be presented. In a second part, the integration of
iNi0.4Mn1.6O4 in Li-ion cells will be introduced. Depending on the
ature of the negative electrode, high energy cells or safe and high
ower cells may be assembled.

. Experimental

Spinel oxides were prepared by solid state reaction, start-
ng from the respective carbonates in stoichiometric proportions
MnCO3, LiCO3 and NiCO3·2Ni(OH)2). Pure powders (30 g batches)
ere obtained after mechanical activation (extensive ball-milling

n hexane) and thermal treatments at 600 ◦C (10 h) and 900 ◦C
15 h) with specific cooling rate, usually 1.0◦ min−1. A subsequent
hermal treatment at 700 ◦C for several hours and a slow cool-
ng rate (0.1◦ min−1) is necessary to prepare the ‘ordered’ form of
iNi0.5Mn1.5O4. In all cases, we developed an easy post-treatment
n aqueous solution to improve the electrochemical performances
f materials. One of the effects of this final stage is to tailor the
articles by allowing separation of agglomerated particles. All the
teps of the synthesis method are easily up-scalable.

X-ray diffraction (XRD) patterns at 300 K were obtained on
Bruker D8 diffractometer (�–2� geometry, back monochroma-

or) using Cu K� radiation (� = 1.54056 Å). Neutron diffraction was
lso performed on several compounds. Experiments were carried
ut on the high-resolution D1A diffractometer of the Institute
aue-Langevin (ILL, Grenoble, France) at room temperature with
avelength 1.3898 Å, step 0.1◦ (�, 2�), and the data acquisition
ime of 8 h for each sample. Diffraction patterns were refined with
he WinPLOTR/Fullprof suite [5]. Scanning electronic microscopy
mages were obtained with a XL30 Philips microscope. Specific
urface measurements of powders were recorded with a Beckman
oulter analyser (BET method) after degassing at 300 ◦C for 4 h. Par-
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L
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icle sizes distribution of samples was controlled by laser diffraction
sing Mastersizer S analyser from Malvern Instruments. Differ-
ntial scanning calorimetry measurements were carried out on a
etsys system (Setaram, France).

Unless otherwise specified, basic electrochemical tests that are
resented in this paper have been realized in 2032 type button cells,
sing thin composite positive electrodes prepared by thoroughly
ixing 80 wt.% of active material (spinel oxides) with 10 wt.% Super
carbon black (Timcal) and 10 wt.% PVdF binder (polyvinylidene

ifluoride - Solef 1015, Solvay) in NMP (N-methyl-pyrrolidone). As-
repared inks were spread onto aluminum foils using a doctor
lade, with a 100 �m gap. Electrodes (1.54 cm2 discs), with load-

ng of ∼5 mg of active material (∼0.4–0.5 mAh cm−2), were dried
or 24 h at 55 ◦C, pressed (6.5 t cm−2), then dried again for 48 h at
0 ◦C under vacuum. Coin cells were assembled in argon filled dry
ox (<1 ppm O2/H2O) with a microporous polypropylene separator
Celgard® 2400). The liquid electrolyte used consisted in mixture
f ethylene carbonate, propylene carbonate and dimethylcarbonate
1:1:3 in weight), containing LiPF6 as salt (1 mol L−1). 135-�m thick
ithium foil (ALDRICH) is used as counter electrode for materials
haracterization and preliminary tests on electrode development.
lectrochemical lithium insertion/extraction was monitored either
ith a “MacPile” automatic cycling/data recording system (Bio-

ogic SA, Claix, France) operating in galvanostatic and potentiostatic
odes (tests < 10 mA), or with an Arbin BT/HSP-2043 automatic

ycling data recording system (Arbin, Texas, USA), operating in gal-
anostatic mode (up to 10 A).

. Results

.1. Physico-chemical characterizations

LiNi0.5Mn1.5O4 and substituted counterparts have a cubic close-
acked oxygen array similar to the relative LiMn2O4. Generic
iNi0.5Mn1.5O4 can either crystallized in P4332 (Ni/Mn ordering)
r Fd-3m (Ni/Mn disordering) space group, depending on the
ynthesis conditions [6,7]. Contrary to X-ray, neutron diffraction,
hich benefits from different coherent scattering lengths of Mn

nd Ni (−3.73 fm and +10.3 fm, respectively), is a useful technique
o determine such an ordering as well as the lithium distribu-
ion (e.g., restricted or not to the tetrahedral sites). Direct spinel
xides usually adopt the Fd-3m space group, with lithium ions
ocated in tetrahedral 8a sites and transition metal elements filling
he 16d octahedral sites. The particular Ni/Mn ratio (1/3) allows,
nder some synthesis conditions (e.g., very low cooling rate), a
ationic ordering over two distinct octahedral positions, thus nest-
ng the nickel ions in the 4a sites and manganese ions in the 12d
ites (S.G.: P4332). Disordered phase is often considered as non-
toichiometric, and occasionally expressed as LiNi0.5Mn1.5O4−ı.
xygen vacancies have been related to the minor redox activ-

ty noticed at 4 V vs. Li+/Li, which is related to the oxidation
f Mn3+ into Mn4+. Non-stoechiometric compound usually has
ixNi1−xO rock-salt type impurities. Neutron diffraction experi-
ents have confirmed that we succeeded to prepare the expected

rdered LiNi0.5Mn1.5O4 spinel, without any impurity (Table 1). Lat-
ice parameter is in agreement with refinement of X-ray patterns
a = 8.167(1) Å). No oxygen vacancy and full site occupancies (Li+ in
c, Ni2+ in 4a, Mn4+ in 12d, and oxygen atoms in 8c and 24e sites)
ere detected.

However, our general synthesis conditions give a disordered

hase with partial ordering and small impurities enclosed (Fig. 2).
his ‘LiNi0.5Mn1.5O4’ sample contained about 27% of ordered phases
a = 8.165(3) Å), 70% of disordered phases (a = 8.174(1) Å) and 3% of
i0.18Ni0.82O (a = 4.15(1) Å). This sample has better electrochemi-
al performances than the well-ordered sample (cycling life, rate
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Table 1
Summary of the X-ray and neutron diffraction refinements for ordered and disordered ‘LiNi0.5Mn1.5O4’ (cooled down at −0.1 and 1◦ min−1, respectively) and LiNi0.4Mn1.6O4

powders

Sample Ordered phase (not shown) Disordered phase (Fig. 2) LiNi0.4Mn1.6O4 (Fig. 3)
Composition LiNi0.5Mn1.5O4 (100%) a. ‘LiNi0.5Mn1.5O4’ (70%) LiNi0.4Mn1.6O4 (100%)

b. LiNi0.5Mn1.5O4 (27%)
c. Li1−18Ni0.82O (3%)

Temperature (K) 293 293 293
Instrument D1A at ILL (neutron) D1A at ILL (neutron) Bruker D8 (X-Ray)
Wavelength (Å) 1.3898 1.3898 1.54056
Space group (no.) P4332 (212) a. Fd-3m (227) Fd-3m (227)

b. P4332 (212)
c. Fm-3m (225)

Lattice parameter (Å) 8.167(1) a. 8.174(1) 8.180(1)
b. 8.165(3)
c. 4.15(1)

Volume (Å3) 545(1) a. 546(1) 547(1)
b. 544(1)
c. 71(1)

Z (formula units per cell) 8 a. 8 8
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Bragg (%) 4.82

apability). We thus decided to proceed to extra calcinations at
igh temperature and faster cooling rates, like quenching, to fur-
her enhance disordering. We determined that such materials
ave worse cycling stability than our conventional material. It was
ttributed to the increase in oxygen vacancies and Mn3+ content,
s refined. To reduce the ordering part without introducing too
uch vacancies and Mn3+ ions, other samples with compositions

i(1+x/3)NiII(0.5−x/2)MnIV
(1.5+x/6)O4 were prepared using our conven-

ional processing method. Analysis of neutron diffraction pattern
f Li1.033Ni0.45Mn1.517O4 (i.e., x = 0.1) has been done. Contrary to
hat we thought, a partial transition metal ordering was detected

66% disordering and 33% ordering, with less than 1% rock-salt type
mpurity).

Subsequent researches performed in our laboratory allowed to
ptimize the electrochemical performance of the nickel manganese

pinel oxides. We showed that appropriate post-synthesis treat-
ent in aqueous solution improves the cycle life. This treatment

oes not modify the unit-cell parameter, the oxygen vacancies or
he Ni/Mn ordering. Among the various compositions investigated
doped-, substituted- and modified-LiNi0.5Mn1.5O4), we focused

ig. 2. Neutron diffraction pattern (� = 1.3898 Å) and Rietveld refinement of our
onventional ‘LiNi0.5Mn1.5O4’ spinel oxide. Bragg positions correspond, from top, to
rdered spinel (P4332), disordered spinel (Fd-3m) and LixNi1−xO rock-salt impurities
x ∼ 0.2).

m
t
n

F
�
3
p

b. 8
c. 4

6.96 5.36

n the study of LiNi0.4Mn1.6O4 (a = 8.180(1) Å). This material is
ess oxygen sensitive, and it was obtained without any impurity
Fig. 3). It has very good electrochemical properties as presented
n Section 3.2.

After completion of the post-treatment, all samples have spe-
ific surface area of ca. 1.0(1) m2 g−1. Laser granulometry revealed
articles with homogenous dispersion (Fig. 4) that avoids the use
f jet-milling or other sieving techniques usually need before the
laboration of electrodes. All particles are usually between 1 and
0 �m size. Their morphology was observed by scanning electronic
icroscopy (insert of Fig. 3).

.2. Electrochemical characterizations of the nickel manganese
pinel oxides
In the literature, the disordered ‘LiNi0.5Mn1.5O4’ phase is the
ost familiar nickel manganese spinel oxide, due to better elec-

rochemical performance than the ordered phase [8]. It is a
on-stoichiometric compound, having Mn3+ ions as minor impu-

ig. 3. X-ray diffraction pattern of LiNi0.4Mn1.6O4 (Cu K� radiation—� = 1.54056 Å,
–2� geometry, back monochromator) with Bragg positions corresponding to Fd-
m space group (a = 8.180 Å). (Insert) Scanning electronic microscopy images of the
articles distribution of LiNi0.4Mn1.6O4 spinel oxide.
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ig. 4. Particle size distribution of LiNi0.4Mn1.6O4 prepared from our conventional
ynthesis method, including the post-treatment.

ity. The oxidation of Mn3+ into Mn4+ gives a parasitic redox activity
t 4 V vs. Li+/Li (Fig. 5). At the opposite, ordered-LiNi0.5Mn1.5O4
s a pure Mn4+ compound with no activity in the 4 V region. In
ll cases, Ni2+ ions are reversibly oxidized at 4.7–4.75 V vs. Li+/Li.
epending on the ordering, one or two peaks (one or two two-phase
omains) can be observed. In first approximation, the ordered
hase exhibits a single phenomenon and a large ohmic drop
etween charge and discharge. For the disordered ‘LiNi0.5Mn1.5O4’
hase a separation into two redox ‘plateaus’ (two peaks), shifted
y 50 mV, is well described. In the literature, mechanism of lithium
nsertion/extraction into/from ordered LiNi0.5Mn1.5O4 was stud-
ed by Ozhuku co-workers [9]. From x = 1 to x = 0, two cubic/cubic
wo-phase reactions occur (at 4.72 and 4.74 V vs. Li+/Li), with inter-

ediate definite composition at x = 0.5. In agreement with Ni2+

xidation into Ni3+, then Ni4+, the lattice parameter decreases from
.17 to 8.00 Å. At the same time, Kim et al. investigated the struc-
ural changes for both ordered and disordered LiNi0.5Mn1.5O4 [8,10],
nd observed distinct mechanisms. When ordered LiNi0.5Mn1.5O4
hows topotactic phase transition among three different cubic
hases upon lithium extraction (cations disordering operates dur-
ng charge), disordered LiNi0.5Mn1.5O4 exhibits one phase process
rom x = 1 to x ∼ 0.25, then a two-phase process from x ∼ 0.25 to x = 0
both phases have cubic symmetry). According to Kim et al., ordered
pinel has low structural reversibility and rapid capacity fading at

ig. 5. Calculated incremental capacity voltammograms (derivative from galvano-
tatic curves at C/5 rate at 20 ◦C) for ordered and disordered ‘LiNi0.5Mn1.5O4’ spinel
xides vs. metallic lithium.

t
t

v
o

F
a

ig. 6. Discharge capacity as a function of cycle number for LiNi0.4Mn1.6O4/Li,
LiNi0.45Mn1.55O4’/Li and ‘LiNi0.5Mn1.5O4’/Li at C/5 rate (20 ◦C), between 3.5 and 5 V.

igh rates. We also confirmed this remark, and surprisingly noticed
better ability for disordered spinel than for ordered spinel to

reserve stable capacity upon cycling at normal rates (∼C/5). In
ecent papers, Amatucci explained that disordered phase has two
rders-of-magnitude higher lithium diffusion coefficient than the
rdered counterpart [11,12]. Ordered phase is thus limited by its
ow electronic conductivity (10−7 S cm−1). In accordance with the
revious observations, presence of manganese Mn3+ ions seems to
ontribute to the conductivity enhancement and cycle life improve-
ent. We decided to prepare samples with LiNi0.5−yMn1.5+yO4

y ≤ 0.1) compositions using our conventional synthesis method
without post-treatment at this stage). As far as the increase in the
value, the Mn3+ content increases and the rock-salt type impurity
ecreases. The evolution of the specific capacity vs. cycle number
or three compositions (both limits and an intermediate) is reported
n Fig. 6. As expected from our last results on ‘LiNi0.5Mn1.5O4’, the
igher Mn3+ content, the better is the cycle life. At the opposite,
he higher Mn3+ content, the lower is the average potential and
nergy density. A comparison of the energy density (Watt-hours
er kilogram of active material) at various rates is given in Fig. 7.
lthough LiNi0.4Mn1.6O4 have 0.2 mole of Mn3+ ions (4 V vs. Li+/Li)
nd only 0.4 mol of Ni2+ ions (4.7 V vs. Li+/Li), this compound has
he best practical energy density at all rates. It is very close to the

heoretical value at low rate (675 Wh kg−1).

Electrolyte instability at high potential, particularly above 4.5 V
s. Li+/Li, is a natural drawback when using high voltage spinel
xides. In order to reduce degradation of electrolyte and capac-

ig. 7. Energy density as a function of cycle rate for LiNi0.4Mn1.6O4, ‘LiNi0.45Mn1.55O4’
nd ‘LiNi0.5Mn1.5O4’ tested in lithium coin cell at 20 ◦C, between 3.5 and 5 V vs. Li+/Li.
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most part of their capacity at high rate and their cycle life is remark-
able. Specific advantages of using LiNi0.4Mn1.6O4 have been given.
However, some limitations due to the electrolyte instability have to
be circumvented.
ig. 8. Potential–composition profile of LiNi0.4Mn1.6O4 spinel oxide vs. lithium at
/5 rate at 20 ◦C. (Insert) Specific capacity vs. discharge rate.

ty fading, thus to increase the cycle life of the batteries, several
uthors reported the benefit of using particle coating. Zinc oxide
oating of the surface of LiNi0.5Mn1.5O4 particles was the most
opular solution to reduce the interface reactivity of this mate-
ial [13–16]. Aqueous solution containing zinc acetate and spinel
xide was used to prepare coated sample (<5 wt.% of coating),
efore further drying and heating. It seems that ZnO acts as get-
er of the in situ formed HF molecules (produced by electrolyte
egradation), known to be detrimental for the cycle-ability. Almost
o capacity fading for 50 cycles results from zinc oxide coating.
o result under high rate has been reported so far. Silver coated-
iNi0.5Mn1.5O4 was also presented [17], and showed to be not
atisfactory for extended cycling. This was partly explained by the
bility to form insulating Ag2O coating during first charge. A more
xotic study has been realized by Kobayashi et al. on an all solid state
omposite lithium battery, with Li3PO4-coated-LiNi0.5Mn1.5O4 [18].
he authors show that Li3PO4 coating unambiguously improve
V cycling of polymer electrolyte (Li3PO4 forms a stable interface
etween the positive electrode and the solid polymer electrolyte),
ut results are still far away from those using conventional liquid
lectrolyte. Like announced in the experimental section, we real-
zed a post-synthesis treatment, different from previous authors,
f the as prepared materials in aqueous solution to get better
lectrochemical performances, particularly the cycle life. From
ow, all the results presented below are obtained on post-treated
iNi0.4Mn1.6O4 materials. The electrochemical profile and rate
apability of the LiNi0.4

2+Mn0.2
3+Mn1.4

4+O4/Li system are reported
n Fig. 8. One fifth of the capacity is due to the oxidation of Mn3+

ons, and four fifth to the oxidation of Ni2+. Reaction of this high
oltage spinel oxide with lithium is reversible with a low first cycle
rreversibility. The insert graph expresses the very high rate capa-
ility of this spinel oxide (diffusion of Li+ ions is usually fact for
pinel oxides due to the presence of interconnected channels in
he 3D structure). Nominal capacity is preserved up to 10C rate
∼140 mAh g−1). Extended cycling at full charge/discharge is pre-
ented in Fig. 9. Results obtained at 20 ◦C at C/5 and 1C rates are
ery promising, with 0.015% loss of capacity per cycle. In these
onditions, the cycle life (i.e., corresponding to a 20% loss of capac-
ty) is well above 1000 cycles, despite the inherent thermodynamic
nstability of common electrolyte solvents above 4.5 V vs. Li+/Li.
To be able to assemble high energy density Li-ion prototypes,
e had to optimize the active material environment by control-

ing the formulation and the elaboration process of electrode. The
est compromise gives electrodes containing 90% LiNi0.4Mn1.6O4,
ith a part for additives (binder and carbon) minimized to 10%

F
L

ig. 9. Specific capacity vs. cycle number for the LiNi0.4Mn1.6O4/Li system at C and
/5 rates at 20 ◦C.

y weight (it was 20% for our conventional thin electrodes dis-
ussed above). Reversible capacities are 124–129 mAh g−1 for all
oadings (Fig. 10). The loss of capacity is very small and the
olarization is only increased in a small amount when compar-

ng thinner and thicker electrodes. Average discharge potential is
.43–4.49 V vs. Li+/Li. The first cycle irreversible capacity is rather

ow (3.1–3.8%), and practical gravimetric energy densities are in the
60–580 Wh kg−1 of material range. Tests in Li-ion coin cell, using
raphite at the negative electrode, will be presented below in order
o take advantage of the good performances of high loaded positive
lectrode.

Finally, we have verified by ex situ X-ray measurements that the
iNi0.4Mn1.6O4/Ni0.4Mn1.6O4 redox couple is highly reversible from
structural point of view. Even after more than 500 cycles at 100%

tate of charge/discharge, we checked that the structure and the
rystallinity of the electrode material are preserved. Good thermal
eactivity at high state of charge was also demonstrated. We noticed
y differential scanning calorimetry measurements that delithiated
igh voltage nickel manganese spinel oxides are less reactive than

ayered oxides toward the electrolyte (same order than the well-
now stable LiFePO4). We are confident that the above observations
efinitely give evidence of the possibility to use high voltage spinel
xides as positive electrode in Li-ion batteries. The materials retain
ig. 10. Voltage–composition profile in discharge of electrodes containing 90%
iNi0.4Mn1.6O4 (various loading) under galvanostatic mode at C/5 rate at 20 ◦C.



S. Patoux et al. / Journal of Power Sources 189 (2009) 344–352 349

F e for t
a ) in EC
“ is 150

3

r
d
i
r
t
e
o
f
n
t
g
e
t

t
(
t
n
l
w
t
i
f
a
o
a
b
t
c
c
o
v
t
b
r
r
c
g
o
s
b
e

v
s
m
t
t
P
t
b

4

4

S
t
e
s
i
2
l
d
S
u
o
l
m
i
p
i
p
a
a
e
t
t
e

e

ig. 11. Effect of a specific additive tested to reduce the self-discharge at high voltag
ctive material, 10% Super P and 10% binder). Conventional electrolyte is LiPF6 (1 M
non-stop” cycling profile. After open circuit voltage for 2 weeks, restored capacity

.3. Electrolyte

To our knowledge, there is no usable electrolyte for cycling cor-
ectly above 4.5 V vs. Li+/Li. Conventional electrolytes, like LiPF6 salt
issolved in carbonate mixtures, give reactive electrode/electrolyte

nterface at high voltages. In consequence, the self-discharge is
apid at high voltage. Varying the scan rate (e.g., C/100) or the
emperature (e.g., 55 ◦C) also shows the existence of a competing
lectrochemical process (charge capacity is higher than the the-
retical value corresponding to the extraction of all lithium ions
rom ‘LiNi0.5Mn1.5O4’ or LiNi0.4Mn1.6O4). This phenomenon does
ot affect the cycle life in cells with metallic lithium counter elec-
rode and excess of electrolyte. But it should consume electrolyte,
enerate self-discharge and disrupt the Li balancing within both
lectrodes of a Li-ion system. This is why it is unavoidable to work
o the stabilization of the electrode/electrolyte interface.

Following the work done on the carbon negative electrode in
he 1990’s (introduction of small amount of vinylidene carbonate
VC) in the electrolyte), it is interesting to form a stable solid elec-
rolyte interface (SEI) on the positive electrode side. This approach,
ot widespread until now for the positive electrode, is being fol-

owed by Ube Industries in Japan [19]. In an exploratory approach,
e recently initiated a first evaluation of the impact of several addi-

ives on the self-discharge that could initiate in situ coating during
nitial charge by decomposition of the additive. Some of the organic
amilies we have investigated for the moment are sultones, alkyl
cetates, phenyls and alkyl phosphites. Promising results have been
btained with the 1-3 propane sultone additive. In the best case,
reduction of the self-discharge by a factor of three to four has

een observed with only 2% additive (Fig. 11), thus giving interest
o this original approach for further development. In the normal
onditions described in the experimental section (thin electrode
ontaining 10% weight Super P carbon), approximately two third
f the capacity is lost after 2 weeks in open circuit voltage at high
oltage (−68%). With the best additive evaluated for the moment,
he self-discharge was reduced to only 16% in 2 weeks. Coulom-
ic efficiency, corresponding to the discharge over charge capacity
atio, is usually between 97 and 98%. It reaches 99% at C or C/5
ate with additive. An other possibility to reduce the self-discharge
onsists in reducing the global specific surface area of conductive

rains. During our optimization for improving the performance
f thick electrodes, to be used in high capacity Li-ion cells, we
howed that electrode with only 2% high surface area Super P car-
on has 2.5 times lower self-discharge than the conventional thin
lectrodes.

b
(
9
(
o

he LiNi0.4Mn1.6O4/Li system (coin cell with 0.4 mAh cm−2 electrode containing 80%
/PC/DPC (1/1/3). Cycling was performed at C/5 at 20 ◦C. Both systems have similar

% more important when additive is used (18% self-discharge vs. 68%).

The developments and future studies to be realized on the high
oltage spinel oxides must be dedicated to the minimization of the
urface reactivity of the compound towards the electrolyte, while
aintaining high kinetic properties. Other additives that could pro-

ect all active surfaces in contact with electrolyte will be tested,
ogether with an investigation of new ionic liquids and solvents.
resent results are already promising and would allow to evaluate
he interest in high voltage nickel manganese spinel oxides in Li-ion
atteries.

. Discussion

.1. ‘5 V’ high energy Li-ion cells

Since the introduction on the market of the first Li-ion cell by
ony in the early 90’s, worldwide researches have been performed
o find better active materials (capacity, cost, safety, cyclability,
fficiency, stability, self-discharge, etc.) to face increasing power
ource demand. By technological progresses, energy density was
mproved from less than 100 Wh kg−1 in 1991 to more than
00 Wh kg−1 in 2008. Numerous applications like mobile phones,

aptops, handy terminals/PDAs, digital (video) cameras, Bluetooth
evices, portable DVDs, satellites communication devices, scooters,
egway and electric vehicles are all expecting for new high (vol-
metric and gravimetric) energy density Li-ion batteries. Weight
f active materials at the positive and negative electrodes has
arge impact of the global gravimetric cell energy density, with

ore than 50% out of the total. Other cell components are cas-
ng, separator, binders, electronic conductors, electrolyte, etc. At
resent, the prime solution to reduce the global weight consists

n improving the active materials performances (capacity and/or
otential). In addition, the weight of active material at the neg-
tive electrode is less than 40% of the weight of active material
t the positive electrode. It means that the impact of the positive
lectrode on the cell gravimetric energy density is more impor-
ant than the negative counterpart. For volumetric energy density,
he negative electrode has almost similar impact than the positive
lectrode.

Today, carbon (graphite) is the evident choice for the negative
lectrode. In our case, the active material is a mixture of mesocar-

on microbeads (MCMB, Osaka gas) with synthetic flake graphite
SFG, Timcal) and homemade carbon micro-fibers, representing
6% of the total weight. Binder, essentially carboxymethyl cellulose
CMC, Aldrich), is 4%. We believe that this electrode formulation
ffers a good compromise between mechanical strength and elec-
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ig. 12. Voltage–capacity profile under galvanostatic mode at C/20 at 20 ◦C for thin
arbon electrode (3.8 mg cm−2). (Insert) Specific capacity and first cycle irreversible
apacity of carbon electrodes (C/20 rate at 20 ◦C).

rochemical performances. Reversible capacity is high and first
ycle irreversibility is low (Fig. 12, coin cell). Cycle life is also as
ood as expected. It was been tested on thin electrodes vs. lithium
lithium foil is rapidly damaged for superior current densities by
nit area) and on thick electrodes vs. a commercial positive elec-
rode.

Combination of high voltage spinel oxides with car-
on is generalized by the reaction below: LiNi0.4Mn1.4O4 +
6 ↔ Li1−xNi0.4Mn1.6O4 + LixC6. In practice, graphite has usually
o be employed in excess to balance the irreversible loss of
apacity due to the formation of the passivation layer at the
egative electrode, and to prevent lithium deposition at the end
f charge. On the contrary, high voltage materials should be used
n excess in order to protect the electrolyte against excessive
xidation. For these reasons, no excess was selected. As for most
f the commercial energy Li-ion cell, electrodes loading are in
he 3.5–4.5 mAh cm−2 range. Fig. 13 reports the electrochemical
rofile of a 2 A h Li-ion cell based on the LiNi0.4Mn1.6O4/carbon
ystem (the 3rd cycle is reported). Main features of the prototype
re indicated within the graph. Energy density is already rather
atisfactory (∼220 Wh kg−1 at the 3rd cycle), letting us to hope for

rapid success (240 Wh kg−1) in the future. At the opposite, cycle

ife has to be improved, because more than 20% of the capacity
s lost during the first 100 cycles. Note that we observed small

anganese dissolution after prolonged cycling on lithium coin

ig. 13. Charge/discharge profile (third cycle) of a 2 A h LiNi0.4Mn1.6O4/carbon pro-
otype obtained at C/10 rate at 20 ◦C. Features of the cell are reported in the graph.
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ell. This has almost no effect on a lithium foil, but it could have
uch more detrimental effect on a graphite negative electrode

low cycle life).

.2. ‘3 V’ safe and high power Li-ion cells

Some applications like power tools, R/Cs (models, toys), HEVs,
HEVs require high power batteries. For example, the HEVs
urrently use Nickel–Metal Hydride batteries (Ni–MH). This tech-
ology is now stabilized, and no important improvement can be
xpected. Ni–MH batteries sustain several limitations, such as a
ower density limited to ∼1.3 kW kg−1, a low power at low tem-
erature, a charge efficiency seriously weakened above 50 ◦C, a
oderate cycle life, and a cost strongly dependent on the increas-

ng price of nickel and cobalt. That will require – in the view of the
ar manufacturers – the advent of a different type of batteries in
he future. The Li-ion technology is already seriously considered as
promising storage system for automotive applications. Security

s a crucial issue for these large size mobile applications and it is
till a weak point for the present Li-ion technology that should be
esolved in a near future with the use of new cell components. Li-
on batteries have already been integrated in car prototypes. A mass
roduction requires the replacement of the conventional LiCoO2-
ype positive electrode for safety and cost reasons. Among possible
lternatives, we believe that the high voltage spinel oxides give
he possibility to reach high energy densities and high power with
igher safety and lower cost than LiCoO2. For high power Li-ion
ell, carbon could be also a limiting factor due to the possibility to
orm unsafe lithium dendrites. High power Li-ion batteries, using
i4Ti5O12 at the negative electrode to replace carbon, have been
egarded in the last few years [20,21]. The choice of the lithium
itanate was dictated by the numerous advantages of this new
lternative negative electrode material over graphite. Li4Ti4O12 is
zero-strain material [22], which would confer almost unlimited

ycle life. Moreover, the operating voltage is constant at 1.55 V vs.
i+/Li, preventing electrolyte degradation (solvent reduction during
he first discharge) and lithium plating. In other words, Li4Ti5O12 is
ecommended for high rate applications.

Work on the LiNi0.5Mn1.5O4/Li4Ti5O12 redox couple has natu-
ally been published by Professor Ohzuku, announcing a retention
f capacity as high as 83% after 1100 cycles [23,24]. In collaboration
ith Ohzuku et al. Amazutsumi, from SANYO, recently presented a

ommunication on the LiNi0.5Mn1.5O4/Li4Ti5O12 system [25]. This
resentation of the most famous battery manufacturer confirmed
he interest in such a system. In our laboratory, we have also made
imilar investigation for the last few years. Li4Ti5O12 was prepared
y homemade process [26]. More recently, we have decided to
mbark on the study of TiO2 for competing with Li4Ti5O12. In partic-
lar, TiO2–B is a really interesting crystal form of titanium dioxide
ue to its opened-framework that favours lithium insertion. This
ompound was reported for the first time in 1980 by Marchand
27]. The synthesis consists in three consecutive steps, starting with
he preparation of K2Ti4O9 by solid state reaction. This precursor is
ubsequently hydrolysed in acidic condition to form HxTi4O9·nH2O
ompound. Final heat treatment gives TiO2–B. Since 2004, Bruce’s
roup published numerous papers on the hydrothermal synthe-
is of TiO2–B nanowires and nanotubes, and their reactivity with
ithium [28,29]. Depending on the method (original or hydrother-

al) and conditions (temperature, time, pH, concentration, etc.),
e elaborated TiO2–B with various morphologies and size. Elec-
rochemical performances, particularly the profile and the specific
apacity, are extensively modified. The theoretical capacity of
iO2/LiTiO2 is 335 mAh g−1. In comparison, it is 175 mAh g−1 for
i4Ti5O12/Li7Ti5O12 at almost similar voltage (Fig. 14). TiO2–B does
ot present a long two-phase plateau like for Li4Ti5O12. Moreover,
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Fig. 14. Voltage vs. capacity for three negative electrode materials (conventional
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raphite vs. homemade Li4Ti5O12 vs. homemade TiO2–B), obtained under normal
ycling conditions (20 ◦C, C/20 rate). For this figure (and next figure), homemade
iO2–B powder synthesized according to the original process of Marchand [27] has
een used.

he drop of potential, from approximately 2 to 1 V vs. Li+/Li, can be
djusted with the elaboration process of the material. This could
e interesting for an easy control of the state of charge. In prac-
ice, TiO2–B has higher capacity than Li4Ti5O12 at low rate. Rate
apability of both materials vs. lithium is reported in Fig. 15. Up
o 10C rate, TiO2–B sustains higher capacity than Li4Ti5O12. How-
ver, the capacity retention from C/10 to 10C is 55% for the former,
nd 65–70% for the latter. Further experiments should be dedicated
o master this weakness to really benefit from the advantages of
iO2–B.

We examined the reaction of high voltage oxides with
i4Ti5O12. Contrary to conventional cells with graphite, there
s no need to overload the negative electrode. A small excess
f positive electrode might be used. For pure LiNi0.5Mn1.5O4,
he system exhibits a flat charge–discharge voltage profile at
.15 V (only oxidation of Ni2+ into Ni4+, balanced by reduction
f Ti4+ into Ti3+). For LiNi0.4Mn1.6O4, and other Mn3+ containing
amples, part of the reaction occurs at ca. 2.55 V (Fig. 16). The

eversible reaction is summarized by the following equation:
LiNi0.4Mn1.6O4 + Li4Ti5O12 ↔ 3Li1−xNi0.4Mn1.6O4 + Li4+3xTi5O12,
ith 0 ≤ x ≤ 1. Discharge capacity is stable at 137–139 mAh g−1

eferring to LiNi0.4Mn1.6O4, similar to the results with lithium coin

ig. 15. Comparison of the discharge capacity vs. cycle number for TiO2–B/Li and
i4Ti5O12/Li systems at various rates (from C/10 to 10C).
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ig. 16. Charge–discharge profile of a LiNi0.4Mn1.6O4/Li4Ti5O12 cell obtained under
alvanostatic mode at C/5 rate at 20 ◦C. (Insert) Rate capability curve.

ell. Loss of capacity is 0.06% per cycle, intermediate between our
esults with lithium and carbon negative electrode. It corresponds
o a cycle life of about 300 cycles. Rate capability is very good for
lectrode loading to 1 mAh cm−2, with 85% of the nominal capacity
ecovered at 10C rate. After the original work of Ohzuku on the
3 V’ LiNi0.5Mn1.5O4/Li4Ti5O12 system [23,24], we confirm that the
igh voltage nickel manganese spinel oxides are suitable for high
ate applications, particularly in discharge (charge cut-off voltage
s only a few tens of milliVolts above the 3.15 V plateau).

. Conclusion

Better knowledge of the distribution of Li, Mn and Ni atoms in
he spinel sites was obtained from the neutron diffraction exper-
ments. In particular, we confirmed the success to synthesize a
ure and fully ordered LiNi0.5Mn1.5O4 spinel oxide. We showed
hat the disordered samples contain partial ordering and LixNi1−xO
mpurities. By taking no particular precaution, the LiNi0.4Mn1.6O4

aterial has no impurity. Optimization of the synthesis con-
itions gives good electrochemical performances. Although the
ost-treatment does not modify the X-ray and neutron diffrac-
ion patterns, it does improve the cycle life, probably by acting on
he electrode/electrolyte interface. LiNi0.4Mn1.6O4 composition is
high voltage and high rate capability insertion material. It is an

ttractive positive electrode material for next generations of Li-ion
atteries, either for ‘5 V’ high energy cells or for ‘3 V’ safe and high
ower cells. However, the development of cells using high voltage

nsertion material is still challenging due to the inherent instability
f electrolyte solvents. In the next months, we intend to continue
he selection of additives in the electrolyte to protect the interface.
ther complementary approaches, consisting in the replacement of
onventional liquid carbonates with new solvents or the replace-
ent of the conventional electrolyte with ionic liquid will also be

avoured. Solving the problem of electrolyte instability at high volt-
ge (above 4.5 V vs. Li+/Li) is a real challenge that could definitely
ntroduce the Li-ion technology in the vehicle application. It should
lso pave the way for researches on new materials (above 5 V vs.
i+/Li) and new applications. For the moment, we are convinced that
iNi0.4Mn1.6O4 and derivatives are promising materials for future
igh energy density and high power Li-ion batteries.
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