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Abstract

Single cell lithium battery systems can operate over 4.5 V vs. LirLiq on the basis of reversible extraction of lithium from several
cathodes based on complex spinel oxides Li MMX O and LiMMXO : MMX

5CrMn , FeMn , CoMn , NiMn , CuMn ; MMX
5CrMn,2 3 8 4 3 3 3 3 3 3

CoMn, NiV. Except for LiNiVO , Liq fully occupies tetrahedral sites and can, therefore, move through the well-known tetrahedral4

site-empty octahedral site pathway; Mn occupies octahedral sites, and exhibits mixed-valence states, so that fast electronic transport is
expected to occur between neighboring Mn3qrMn4q. In all cases, the electrochemical process over 4.5 V is attributable to the redox
couples of M situated in octahedral sites: Cr3qr4q, Fe3qr4q, Co3qr4q, Ni2qr4q, Cu2qr3q. Of a potentially large family of spinel-based
cathodes in the systems Li–M–MX–O, the largest capacity over 4.5 V achievable so far occurs when tetrahedral sites are fully occupied
by lithium which is reversibly extracted by means of the redox couples of M located in octahedral sites. For example, a cell with
LiCoMnO exhibits a discharge capacity of ca. 95 mA h gy1 at a plateau centered on 5.0 V and, therefore, has superior energy density4

and operating voltage to LiMn O , the favored cathode in next-generation lithium batteries. q 1999 Elsevier Science S.A. All rights2 4

reserved.
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1. Introduction

Lithium rechargeable batteries offer the highest energy
w xdensity of all rechargeable battery systems 1 and give

various applications ranging in size from portable elec-
Ž . w xtronic devices to zero emission vehicles ZEV 1,2 . The

requirements for advanced lithium rechargeable batteries
include high energy and power density, reversibility and
cyclability, safety, limited environmental impact and low

w xcost 1,2 . Improved performance is achieved with new or
w ximproved anodes, electrolytes or cathodes 1–4 .

w xLiCoO 5 was the first cathode to be used in commer-2
w xcial lithium ion rechargeable cells 6 , and operates at ca.

3.7 V vs. LirLiq. A recent approach is to replace expen-
sive and toxic LiCoO by the 3.8 V cathode LiMn O2 2 4
w x w x7–9 , in state-of-the-art cells 10 . These cells can success-
fully substitute for conventional nickel–cadmium systems

w xin portable electronic devices 11 , but larger scale batter-
ies for ZEV require further improvement in energy density
by either increasing capacity or raising operating voltage.

w xCells with LiMnO 12,13 and Li Na MnO I2 1.5 0.5 2.85 0.12
w x14 as cathodes exhibited larger capacity, but the former

) Corresponding author

needs improved cycling stability and the latter would
require higher working voltage. Improved electrolytes
w x15,16 have recently made it possible to explore the
potential range to ca. 5 V. Cells with high operating
voltage have been reported with cathodes based on spinel
structure oxides, including 4.7 V for LiNi Mn OX 2yX 4
w x w x w x17,18 , 4.8 V for LiNiVO 19 and LiCr Mn O 204 X 2yX 4

w xand 4.9 V for LiCu Mn O 21,22 . We recently re-X 2yX 4

ported the first single cell lithium battery systems to
operate over 5 V, by the incorporation of novel spinel

w x w xcathodes, Li CoMn O 23 and LiCoMnO 24 : the latter2 3 8 4

showed superior energy density and operating voltage to
w xLiMn O 24 . Subsequently, we found the much cheaper2 4

and less toxic spinel cathode Li FeMn O to operate at a2 3 8
w xdischarge plateau ranging from 5.0 V to 4.8 V 25 . Here

we review and discuss structural, compositional and elec-
trochemical aspects of lithium cathode materials that oper-
ate over 4.5 V.

2. Synthesis and structure

The ideal spinel structure consists of a cubic close-
packed array of anions, with one-eighth of the tetrahedral

0378-7753r99r$ - see front matter q 1999 Elsevier Science S.A. All rights reserved.
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Fig. 1. Possible formation of spinel solid solutions Li M -2y 2Y 1q3Y

MX O and Li M MX O in the systems Li–M–MX –O. Oxygen3y Y 8 2 1qZ 3yZ 8

contents are not specified.

and one-half of the octahedral interstices occupied by
w xcations, having the general formula A B X , where A is a2 4

tetrahedrally surrounded cation, B an octahedrally sur-
rounded one, and X an anion. Possible lithium cathode
materials that operate over 4.5 V are in a potentially large
family of spinel-structure oxides in the systems Li–M–
MX–O which includes two series of possible solid solutions
of general formulae Li M MX O between2y2Y 1q3Y 3yY 8

X Ž . X Ž .Li M O Y s y1r3 and M M O Y s 1 and4 5 12 2 4
X X Ž .Li M M O between LiM O Z s y1 and2 1qZ 3yZ 8 2 4

Ž . w xLiM O Zs3 , Fig. 1 24 . Materials identified so far are2 4
X Ž . X Ž . XLi MM O YsZs0 and LiMM O Zs1 : MM s2 3 8 4 3

CrMn , FeMn , CoMn , NiMn , CuMn ; MMX sCrMn,3 3 3 3 3

CoMn, NiV, Table 1. Several of these exhibit cation order
on the octahedral sites, i.e., 1:3 order for many Li MMX O2 3 8

w x Xspinels 26–28 and 1:1 order for several LiMM O spinels4
w x26,29,30 and, therefore, they are regarded as separate

phases rather than as solid solutions based on binary
spinels such as LiMn O or Co MnO . In the following2 4 2 4

text, M represents Cr, Fe, Co, Ni and Cu.
Oxygen loss associated with the reduction of Mn is

likely to occur at high temperatures for many spinels
containing Mn4q, and was in fact observed in air above

w x6508C for Li CoMn O 23 . Conventional ceramic syn-2 3 8

thesis under oxidizing conditions has been used as a
general technique to prepare spinel phases listed in Table 1
w x25,26 . The following compositions formed spinel phases
in air, subject to either post-reaction anneal or slow-cool-

w xing to optimize their oxygen contents: Li CrMn O 20 ,2 3 8
w x w xLiCrMnO 20,31 , Li CoMn O 23 and LiCoMnO4 2 3 8 4

w x w x24,31 . Conventional ceramic synthesis of LiNiVO 19 ,4
w x w xLi NiMn O 17,32 and Li CuMn O 21,22 gave2 3 8 2 3 8

mainly a single phase but with small amounts of im-
purities, but by low-temperature synthesis, phase-pure

w x w xLiNiVO 33,34 and Li NiMn O 17,18,32 were pre-4 2 3 8

pared; the phase purity of Li CuMn O was improved by2 3 8

sol–gel synthesis, but small amounts of impurities de-
tectable from powder neutron diffraction data remained
w x22 .

Powder XRD patterns of all spinels listed in Table 1
were indexed in the cubic space group, Fd3m with 8.05-

˚arA-8.26. Rietveld refinement was carried out using
w xpowder XRD data for Li CrMn O 35 , LiCrMnO2 3 8 4

w x w x w x35,36 , Li FeMn O 25 , Li CoMn O 23 , LiCoMnO2 3 8 2 3 8 4
w x w x24 and LiNiVO 37 and combined powder XRD and4

w xneutron diffraction data for Li CuMn O 22 ; cation dis-2 3 8

tributions were estimated approximately by comparing the
w xobserved XRD patterns to several theoretical ones 26 or

Ž . w xby observing the intensity of the 220 peak 18 for
Li NiMn O . LiNiVO refined essentially as an inverse2 3 8 4

w xspinel, V LiNi O : V fully occupied tetrahedral 8a sites; Li4

and Ni in 1:1 ratio were disordered over octahedral 16d
sites, Table 1. All others refined to normal spinels,

w x w xLi M Mn O or Li MMn O with Li in tetrahedral 8a0.5 1.5 4 4

sites and M, Mn in octahedral 16d sites with ratio 1:3 or
1:1, Table 1. Li CuMn O was proposed to be2 3 8

w x w xLi Cu Mn O 26 , but was more recently shown to0.5 1.5 4

contain small amounts of impurities together with a main

Table 1
Structural data for high-voltage lithium cathode materials, Li MMX O and LiMMXO based on spinel-structure oxides2 3 8 4

a bComposition Symmetry Lattice parameter Cation distributions Charge distributions References
˚Ž .Space group arA

q 3q 3q 4qŽ . w x w xLi CrMn O Cubic Fd3m 8.208 Li Cr Mn Li Cr Mn Mn O 352 3 8 0.5 1.5 2 2 8
q 3q 4qŽ . w x w xLiCrMnO Cubic Fd3m 8.189 Li CrMn Li Cr Mn O 26,31,35,364 4
q 3q 3q 4qŽ . w x w xLi FeMn O Cubic Fd3m 8.251 Li Fe Mn Li Fe Mn Mn O 252 3 8 0.5 1.5 2 2 8
q 3q 3q 4qŽ . w x w xLi CoMn O Cubic Fd3m 8.132 Li Co Mn Li Co Mn Mn O 23,26,382 3 8 0.5 1.5 2 2 8
q 3q 4qŽ . w x w xLiCoMnO Cubic Fd3m 8.052 Li CoMn Li Co Mn O 24,26,314 4
q 2q 5qŽ . w x w xLiNiVO Cubic Fd3m 8.222 V LiNi Li Ni V O 26,37,394 4
q 2q 4qŽ . w x w xLi NiMn O Cubic Fd3m 8.172 Li Ni Mn Li Ni Mn O 18,26,32,402 3 8 0.5 1.5 2 3 8
q 2q 3q 4qŽ . w x w xLi CuMn O Cubic Fd3m 8.199 Li Cu Li Cu Mn Li Cu Mn Mn O 22,262 3 8 0.9 0.1 0.11 0.22 1.67 2.02 0.64 0.66 2.68 8

a For each composition, one lattice parameter is chosen arbitrarily from the reference list.
b w xIn A B O , A denotes tetrahedral 8a sites, and B octahedral 16d sites.2 4
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spinel phase, Li Cu Mn O which refined to2.02 0.64 3.34 8
w x w xLi Cu Li Cu Mn O 22 , Table 1. M and Mn0.9 0.1 0.11 0.22 1.67 4

have very similar atomic scattering factors, and thus pow-
der XRD data offer little information about possible 1:3 or
1:1 ordering between M and Mn in octahedral sites: further
structural study on possible octahedral cation ordering is
needed.

Various solid state techniques were used to estimate
cation charges, Table 1. For Li CrMn O and LiCrMnO ,2 3 8 4

the valence states of Cr and Mn were determined from
Ž .electron energy loss spectroscopy EELS , consistent with

q 3q 3q 4q w xthe charge distributions Li Cr Mn Mn O 35 and2 2 8
q 3q 4q w xLi Cr Mn O 31,35 . Li FeMn O was found to be4 2 3 8

LiqFe3qMn3qMn4qO from combined 57 Fe Mossbauer¨2 2 8
w xand magnetic susceptibility data 25 . For Li CoMn O ,2 3 8

the valence states of Co and Mn were determined from
Ž .X-ray absorption near edge structure XANES , consistent

q 3q 3q 4q w xwith the formula, Li Co Mn Mn O 38 . For2 2 8

L iC oM nO , E E L S ind ica ted the fo rm u la ,4
q 3q 4q w xLi Co Mn O 31 . For LiNiVO , the charge distribu-4 4

tion was estimated to be LiqNi 2qV5qO on the basis of4
w xmagnetic susceptibility data 39 . For Li NiMn O , X-ray2 3 8
Ž . w xphotoelectron spectroscopy XPS 32 and ultraviolet

Ž . w xphotoelectron spectroscopy UPS 40 indicated the pres-
ence of Ni2q, and assuming oxygen stoichiometry, the
valence distribution, LiqNi 2qMn4qO . For Li CuMn O ,2 3 8 2 3 8

XANES spectra of Cu and Mn edges indicated the charge
q 2q 3q 4q w xdistribution, Li Cu Mn Mn O 22 .2.02 0.64 0.66 2.68 8

3. Electrochemical properties

Electrochemical extraction of lithium from many of the
Mn-based spinels takes place reversibly, initially at a
plateau centered on ca. 4.0 V along with the oxidation of
Mn3q to Mn4q provided that Mn3q is present, then at a
second plateau over 4.5 V along with oxidation of M
situated in octahedral sites. The potential profiles of the

w x w xcells: LirLi CoMn O 23 and LirLiCoMnO 24 are2 3 8 4

shown in Figs. 2 and 3.
The average discharge voltage at the plateau over 4.5 V

and its associated redox couple are listed in Table 2. The
3qr4q w xCo couple in Li CoMn O 23,38 and LiCoMnO2 3 8 4

w x24 operated at discharge plateaux centered on 5.1 V, Fig.
2, and 5.0 V, Fig. 3, respectively. The Cu2qr3q couple in

w x 3qr4qLi CuMn O 22 and the Fe couple in Li FeMn O2 3 8 2 3 8
w x25 both operated at a discharge plateau commencing at
5.0 V and centered on 4.9 V. The Cr 3qr4q couple in
Li CrMn O and LiCrMnO operated at a discharge2 3 8 4

w x Ž .plateau centered on 4.8 V 35 . Redox couple s of Ni in
w xLiNiVO operated at mid-discharge voltage of 4.8 V 19 .4

The Ni2qr4q couple in Li NiMn O operated at a dis-2 3 8
w xcharge plateau centered on 4.7 V 17,18,40,41 .

w xThe spinel LiCoMnO 24 and the layered rock-salt4
w xLiCoO 5 operate as a lithium cathode by means of the2

Fig. 2. Initial charge–discharge profile for a cell, LirLiPF , propylene6
w xcarbonaterLi CoMn O , Ref. 23 .2 3 8

Co3qr4q couple which, in both cases, occupies octahedral
interstices surrounded by cubic close-packed oxygens. Cells
with LiCoMnO , however, exhibit much higher mid-dis-4

w xcharge voltage of 5.0 V, Fig. 3, compared with 3.7 V 42
for those with LiCoO . The voltage increase in LiCoMnO2 4

must originate in either decrease in site energy of Liq

which occupies octahedral interstices in LiCoO , but dis-2

tributes over tetrahedral interstices in LiCoMnO or change4

in electronic structure, induced by the octahedra containing
Mn which are absent in LiCoO , but coexist with the2

octahedra containing Co in LiCoMnO , restricting the4

interconnection between the octahedra containing Co. It
should be noted that all high-voltage cathode materials
except for LiNiVO have normal spinel structure with the4

tetrahedral interstices fully occupied by Li and the octahe-
dral interstices containing a mixture of M and Mn, Table
1.

Recently, cell voltage was reported to increase by the
w xpartial replacement of Co with Al in LiCoO 43 . This2

voltage rise was ascribed through first-principles pseu-
dopotential calculations to substantial charge transfer to
oxygen, instead of Co, during the electrochemical pro-
cesses, since the fixed 3q valence of Al can force elec-

w xtron exchange to occur with oxygen 43,44 . The lithium
intercalation voltage was estimated to be 5.3 V for a

w xhypothetical solid oxide with cubic close-packing 44 . If
this interpretation is correct, cell voltage must increase by
the partial or complete substitution of non-transition metals
for transition metals in any lithium cathode material based
on transition-metal oxides including the high-voltage cath-
ode materials discussed here: substitution of Al for Co in
Li CoMn O , for instance, should lead to average dis-2 3 8

charge voltage above 5.1 V. However, evidence of sub-
stantial charge transfer to oxygen was not found in
Ž . w xLi Co,Al O 43 and, therefore, the voltage rise observed2
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Fig. 3. Initial charge–discharge profile for a cell, LirLiPF , propylene6
w xcarbonaterLiCoMnO , Ref. 24 .4

may arise from the change in cation distributions over
octahedral interstices, including Li sites, after substitution
of Al, followed by possible structural deformations: de-
tailed structural study is needed to clarify the origin of the
voltage rise.

w xIn the ideal normal spinel structure A B X , space2 4

group Fd3m, each 8a tetrahedron occupied by A-cations
shares common faces with four neighboring empty 16c
octahedra. A-cations can, therefore, move three-dimension-
ally through the possible diffusion pathway, 8a™16c™

8a™16c™ . All high-voltage cathodes except LiNiVO4

are normal spinels with all Li situated in tetrahedral 8a
sites, Table 1, and thus long range Liq migration can
occur through the above pathway. Partial occupancy of
tetrahedral sites by immobile cations may act as channel
blocking agents, leading to an increase in activation energy

q w xfor Li conduction 28 . LiNiVO has an essentially in-4
w xverse spinel structure, Table 1 37 : if all the Li were

located in octahedral 16d sites, no Liq conduction would
be expected through the tetrahedral site-empty octahedral
site pathway. Small, but considerable amounts of Li in
LiNiVO were, however, reversibly extracted and inserted4

w xin LirLiNiVO electrochemical cells, Table 2 19,33,37 .4

During reversible extraction of lithium from the cath-
Ž . qodes, electron hole migration accompanies Li migration

to maintain charge neutrality. High electronic conductivity
in oxides has been most frequently observed in mixed

w xvalency semiconductors 45 which require cations of the
same element, but with oxidation states differing by unity,
situated in crystallographically similar sites. For spinels

w x w x w xsuch as Mn O 46,47 , NiMn O 46 and LiMn O 48 ,3 4 2 4 2 4

fast electronic transport is attained by thermally activated,
small polaron hopping between Mn3qrMn4q in adjacent
octahedral sites. Li CoMn O exhibits high electronic2 3 8

w xconductivity 23 , ascribable to the presence of neighboring
Mn3qrMn4q interconnected over three quarters of the

octahedral sites, Table 1. Li NiGe O is a normal spinel2 3 8

with 1:3 order of Ni2q and Ge4q in octahedral sites:
octahedra containing Ge4q are interconnected, but Ni2q

octahedra are completely isolated by these Ge4q octahe-
dra, to prevent any interconnection between Ni2q octahe-

w xdra 28 . Li NiGe O was found to be electrochemically2 3 8

inactive as a lithium cathode since although Liq migration
and oxidation of Ni2q are certainly feasible, there was no
measurable electronic conduction, attributable to the ab-

w xsence of mixed-valence states for Ge 28 .
The theoretical total capacities are defined as the capac-

ities obtainable from the as-prepared, fully discharged
compositions listed in Table 2 to the corresponding fully
charged compositions. For the fully discharged composi-
tion Li Cu Mn O , the fully charged composition2.02 0.64 3.34 8

is limited to Liq Cu3q Mn4q O which already achieved0.70 0.64 3.34 8

oxidation of Cu and Mn; for the other fully discharged
compositions, the redox reactions allow reaching the fully
charged compositions, MMX O or MMXO . The theoretical3 8 4

capacities at the plateaux centered on ca. 4.0 V correspond
to the capacities obtainable by the oxidation to Mn4q of
Mn3q present at the fully discharged compositions listed
in Table 1, and these capacities subtracted from the corre-
sponding theoretical total capacities leave the theoretical
capacities at the plateaux over 4.5 V, associated with the
redox reactions of M. It is seen from Table 2 that the
observed discharge capacities at the plateaux centered on
ca. 4.0 V agree well with the corresponding theoretical

w x w xones. LiCoMnO 24 and Li NiMn O 17 appear to4 2 3 8

contain small amounts of Mn3q, having a fully discharged
state slightly different from respectively LiqCo 3qMn4qO4

and LiqNi 2qMn4qO listed in Table 1, since there existed2 3 8

small capacities at the discharge plateaux centered on ca.
4.0 V, Table 2: Fig. 3 reveals slight evidences of the
plateau centered on 3.9 V for the LirLiCoMnO cell.4

Discharge capacities obtained at the plateaux over 4.5 V
are considerably smaller than expected, Table 2. Elec-
trolyte oxidation occurs above ca. 5.0 V in currently

w xavailable electrolytes 15,16 and, thus, the potential scan
is at present limited to ca. 5.3 V, Table 2. Further improve-
ment in electrolyte stability is required to measure electro-
chemical properties at higher potentials.

Although electrolyte oxidation does not allow us to
fully evaluate cathode properties at high voltage, one of
the largest capacities over 4.5 V would certainly be achiev-
able by having tetrahedral interstices fully occupied by Li
all of which is reversibly extracted by means of the redox
couple of M situated in octahedral sites. Suitable composi-
tions can be chosen from a potentially large family of
spinel-structure oxides in the systems Li–M–MX–O, Fig. 1
w x Ž . w 2q X 4qx24 . The simplest models include: 1 Li M M O0.5 1.5 4

2qr4q Ž . w 3q X 4qxlinked to the M couple; 2 Li M M O linked4
3qr4q Ž . w 2q X 5qxto the M couple; 3 Li M M O linked to4

either M2qr4q or M2qr3q couple. Three examples of the
2q 4q Ž . 3q 4qabove are known: Li Ni Mn O 1 , LiCr Mn O2 3 8 4

Ž . 3q 4q Ž .2 and LiCo Mn O 2 , and the corresponding4
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Table 2
Electrochemical data for high-voltage lithium cathode materials, Li MMX O and LiMMXO based on spinel-structure oxides2 3 8 4

b d d e eComposition Mid-discharge Redox couple Theoretical capacity Theoretical capacity Observed capacity Observed capacity Potential rangerV References
voltage at the plateau to operate at the at the plateau centered at the plateau over at the plateau centered at the plateau over

y1 y1 y1 y1over 4.5 VrV plateau over 4.5 V on 4.0 VrmA h g 4.5 VrmA h g on 4.0 VrmA h g 4.5 VrmA h g
3qr4q w xLi CrMn O 4.8 Cr 75 75 70 55 3.4–5.4 20,352 3 8

f3qr4q f w xLiCrMnO 4.8 Cr 0 151 0 75 3.4–5.4 20,354
3qr4q w xLi FeMn O 4.9 Fe 74 74 75 50 3.0–5.3 252 3 8
3qr4q w xLi CoMn O 5.1 Co 73 73 70 60 3.0–5.3 23,382 3 8
3qr4q w xLiCoMnO 5.0 Co 0 145 10 95 3.0–5.3 244
2qr3qr4qc w xLiNiVO 4.8 Ni 0 148 0 45 3.0–4.9 194
2qr4q w xLi NiMn O 4.7 Ni 0 147 16 95 3.0–4.9 17,40,412 3 8

a 2qr3q w xLi Cu Mn O 4.9 Cu 48 47 48 23 3.3–5.1 222.02 0.64 3.34 8

aComposition of the spinel component at the nominal composition Li CuMn O .2 3 8
bAll redox couples are located in octahedral sites.
c There remains three possibilities: Ni2qr3q, Ni3qr4q, and Ni2qr4q.
d For the calculation procedure, see text.
eEstimated from initial discharge profiles.
fAn inclined single plateau ranging between 3.8–4.8 V was observed.
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charge–discharge profiles of cells with Li NiMn O2 3 8
w x w x17,18 and LiCoMnO 24 showed a long plateau over4

4.5 V, Tables 1 and 2.
The initial discharge profile of a cell with LiCoMnO4

w x y124 as the cathode has capacity of ca. 95 mA h g at the
long plateau centered on 5.0 V, Fig. 3, and therefore
energy density of ca. 475 W h kgy1. This is higher than

y1 Ž y1 . w xca. 456 W h kg ca. 120 mA h g at 3.8 V 42
obtained with LiMn O , and approaches ca. 518 W h kgy1

2 4
Ž y1 . w xca. 140 mA h g at 3.7 V 42 attained with LiCoO . A2

new cathode material, Li Na MnO I , had similar1.5 0.5 2.85 0.12
y1 Ženergy density to LiCoMnO , ca. 468 W h kg ca. 1804

y1 . y2mA h g at 2.6 V , at a current density of 0.5 mA cm
w x14 . LiCoMnO , however, exhibits almost double the4

mid-discharge voltage of Li Na MnO I , and thus1.5 0.5 2.85 0.12

has distinct features as a cathode material. The plateau
centered on 5.0 V exhibits good cycling stability, maintain-

w xing its discharge capacity to well over 35 cycles 24 . The
high energy density and the good cyclability attained
render LiCoMnO potentially very attractive as a cathode4

material in large scale Li ion batteries, toward realizing
ZEV.
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