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An extensive series of spinel solid solutions covering most of the range between Li4zMnsO;, and Co,MnOy
including Li;CoMn;30g, (or LiCoy,Mn3,,04) and with the general formula, Li;— yCoy/s 1 3x2Mn3n— x204:
—0.17< X<0.84, forms in air at 800 °C with a final heating at 600 °C. From the combined data of powder
X-ray diffraction (XRD) and X-ray absorption near edge spectroscopy (XANES), the solid solutions have
the structural formulae [Li*]s,[Li* — yCo> " 154 3xoMn> T 154 3xoMn* 1 _54]16404 for X<0 and
[LiT1_yCo®T y]glCO> T 124 xoMN> ¥ 115 xoMn* 1 _ y]16404 for X =0, in space group Fd3m; 1:3 ordering of
cations on octahedral 164 sites may occur for compositions around X'=0, but was not detected by

XRD. Observed effective magnetic moment values from magnetic susceptibility data are consistent with these
formulae. Weiss temperatures become increasingly negative with increasing X, with evidence for spontaneous
magnetisation below ca. 150 K, suggesting the presence of ferromagnetic interaction between Co?™ and Mn>*

or Mn** for samples with X>0. Impedance data on pellets with blocking electrodes demonstrate a modest
level of semiconductivity which may involve mainly Mn®*/Mn** situated in adjacent octahedral 164 sites.
Potential profiles for electrochemical cells, Li/Li;— yCoy/ 4 3x2Mn3— x204: —0.17< X'<0.18, reveal a charge/
discharge plateau centred on ca. 4.0 V, and a second plateau centred on ca. 5.1 V which shows a maximum
discharge capacity of ca. 62 mA h g71 at X=0, i.e., Li,CoMn3;Og. For X>0, the solid solutions lose their
electrochemical activity as a cathode possibly because the Co that resides in tetrahedral 8a sites blocks Li™
conduction through the pathway: tetrahedral 8« site—empty octahedral 16¢ site. For X <0, the first charging
cycle is not reproduced on subsequent discharge/charge cycles; reasons for this are not understood. In order to
explain the large capacities of charge/discharge for X <0, some additional redox process, possibly O /O™,

appears to be necessary.

Introduction

Intense investigations' into cathode materials for lithium ion
rechargeable batteries have been made for the last two decades,
leading to the recent commercialisation®® of 4 V cells with
cathodes, LiCo0,* and LiMn,yO,.>" These cells are used
in portable electronic devices,® but larger scale batteries for
zero emission vehicles require improved energy density
which is attained by either increasing the capacity or
raising the operating voltage. Lithium cathode materials
that exhibit larger capacity include LiMnO,”!° and
Li; sNagsMnO, sslp 12,'' but the former needs improved
cycling stability and the latter requires higher working voltage
and a less inclined discharge plateau.

Improved electrolytes'>!? have recently made it possible to
explore the potential range to ca. 5V vs. Li/Li*T. All high-
voltage lithium cathode materials'® reported so far that operate
over 4.5V are complex spinel-structure oxides based on
Li,MM30g and LIMM'Og: MM'3=CrMn;,">'® FeMns,"”
CoMns,'®  NiMn,;,'”?**  CuMns??2 MM =CrMn,!>!°
CoMn,* NiV.** Spinels Li,MM';0g and LiMM'O, may
exhibit cation order on the octahedral sites, ie., 1:3 order
for many Li,MM’30g spinels®>?® and 1:1 order for several
LiMM'O, spinels.?”*® Thus, they may be regarded as separate
phases, distinct from simple binary spinels such as LiMn,Oy4
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and solid solutions derived from these, which do not show such
cation order.'*

The first cathode materials reported to operate at discharge
voltage above 5 V are Li;,CoMn;30g 8 and LiCoMnO,.2 There
exists a potentially large family of spinel-structure oxides in the
system Li—-Co-Mn-O which includes two spinel compositional
series with cation to anion ratio of 3:4, Fig. 1. One series is
between the two binary spinels LiMn,Oy 57 and LiCo,04% a
spinel solid solution of general formula Li,Co;, yMnjz_yOg
forms, at least in the range —1< Y <1, in air at 600 °C and
includes the two above-mentioned phases Li;CoMn;0g (Y=0)
and LiCoMnO, (Y=1).2>*" Potential profiles recorded for
electrochemical cells containing these spinels as the cathode
exhibited a clear plateau centred on ca. 5.0V for Y= —0.6,
which showed a maximum discharge capacity of ca.
95 mAhgf1 at Y=0.6 and 1.0.2>*® As a result, these two
cathodes show superior energy density to LiMn,O,, the
cathode material used in state-of-the-art cells.?*3°

The other simple series is between the two binary spinels
LisMnsO1, "% and Co,MnOy4:* this series may be written as
Li]_XC01/2+3X/2M113/2_X/204, and includes LizCOMn30g at
X=0. Here we survey the formation of spinel solid solutions in
this series over the range —0.33< X<, in air at 600 °C, and
discuss the cation and charge distributions, as determined by a
combination of X-ray Rietveld refinement and XANES
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Fig. 1 Formation of Lll 7XCO 12+ 3X/2Mn3,2,X,204 and

LiC01/2+ y/zMn3/27 y/204 (tthk HI‘ICS) spinel solid solutions in the
system Li-Co-Mn-O. Oxygen contents are not specified.

spectroscopy, together with electrical, magnetic and electro-
chemical property measurements.

Experimental

Stoichiometric mixtures of dried starting materials Li,COs,
CoO and MnCOs3, all reagent grade, were ground intimately,
fired in air, initially at 650 °C for 2 h to decarbonate then at
800 °C for 3 days with intermittent regrinding and finally at
600 °C for 3 days, followed by quenching to room temperature.

Powder X-ray diffraction was performed with a Stoe Stadi/P
diffractometer, Cu-Ko; radiation, using Si as an external
standard: a scan range of 8°<20<113° in steps of 0.2° was
used for Rietveld refinement. The data were analysed using the
Stoe software package: lattice parameter refinement was
carried out with the LATREF program and Rietveld refine-
ment with the pattern fitting structure refinement (PFSR)
program.

X-Ray absorption spectra were recorded in transmission
mode on an EXAC-820 spectrometer, using a Ge(400)
monochromator. Co K-edge XANES used Li,CoGes;Og and
LiCo0, as references: Li,CoGe;Og contains Co>* essentially
in tetrahedral sites,?® and LiCoO, contains Co>™* in octahedral
sites. Mn K-edge XANES used Mn,O;, LiMn,O, and
Li;MgMn;0g as references: these contain Mn in octahedral
sites, with average valence states of 3+, 3.5+ and 4+,
respectively.*°

Magnetic measurements were performed in He between 83
and 520 K using a MB-3 Shimazu Faraday balance with
Tutton’s salt, (NH4),Mn(SO,),-6H,0, to calibrate the magne-
tization data.

For conductivity measurements, the as-prepared samples
were cold-pressed to form pellets (8§ mm diameter; 2-3 mm
thickness), which were then sintered at 950 °C for a few hours in
order to increase the mechanical strength, slowly cooled to
600 °C and maintained at 600 °C for 3 days, before quenching
to room temperature. In/Ga paste electrodes were coated on
opposite sides of the sintered pellets. Impedance data over the
temperature range —40°C to 30°C were recorded with
Hewlett-Packard 4192 instrumentation, and analysed in
three formalisms,>* the complex impedance (Z*), admittance
(Y*), and modulus (M*), using in-house software.

To make positive electrodes for electrochemical testing, the
samples were blended with 5 wt% acetylene black and 8 wt%
polyvinylidene fluoride binder. Electrochemical measurements
used a glass test cell containing the above composite positive

electrode, Li metal foil as the negative electrode, Li metal as a
reference and 1 M LiPFg dissolved in propylene carbonate as
the electrolyte. Cycle tests were performed galvanostatically in
the range 3.0-5.3 V ys. Li/Li", using, unless noted, a current

density of 0.5 mA cm ™2

Results

Powder XRD indicated that, after reaction at 800 °C followed
by a post-reaction anneal at 600 °C, a range of spinel solid
solutions of general formula Lil,XC01/2+3X/2MI'13/2,X/2O4
formed over the range —0.17<X<1. Small amounts of
LinMnO; were detected in compositions with X< —0.17,
consistent with the reported difficulty in synthesis of pure
Li;MnsOq,, X=-0.33.>> These compositions containing
X< —0.17 have not been studied further here.

Powder XRD patterns of all the spinel solid solutions in the
range —0.17<X<1 were indexed in the cubic space group
Fd3m. Lattice parameters, @, as a function of composition are
shown in Fig. 2; they pass through a minimum at X=0 and
increase to either side, thus indicating that compositions to
either side of X=0 have distinctly different solid solution
mechanisms. In the range X'<0, a increases linearly until the
limit of the phase-pure region, ie., X~ —0.20; in the range
X =0, a increases linearly until X'~ 0.84, after which, apparent
deviation from linearity takes place. Compositions at X>0.8
have not been studied further; possibly the Co:Mn ratio
departs from 2: 1, or oxygen loss occurs.

Structural and valence state characterisation

We reported previously, using Rietveld refinement of powder
XRD data, that Li,CoMn;Og has the cation distribution
[Li]g.[Coo.sMnj s];64/04: all Li is located in tetrahedral 8a sites;
Co and Mn in 1:3 ratio are distributed over octahedral 16d
sites.!® Cation order®2® on the octahedral sites is possible,
since although XRD data revealed no evidence of super-
structure reflections, Co and Mn have very similar atomic
scattering factors.'®

In the present study, structure refinement was carried out for
compositions to either side of X=0, at X=-0.173 and 0.381,
using the starting atomic positions of the spinel phase,
LisMnsO;,,>' with initial isotropic thermal parameters,
0.05 A3, for all atomic positions. Theoretical XRD patterns
were generated initially for various models with different cation
distributions on 8a and 16d sites. This demonstrated that Co
and Mn preferentially occupied octahedral 164 sites for both
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Xin Liz 5xC0o4 3xMn3_xOg

Fig. 2 Variation in lattice parameter, a, with composition, X, for spinel
solid solutions Ll] 7/\/C01/2+3x/2Mn3/27/\//204.
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Fig.3 Mn K-edge XANES spectra;
Li,MgMn;0g are used as references.

Ml’l203, LiMn204 and

samples. Mn K-edge XANES spectra for X=—0.173, 0 and
0.381 resembled one another, Fig. 3. This indicates that Mn in
all three samples is surrounded similarly by oxygen, and thus
X=-0.173 and 0.381 are also likely to have all Mn in
octahedral sites. The Co K-edge absorption spectrum for
X=-0.173, Fig.4, resembles that of X=0, and thus
X=-0.173 is also likely to have all Co in octahedral sites;
the Co K-edge absorption spectrum for X'=0.381 is shifted
significantly, however, which could be consistent with the
presence of some Co in tetrahedral sites.

The Mn K-edge XANES spectrum for Li,CoMn;0g, X=0,
has the overall position of its absorption edge between those of
Li;MgMn;0g and LiMn,O,, Fig. 3; the average valence state
of Mn in Li,CoMn;Og is therefore estimated to be between
354+ and 4+4. The Co K-edge XANES spectrum for
Li;CoMn;0g, Fig. 4, has threshold energy very similar to
that of LiCoO», and thus Co in Li,CoMn;0g appears to have
valence state 3+ . Consequently, Rietveld refinement fixed Mn
at 16d sites, and allowed the exchange of Co with Li over 8«
and 16d sites. R values®® were used to evaluate the refinement
results. Results are summarised in Tables 1 and 2.

Li; 17C0¢.24Mn; 5004 (X=—0.173) was found to have the
cation distribution [Li]ga[Li0'|7C00'24Mn1‘59]16(;04: Li fully

—o— :X=-0.173

: X=0

: X=0.381 _
: Li,CoGe; 0y
ZLiCOOz

Co K-edge

Normalised absorbance
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Fig. 4 Co K-edge XANES spectra; Li;CoGe;0g and LiCoO, are used
as references.
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Table 1 Structure refinement parameters for Liy34C0¢45Mns 1305
(X=-0.173)

Atom Site x/a yib zle Uiso/A>  Occupancy
Li(l) 8« 0125 0125 0125  0023) 1

Li2) 16d 0.5 0.5 0.5 0.05 0.085

Co 16d 0.5 0.5 0.5 0.05 0.120

Mn 16d 0.5 0.5 0.5 0.01(1) 0.795

(6] 32¢  0.2584(9) 0.2584(9) 0.2584(9) 0.020(5) 1

Space group Fd3m; a=8.1481(9) A; R,=1.61%; Ry, =2.07%.

Table 2 Structure refinement parameters for Lij4Co,14Mn; 6,05
(X=0.381)

Atom Site x/a ylb zle Uiso/A>  Occupancy
Li 8a  0.125 0.125 0.125 0.012(14) 0.62

Co(l) 8a 0.125 0.125 0.125 0.012(14) 0.38

Co?) 16d 05 0.5 0.5 0.017(6) 0345

Mn 16d 0.5 0.5 0.5 0.017(6)  0.655

0 e 02542) 0254(2) 0.2542) 0.040(12) 1

Space group Fd3m; a=8.1929(15) A; R,=2.01%; R,,=2.55%.

occupies tetrahedral 8a sites; octahedral 164 sites contain Li,
Co and Mn. LiCo;»Mn3»04 (X=0) has the distribution
[Lilso[Coo.sMny s]16404. Lig.62C01.07Mn; 3104 (X=0.381) has
the distribution [Li0462C00'38]80[C00,69Mn1431]16,,04: Li and Co
are randomly distributed over the tetrahedral 8« sites whereas
the octahedral 164 sites are occupied by Co and Mn.

The Mn K-edge absorption spectrum for X=—0.173 is at
slightly higher energy than that of X=0, Fig. 3. The increase
occurs in spite of an increase in lattice parameter, Fig. 2, and
clearly indicates that the valence state of Mn for X=—0.173 is
higher than that of X=0.3° This increase in threshold energy is
probably due to an increase in metal-ligand bond strength
associated with an increased oxidation state of the cation. By
contrast, the Co K-edge absorption spectrum for X=—0.173 is
at slightly lower energy than that of X=0, Fig. 4.
This decrease can be explained by the increase in
lattice parameter, Fig. 2, without the necessity of involving
any change in oxidation state of Co. These XANES results,
together with the XRD refinements, lead us to conclude that
Li; 17C0¢24Mn; 5004 (X=—0.173) has the structural formula
[Li+]8a[Li+0.17C03+0.24Mn3+0.24Mﬂ4+1.35]16404 whereas X'=0
has the structural formula [Li*]g,[Co> "¢ sMn> T o sMn**];6,/04.

The Mn K-edge absorption spectrum for X=0.381 is at
somewhat lower energy than that of X=0, Fig. 3. This decrease

Site occupancy
\

-1/3 0 1/3 2/3 1
X

Fig. 5 Change in occupancy of tetrahedral 8« (t) and octahedral 16d (o)
sites with composition X.
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Fig. 7 Field dependence of the magnetisation at 83 K.

is attributable partly to an increase in lattice parameter,
Fig. 2, and partly to a decrease in oxidation state of Mn.
The corresponding Co K-edge is shifted to much lower
energy than that for X=0, Fig. 4, and thus Co in X=0.381
probably exhibits a mixed valence state between 2+ and
3+. Since the XRD refinement shows that Co occupies both
tetrahedral and octahedral sites, then by taking account
of crystal field stabilisation,>” it is reasonable to assume
that Co®* occupies octahedral sites and Co’* is in
the tetrahedral sites. These XANES results together
with the XRD refinements lead to the structural

Table 3 Magnetic parameters for Co-doped lithium manganese spinels

formula [Li*6C0” " g35]sC0” " g.6eMn’ T, oMn* g 62116404
for X=0.381.

The linear change in a with X for —0.173<X<0 and the
structural formulae determined for X=—0.173 and 0 lead to
the general formula [Li*]s,[Li™ —xCo’ " 104 30oMn’ " 10330
Mn4+172/\’]|6d04 for —-0.173< X <0. This is based
on the substitution mechanism 3/2Co>* ¢4 3/2Mn3" ¢ =
2Mn** 6s+LiT 64 and leads to the well-established formula
[Li " JsalLi* 0.33Mn* 71 67116404 313 at the limiting composition
X=-0.33, ie LiyMnsO;,. This end-member phase,
Li4MnsO,, is not stable at high temperatures, which explains
why, in our samples heated at 600 °C, the spinel solid solutions
did not extend as far as this composition.

The linear change in ¢ with X for 0<X<0.84 and the
structural formulae determined for X=0 and 0.381 lead to the
general formula [Li* _yCo®* y]s[CO® 1oy xoMD* 110y
Mn*t_ 416404 for 0<X<0.84 which is based on
the mechanism Li+8a-|-l\/ll’l4Jr 16d= C02+8a+ 1/2(:03+ |6d+ 1/2
Mn®*t s, and extrapolates to the expected formula
[Co> s [CO*Mn>+]16,04 > at X=1.

XANES spectra in the range 0<X<0.84 supported the
above formula: thus, (1) Mn and Co K-edge absorption spectra
each shifted to lower energy with X, and therefore, the oxidation
states of Mn and Co are both likely to decrease with X; (2) all
samples had similar-shaped Mn K-edge spectra and are
therefore likely to contain Mn in only octahedral sites; (3) the
Co K-edge spectra shifted significantly with X; consequently the
concentration of Co in tetrahedral sites increases with X.

From these various results, a model for the change in site
occupancy of tetrahedral and octahedral sites with composition
is obtained and presented in Fig. 5. With increasing X: Mn*™*
and Li* in octahedral sites are replaced by a mixture of Mn>*
and Co®*; Li* in tetrahedral sites is gradually replaced by
Co”™, but only for X>0. The decrease in lattice parameter
with X over the range —0.17<X<0 is attributed to the net
effect of replacing Li on octahedral sites by Mn>*/Co®*. The
increase in lattice parameter over the range 0<X<0.84 is
attributed to the replacement of Mn** on octahedral sites by a
mixture of Mn®* and Co®*. This more than offsets the effect
of substituting Li on tetrahedral sites by Co>™.

Magnetic properties

The temperature dependence of the inverse molar magnetisa-
tion normalized by magnetic field (H/M) is shown in Fig. 6.
The field dependence of the magnetisation at 83 K is shown in
Fig. 7. No spontaneous magnetization was observed at 300 K
for any sample, indicating that H/M could be considered as the
inverse molar susceptibility. Magnetic properties extracted
from these plots are summarised in Table 3.

Curie-Weiss paramagnetic behaviour was observed for all
samples and therefore, the effective magnetic moment () and
Weiss temperature (0) values were calculated from (H/M)-T
plots above 300 K. Deviation from Curie-Weiss paramagnetic
behaviour below 200 K was observed for the samples with
positive X values due to spontaneous magnetization originating
from magnetic order between Co?" and Mn ions; for X=1, the

X Value Cation distribution? gt/ LB ,ueﬂ/,uB" Calc. 0/K M,/G cm’ g7l (at 83 K)
—0.173 (Li)g4[Lig.17C00.24Mny 5016404 4.683(7) 5.11 —12 0.02(3)

0 (Li)g,[Coo.sMn; 5]16404 4.793(9) 5.20 -76 0.00(2)

0.183 (Lio.xlscoo.185)8(1[C00.589MH1.41 1116404 5.111(12) 5.41 —142 0.05(2)

0.597 (Lig.402C00.597)8a[C00.799M11} 201]16404 6.04(3) 5.84 —242 12.5(6)

“Cation distributions determined by X-ray Rietveld analysis and XANES spectra. “Calculated effective magnetic moment values were obtained
by assuming that Co ions on 8a and 164 sites are high-spin 2+ (S=3/2) and low spin 3+ (S=0) states, respectively and that Mn ions are
mixed valence state of high-spin 3+ (S=2) and 4+ (S=3/2) states; previous data on end-member compositions showed the cation distribu-
tions of LiMn,O4 and Co,MnOy are (Li)s,[high-spin Mn>*Mn**],4,0,4 and (high-spin Co>*)g,[low-spin Co>*high-spin Mn>*],6,04, respec-

tively.
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Fig. 8 Relation between the square of the paramagnetic moment per
chemical formula normalized by the Bohr magneton, (ueg/up)” and X.
n is the average valence state of Mn.

Curie temperature has been reported to be 170-180 K for
ferrimagnetic Co,MnO,4.** Thus, the appearance of antiferro-
magnetic interaction between Co>* and Mn ions is supported
by the change in Weiss temperature to large negative values
with increasing X for X>0. The large negative value for the
sample with X=0 compared to that for X=—0.173 can be
explained by the suppression of ferromagnetic interaction
between adjacent Mn* ™ ions on 164 sites due to the occurrence
of antiferromagnetic Mn>*—Mn** interaction. This suggestion
arises from a similar comparison between 6 values for
LisMnsO;, (440 K)* and LiMn,O, (—266 K)*®.

On comparing experimental and calculated pe values and
their variation with X, Table3, a large disagreement is
observed for three samples with X' <0.2. Since these samples
can be considered as manganese-rich, with Mn/(Co+ Mn)
>0.73, we consider that the change in pgr with X is mainly
governed by the electronic configuration of Mn** and Mn*™*
ions on octahedral 16d sites. Using the chemical formula
derived from analysis of XRD and XANES data, the
calculated compositional dependence of u.i® was obtained
for —1/3< X<0 from the sum of the magnetic susceptibility of
each magnetic ion, as follows:

(Heff/.“B)z=(1/2+3/2X),L12C03_ "
+(1/243/2X )y, 50 +(1=2X)py, o

in which pces+, tnvms+ and ppns- are the spin-only para-
magnetic moments of low-spin Co*™, Mn** and Mn** ions,

5
X=0.183;-16 °C
4
)
o]
N
N
1 2
(]
< "
1 10° 10 3
o00CO0Qp 10
& ) .OQ?QI/
0
0 1 2 3 4 5
104 Z/Q cm

Fig. 9 Impedance data for composition X=0.183 at —16°C.
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respectively. If all Mn>™ ions are in the high spin (S=2) state,
the equation changes to:

(Heir/1p)* =24(1/2+3/2X) + 15(1 —2X)
=27+6X

@

in which each pu.g/up value was calculated using 2\/S(S +1)
where S is the spin quantum number. If, however, Mn*" ions
are in the low-spin state (S=1), then:

(/) =8(1/2+3/2X) +15(1 -2X)

3)
=19-18X
For the compositional range 0< X <1, yeq” is given by:
(tegr/ M) = X122 o +(1/24+ 1/2X)12 1. “

+(1/24 12X, s+ (1= X, o

where fico2+ 18 the spin-only paramagnetic moment of high-spin
Co?>™ (S=3/2). In the case that Mn>" is high-spin, then:

(egr/ 115)* = 15X +24(1/2+1/2X)+15(1 = X)

(5)
=27+12X
and for low-spin Mn>™:
(o / ig)* = 15X +8(1/2+1/2X)+15(1—X) -

=194+4X

Eqns. (2), (3), (5) and (6) are plotted together with observed
(ter/ts)” data in Fig. 8. Except for the data point at X=0.597,
the observed curve can be explained by the co-existence of low-
spin and high-spin Mn®>" when the Mn valence state () is
larger than 3.5. The compositional dependence of the
paramagnetic moment is similar to that for Li; , yMn,_ xOy:
0<X<0.33 (ie. a solid solution between LiMn,0O4 and
Li4Mn5012);38 observed perr values above n=3.6 were smaller
than calculated from a combination of high-spin Mn** and
Mn**. The similarity of pe—X plots between LisMnsOj,—
Co0,MnO, and LiMn,04-Li;MnsO;, solid solutions indicates
that the compositional dependence of paramagnetic moment
originates mainly from the mixed valence state of Mn>* and
Mn*" in octahedral 164 sites. The reason for the occurrence of
low-spin Mn>" ions is still unclear. One factor that may
contribute to this is the strength of the ligand field around
Mn®* which increases with decreasing X due to the decrease in
lattice parameter a, Fig. 2.

Electrical conductivity

Impedance complex plane plots of data recorded on sintered
pellets typically showed two or three arcs. Thus, for composi-
tion X=0.183, Fig. 9, the high frequency arc has an associated
capacitance, calculated from the relation wRC=1 at the arc
maximum, of 2.5x 10”12 F, typical of a bulk response.>* The
middle frequency arc, with an associated capacitance of
3.6x 107" F, corresponds to a grain boundary resistance.*
The low frequency arc with capacitance 1.3 x 1077 F may be
ascribed to Schottky barrier phenomena® at the sample—
electrode interface. For X=1 (not shown), two partly-resolved
arcs are seen with capacitances 5.8 x 10~ '? F, corresponding to
the bulk response, and 3.9x 10~ "' F, corresponding to the
grain boundary response. A low frequency response attribu-
table to Schottky barrier phenomena exists, but is almost
hidden by the large grain boundary response.

Resistance values for the various components were obtained
from the arc diameters, or their intercepts on the real, Z’ axis.
The grain boundary resistance was 2-3 times larger than the
bulk resistance in the range —0.173<X<1, but was ca. 10
times larger than the bulk resistance for X=1. However, the
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Fig. 10 Conductivity Arrhenius plots for spinel solid solutions.

grain boundary capacitance for X=1 was ca. 10 times smaller
than that for —0.173<X<1 which implies that the grain
boundary thickness in the former case is ca. 10 times greater
than that in the latter. The grain boundary impedance may
represent the formation of an impurity phase or a segregation
effect but, given the variation in its capacitance, it may also
correspond to a constriction resistance associated with
incomplete densification of the pellets during sintering,
especially for composition X=1. As commented above, the
stoichiometry and structure of ‘Co,MnQOy’ is not fully resolved
and similarly, its electrical conductivity data show complexity
and require further investigation.

No low-frequency spikes attributable to a blocking electrode
response, Fig. 9, were seen in the measured temperature and
frequency ranges throughout the compositional range
—0.173<X<1, and thus, as expected, the main conductive
species is likely to be electrons.

All the present samples show similar bulk conductivities at
room temperature, in the range 2.0x107* to
6.3x107*Scm™!, consistent with a modest level of semi-
conductivity, Table 4. This may be attributed to the presence of
neighbouring Mn>*/Mn*" ions in octahedral sites.*® Bulk
conductivities, o, fit the Arrhenius equation,
o(T)=o0pexp(—AH/kT), where g, is the pre-exponential
factor, AH activation energy, and k Boltzmann’s constant,
Fig. 10. All the samples exhibit low AH, 0.31 to 0.36 eV, which
shows a minimum at X'=0 and increases slightly to either side,
Table 4. The lattice parameter, a, also passes through a
minimum at X=0, Fig. 2, which leads to the conclusion that
AH increases with ¢ and hence with the distance for electron
hopping. The compensation rule appears to apply to this solid
solution: an increase in AH accompanies an increase in oy
which acts to suppress any change in conductivity, Table 4.

FElectrochemical properties
Charge—discharge experiments were carried out to
extract lithium reversibly from the solid solutions, using

Table 4 Conductivity Arrhenius parameters for spinel solid solutions
Li_5xCoy 4 3xMn;3- xOg

X AH/eV logio[oo/S cm ™ ] G2s5-cx 10%S cm™!
—0.173 0.355 4.79 2.06

0 0.311 4.51 6.04

0.183 0.332 4.81 5.38

0.597 0.331 4.79 5.27

1 0.346 5.12 6.25

electrochemical cells, Li/LiPFs, propylene carbonate/
Li;—>xCoy 4 3xMn;3_ xOg. Fig. 11 shows potential profiles of a
selection of cells during the first cycle. For —0.173 < X'<0.183,
two reversible plateaux centred on ca. 4.0V and ca. 5.1V are
seen; for X=0.381, only one reversible plateau, centred on ca.
4.0V, is seen and for 0.60 < X'<1 both plateaux disappear.

Co,MnO, (X=1) contains no Li to extract, but a cell with it
as the cathode shows irreversible, false charge capacity of ca.
7mA h g~!, which is probably caused by electrolyte oxidation
above ca. 5.0 V, Fig. 11. Such false charge capacity arose for all
cells, as seen from a constant difference between total discharge
and subsequent total charge capacities upon cycling for one
composition, X=-—0.173, in Fig. 12, and ranged from 4 to
8mA hg !, depending on X. [Note: for compositions X <0,
the difference between charge and discharge capacities was
considerably greater in the early cycles; this is discussed later.]
In the following, the capacity data have been corrected for false
charge capacity.

The theoretical total capacity, defined as the capacity
obtainable after complete extraction of lithium from
Li],XC01/2+3)(/2MH3/2,)(/204, decreases with X, Flg 13. The
total charge capacity on the first cycle is slightly smaller than
the corresponding theoretical value in the range 0 < X<0.183,
but the difference between the two increases for compositions
outside this range. Also, the discharge capacity on the first cycle
was often lower than on second and subsequent cycles, Fig. 12.

For most cells, in each cycle, the total discharge capacity was
only slightly smaller than that in the previous cycle when the
current density was fixed at 0.5 mA cm ™2, Fig. 12; thus, by the
end of every discharge, the cathode material had regained
almost all of the lithium extracted during the previous charge.
Cells were typically tested for 36 cycles, by the end of which
discharge capacities had decreased to 75-85% of their initial
values, Fig. 12. The cells showed small drops in discharge
capacity when higher current densities were used: 2.5 mA cm >
for the 3rd-4th discharges, 5.0 mA cm™? for the S5th-6th
discharges, Fig. 12, and thus appeared to sustain cycling with
current densities significantly higher than 0.5 mA cm ™2,

On initial charge, a cell with Li,CoMn3;0g (X'=0) exhibits a
plateau centred on 4.0 V with the capacity, estimated at the
sharp transition point to the second plateau centred on 5.2 V of
66.1 mA h g !, Fig. 11. On converting this capacity to Z in
Li,— ,CoMn30g, Z reaches 0.90. After subtracting the false
charge capacity caused by electrolytic oxidation, the initial
charge plateau centred on 5.2 V has capacity 65.2mAhg !,
Fig. 14. This capacity is almost the same as that of the plateau
centred on 4.0 V, and corresponds to a change in Z of 0.89.
Initial discharge capacity is estimated to be ca. 62mA h g ! at
the plateau centred on 5.1 V and ca. 69 mA h g~ ' at the plateau
centred on 4.0 V, Fig. 11. The plateaux at 4 and 5 V have been
attributed  previously®® to  the redox  reactions,
Mn?* gsoMn* g, and Co*t e, —Co*"i6s respectively
although confirmation of the oxidation states on charging is
still needed. Since composition X=0 has equal amounts of
Co®* and Mn®T, there appears to be a direct correlation
between this and the similar lengths of the two plateaux.

For cells with X#0, the electrochemical performance on
initial charge—discharge was considerably more complex than
for X=0, Fig. 11. First, the 4 V to 5V transition on charging
was generally sharp for compositions close to X=0 but the
same transition on discharge, for the first and possibly second
cycles, was very broad, especially for X<0. Second, the data
sets for X>=0, on both charging and discharging showed a
gradual increase in voltage over the 4.0 to 4.3 V range prior to
the more rapid transition to the 5V range. Third, there was
much hysteresis between charging and discharging for X <0
which caused the plateau at 4 V to be longer on discharge than
on charge; conversely the 5 V plateau on discharge was much
shorter than on charge for these compositions. This effect was
most noticeable for X=—0.173 but was observed only on the
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first charge—discharge cycle; subsequent cycles had an appear-
ance much more similar to that of other compositions.

The composition dependence of the sizes of the two plateaux
on charge and discharge is shown in Fig. 14. The 5 V discharge

150( e
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Fig. 12 Variation in total charge (®) and discharge (O) capacity and
discharge capacity of the plateaux centred on ca. 4.0 V (A) and ca. 5.1 V
(J) upon cycling, for electrochemical cells, Li/LiPFs, propylene
Cal’bOI’late/Lil7Xc01/2+3x/2Mn3/27,\//2043 O=A+10. The dlp in the
data points for the 5th and 6th discharges and subsequent recharges is
associated with the use of higher discharge current densities.
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passes through a maximum at X' =0, whereas the 4 V discharge
passes through a minimum at X=0. These two effects largely
cancel in the total discharge capacity which is almost constant
for X<0, before decreasing for X>0.

Discussion

For X=0, we note that: (1) all Li" is situated in tetrahedral 8a
sites with full occupancy, and can thus move smoothly through
the well-known tetrahedral 8a site—empty octahedral 16¢ site
pathway;'*?° (2) reasonably good electronic transport occurs;
(3) oxidation of Co®™ and Mn** in octahedral sites is certainly
feasible. Therefore, full extraction of lithium from X=0 may in
principle occur, yielding a plausible end formula,
[Co**osMn* T s]16404. In practice, the cathode composition
after the first charge to 5.3V was estimated to be
Lig»;CoMn30g, indicating that the positive electrode still
contained ca. 10% Li, which could probably be extracted at
higher potentials if the electrolyte used were chemically and
electrochemically stable.

Two redox reactions appear to take place in Li,CoMn;0g on
cycling: (1) Mn’*g,oMn*" 64 (2) Co’ " 16Co* 160 A
plateau centred on ca. 4.0 V has been attributed to reaction (1)
for several cells with spinel cathodes including LiMn,O,,!
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Li;CrMn;30s,'® Li;NiMn3;0g '? and Li;CuMn30g.%* It is thus
possible that reaction (2) is responsible for the plateau centred
on 5.1V and indeed, this has been indicated by systematic
investigation of electrochemical properties for the spinel solid
solutions Li,Co;, yMnj_ y0g.3°

When X>0, Co that resides in tetrahedral 8a sites blocks
Li* conduction through the tetrahedral site—empty octahedral
site pathway, and thus impedes the extraction of Li from the
solid solutions. The degree of channel blocking by Co increases
with X,*® Fig. 5, and appears to be responsible for the
increasing difference between total charge/discharge capacities
and the corresponding theoretical total capacity; thus, when
X=0.6, channel blocking by Co appears to be large enough for
the solid solutions to lose their electrochemical activity as the
cathode, Fig. 13.

When X <0, the concentration of Li in octahedral 164 sites
increases with decreasing X; it may be difficult to extract Li
from and reinsert Li into these octahedral sites since there
appear to be no facile conduction pathways for them. This
could account for the observation that the total discharge
capacities are essentially constant for X'<0 if it is assumed that
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and discharge capacity of the plateaux centred on ca. 4.0 V (®/0O) and
ca. 5.1V (W/O), for electrochemical cells, Li/LiPF¢, propylene
carbonate/Liy_,yCo; 4 3xyMn3_ yOg: @ + B =initial total charge capa-
city uncorrected for false capacity caused by electrolyte oxidation;
O + O =initial total discharge capacity.
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Fig. 15 Composition dependence of theoretical capacity for different
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only Li in tetrahedral sites is electrochemically active and since
the tetrahedral sites are fully occupied by Li, Fig. 5, for X<0.
With decreasing X in this range, the amount of Co®™ present
decreases, Fig. 5 [ the Co content is 2+ 3X7/2; for instance, for
X=-0.173 the Co content is 0.24 compared to 0.50 for X=0]
and therefore, the decreasing size of the 5 V discharge plateau
with decreasing X may correlate directly with the Co content.
This does not explain, however, why the 5 V plateau on initial
charging should increase with decreasing X, Fig. 14; there is
insufficient Co present to account for the values observed and
therefore, in this region on initial charging, a second factor
must contribute to the 5V plateau.

Additional difficulties arise in trying to correlate the size of
the 4 V plateau with the Mn>" content, especially at low X.
From the general formula of the solid solutions, the Mn’* and
Co’™ contents are equal for all X and increase with X, Fig. 5.
For X <0, there is insufficient Mn>* to account for the size of
the 4 V plateau, especially on discharge. Considering the total
discharge capacity, there is insufficient Co®>* and Mn’T,
combined, to account for the relatively large values obtained at
low X, especially for composition X=—0.173. This is shown
schematically in Fig. 15. Theoretical capacity can be defined in
three ways. First, if the theoretical capacity is related to the sum
of the Mn®* and Co>* contents, its value decreases to zero at
X=—1/3. Second, if the theoretical capacity is proportional to
the Li content in tetrahedral sites, then this should be constant
over the range —0.33 < X' <0 (thick continuous line). Third, if
the theoretical capacity is related to the total Li content, then
this should increase at negative values of X (thick dotted line).
The first definition is the one that is conventionally adopted, in
which it is assumed that the final charged states of both Co and
Mn are 4+ . The experimental data, Fig. 13, fit most closely to
the second definition of theoretical capacity, however,
demonstrating the need for an additional redox process.

In order to explain the results for X <0, we are therefore
forced to consider alternative redox couples. There are two
possibilities, Mn*T—Mn>* and 0> —O"; at this stage we
make no attempt to distinguish between them but do note that
the possible role of oxygen as a redox-active species in other
systems has been proposed.*' The large hysteresis observed for
charging/discharging of compositions with X <0, together with
the significant difference in charge and discharge capacities
during the first cycle, may be related to the occurrence of an
additional redox process. Possibly also, an irreversible process
occurs during the first charge; this could be loss of some O, gas
if oxide ions are fully oxidised; or some reorganisation within
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the spinel structure may occur. At this stage, we cannot
comment further on any possible changes.

The spinel solid solutions of general formulae
Li;—xCo1/24 3x2Mnsn— 04 and LijCoyps 4 ypMns 704,
Fig. 1, are now known to constitute a large family of 5V
lithium cathode materials. One of the most promising
compositions as a cathode in practical 5V lithium batteries
is LiCoMnO, (Y=1),>%* which would in principle, have the
capacity of ca. 145mA h g™ ! at a long plateau centred on ca.
5.1 V and thus an energy density of ca. 740 W h kg ™!, provided
that LiCoMnO, with the formula [Li*]s,[Co> " Mn**],6,0. is
used in contact with an electrolyte that is chemically and
electrochemically stable to ca. 5.5 V.'*3° This family of 5V
lithium cathode materials is likely to extend further within the
spinel solid solution domain in the system Li-Co-Mn-O, and
some of these compositions may exhibit superior performance
to LiCoMnOy as a lithium battery cathode.
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