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High Temperature Co-doped LiMn,0O4-Based Spinels.
Structural, Electrical, and Electrochemical
Characterization
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High-temperature cubic spinels were obtained by thermal treatment at 1100 °C of the
corresponding LiCoyMn,-yO4 (0 < y =< 1) spinels. The samples were characterized by X-ray
powder diffraction, thermogravimetric analysis, electron paramagnetic resonance (EPR)
spectroscopy, and electrical and electrochemical measurements. The lattice parameter of
the new phases in the 0.3 <y < 1 range is larger compared to the starting ones. The EPR
spectra of the new compounds are also different from the starting ones. The electrical
conductivity of the new phases depends on the Co content. For y > 0.65 the sharp increase
in conductivity observed is associated with a change in electron hopping from Mn3"/Mn**
ions to Co?*/Co%" ones. At high temperatures, the conductivity is explained in terms of
phonon-assisted polaron hopping among either Mn3t/Mn#* or Co?*/Co®* nearest neighbors.
At low temperatures electron hopping beyond the nearest neighbors accounts for the
conductivity. The electrochemical behavior of the new compounds as positive electrodes was
analyzed. The discharge curves show both the 4 and 5 V plateau due to the Mn**/Mn3* and
Co**/Co®" reduction, respectively. Differences in electrochemical characteristics compared
to the starting samples are found. From electrochemical and thermogravimetric measure-
ments, the oxidation states of the transition metal ions and the chemical composition of the

high-temperature samples are estimated.

Introduction

LiMn,04-based materials are among the most exten-
sively studied materials as candidates for cathodes in
rechargeable lithium batteries.? At room temperature,
LiMn,O, shows a cubic spinel-type structure, space
group Fd3m. The structure can be described as ideally
consisting of a cubic close-packing arrangement of
oxygen ions at the 32e sites, the Li* ions occupy the
tetrahedral 8a sites, and the Mn3* and Mn“* ions occupy
the octahedral 16d sites. The EPR spectrum of LiMn,O4
shows a very broad signal centered at g ~ 2 that has
been assigned to paramagnetic Mn** ions in octahedral
sites.23 Thermoelectric power measurements have
showed that LiMn,O, is an n-type semiconductor, its
conductivity being due to electron hopping among Mn3*
and Mn** ions.*~7 LiMn,O,4 undergoes a reversible cubic
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(Fd3m) < orthorhombic (Fddd) phase transformation
at temperatures close to room temperature.®® The phase
transition is accompanied by a change in the electrical
conductivity, which is lower for the low-temperature
orthorhombic phase.51°

In the cubic phase, lithium extraction/insertion from/
into the tetrahedral 8a sites occurs at 4 V; it is
associated with the Mn3" < Mn** oxidation/reduction
process. However, the amount of extracted/inserted
lithium decreases gradually on cycling. To prevent it,
LiMn,O4 has been doped by partial substitution for
Mn3* by several iso- or aliovalent cations such as Li,
Ti, Ge, Fe, Co, Ni, Cr, and Zn.11~* Among the cations
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studied, Co seems to be the dopant that yields cathode
materials with the highest reversible capacity.’* Fur-
thermore, it has been recently reported that cubic spinel
phases belonging to the Li;Co;4xMn3—4xOg (=1 < x < 1)
solid solution can reversibly extract/insert Li* ions at
voltages of ca. 5 V. It has been associated with the
presence of Co®* in the octahedral 16d positions of the
spinel structure, and ascribed to the Co®* < Co*"
oxidation/reduction process.151® The Co-doped samples
show an electrical conductivity that depends on the Co
content, the conductivity showing a maximum value for
the Li;CoMn30g composition.16

When LiMn,0, is heated at high temperature, this
compound undergoes a weight loss that has been
ascribed to oxygen removal. On cooling, oxygen can
reversibly show uptake, and under some particular
experimental conditions the starting compound is
recovered.1’—20 However, quenching from temperatures
>900 °C seems to prevent that recovering leading to
oxygen-deficient samples that show tetragonally dis-
torted spinel structures.1”2° Thermal studies of LiMn,Og4-
doped samples are rather scarce.?%22 In these samples,
oxygen can be removed in an irreversible way, and they
transformed into new reduced samples3® whose electri-
cal and electrochemical properties could be very differ-
ent from the starting ones.

The aim of this work is to study the new compounds
obtained from the thermal treatment of LiCoyMn,—yO4
(0 <y < 1)at 1100 °C. The high-temperature samples
have been characterized by X-ray powder diffraction and
electron paramagnetic resonance spectroscopy. From
thermogravimetric analysis the net oxygen loss after the
thermal treatment has been determined. The electro-
chemical response has been analyzed, and the amount
of Mn and Co ions in the different oxidation states has
been estimated. The electrical conductivity has also been
measured and discussed in relation to the chemical
composition of the samples. The results obtained in the
high-temperature samples are compared with those
obtained in the starting samples, which are used as
references.

Experimental Section

A series of cobalt-doped spinels with general formula
LiCoy,Mn,-,O4 (0 < y < 1) was obtained by reaction between
the corresponding mixed cobalt manganese oxide precursors
CoyMn3xO4 (0 = x = 1.5) previously synthesized at room
temperature, and LiOH-H,O (Fluka, p.a.). A detailed descrip-
tion of the procedure followed for the synthesis of the
CoxMn3_,O,4 precursors was reported elsewhere.?® Stoichio-
metric mixtures of CoyMn3_,O4 and LIiOH-H,O were ground
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intimately in an agate mortar, fired in air at 450 °C for 3 h
and at 750 °C for 24 h. The heating/cooling rates were 2 °C
min~1. The samples thus obtained are referred hereafter as
prepared. Some particular compositions were subjected to an
additional thermal treatment at 950 °C for 3 h, followed by
annealing at 600 °C for 3 days. The samples thus treated are
referred as annealed. The series of high-temperature samples
was obtained by heating the samples as prepared at 1100 °C
for 1 h and then cooling to room temperature. The heating/
cooling rates were 10 °C min~*. The samples thus treated are
referred as heated samples. For some particular compositions
the lithium content of the as prepared and heated samples was
analyzed by inductively coupled plasma (ICP).

X-ray powder diffraction (XRD) patterns were recorded at
room temperature with a Siemens D 501 diffractometer, with
Cu Ka radiation. The patterns were scanned in the step-
scanning mode at 0.02°(20) and 1 s step~! counting time within
the range 10° < 26 < 80°. Lattice parameters were refined
with the CELREF program.?*

Thermogravimetric (TG) analyses were made on a Stanton
STA781 instrument in still air up to 1200 °C, at 10 °C min*
heating/cooling rate. Simultaneous qualitative analysis of the
gases evolved during the thermal treatments (EGA) was
carried out with a ThermoStar mass spectrometer, with Ar
as the gas carrier. Differential scanning calorimetry (DSC)
curves were obtained in a Seiko 320U instrument, between
—60 and +60 °C in still air and a 10 °C min~! heating/cooling
rate.

Electron paramagnetic resonance (EPR) spectra were re-
corded as the first derivative of the absorption signal, using a
Bruker 300E spectrometer, with a 100 kHz field modulation
operating at 9.5 GHz frequency. The powder samples were
placed in a cylindrical quartz tube of 3 mm inner diameter;
the sample weight was 25 mg. The microwave power level was
kept at 3 mW. The scan range was 6000 G and the spectra
were registered at room temperature. In some particular cases
the spectra were also recorded at lower temperatures (—173
and —73 °C).

Electrochemical response was analyzed in a lithium cell.
Composites of positive electrodes were prepared from the
mentioned samples (=25 mg or 72 wt %), carbon black (17 wt
%), and polyvinylidenefluoride (PVDF, 11 wt %). PVDF was
dissolved in N-methylpyrrolidone, and the other two compo-
nents were added to the solution. Then, the solvent was
evaporated at 110 °C, and the solid was cold pressed in circular
pellets (13 mm diameter). The electrolyte used was a 1 M
solution of LiPFs in ethylene carbonate and dimethyl carbonate
as supplied by Merck. The negative electrode was a lithium
foil, which also operated as reference electrode. Two-electrode
Swagelock cells were assembled within an argon glovebox in
which the water content was kept below 1 ppm. The charge
and discharge were performed with a potentiostatic/galvano-
static multichannel Arbin instrument by using a constant
current of C/12, where C is the theoretical capacity of the
samples assuming an extraction/insertion of one lithium per
formula. The low current used ensured a quasi-equilibrium
response. The samples were first oxidized (charge step) up to
a Ecut—orr 0f 5.4 V to extract lithium; then, they were reduced
(discharge step) up to a Ecut—ofr Of 3.3V to insert lithium.

Two-probe impedance measurements were carried out in a
1260 Solartron impedance/gain phase analyzer. Circular pel-
lets were made by cold pressing of the as prepared samples;
then, the pellets were sintered at 1100 °C for 1 h. This
treatment is similar to that used for obtaining the heated
samples, and by this way we have prepared pellets of the
heated samples in the compositional range 0 <y < 1. A pellet
of the heated sample at y = 0.85 was also subjected to the
annealing treatment, and thus transformed into the corre-
sponding annealed sample. Silver was used as electrode. The
pellets were mounted in an Oxford cryostat, and the temper-
ature was controlled in the range from 150 to —190 °C.
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Figure 1. X-ray powder diffraction patterns recorded at room
temperature on the Co-doped sample at y = 0.85: (a) as
prepared; (b) annealed; (c) heated. The inset shows a magnified
20 region of pattern a. Li,MnOg3 peaks are marked by arrows.
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Figure 2. Cubic lattice parameter vs Co content for the as
prepared (circles) and heated (triangles) samples. The solid line
is the best linear fit. The dotted line is drawn to guide the
eye.

Results

X-ray Powder Diffraction. The X-ray patterns of
all samples are similar and they can be indexed using
a cubic cell, space group Fd3m. As an example the
patterns recorded for the as prepared, annealed, and
heated sample at y = 0.85 are shown in Figure 1, parts
a—c, respectively. A magnification of pattern a between
15 and 40° in 26 (see the inset) allowed detection of
extremely low intensity peaks (arrow marked) that are
ascribed to Li,MnQOg3 impurity. In the annealed sample
(b) the diffraction peaks of the spinel phase appear at
the same positions as for the as prepared sample (a).
However, in the magnified pattern b, the small peaks
ascribed to Li,MnO3 were not observed (not shown). The
pattern of the heated sample (c) shows that the diffrac-
tion peaks of the spinel phase are broadened and shifted
toward lower 260 angles. In this pattern, the Li,MnO3
diffraction peaks are observed as very low intensity
peaks.

The lattice parameter of the cubic spinel phase
determined for the as prepared and heated samples is
plotted vs Co content (y) in Figure 2. For the as prepared
samples, the lattice parameter decreases linearly as y
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Figure 3. Heating/cooling TG curves for the as prepared
samples at y = 0 (a), 0.5 (b), and 0.85 (c).
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Figure 4. Curves of TG and EG mass spectrometry (O)
recorded for the as prepared sample at y = 0.75.

increases from 8.2411(7) A for y = 0 to 8.057(2) A for
y = 1. For the heated samples, the lattice parameter is
practically coincident with that of the as prepared
samples inthe 0 <y < 0.3 range. Fory > 0.3, the heated
samples show larger lattice parameters compared to the
as prepared samples. In addition, the lattice parameter
of the heated samples for y > 0.65 decreases linearly,
from 8.184(6) A for y = 0.65 to 8.098(5) A for y = 1.
Thermogravimetric Analysis. The TG curves ob-
tained for the as prepared samples at y = 0, 0.5, and
0.85 are shown in Figure 3,parts a—c, respectively. In
the heating run weight is lost, and in the cooling run
weight is regained. However, while all the weight is
practically regained for samples with y < 0.3, the weight
is only partially regained for samples with y > 0.3.
Gases evolved during the heating run were identified
as O, (Figure 4). From comparison of the evolved gas
curve and the TG curve, both obtained simultaneously
on the sample at y = 0.75, we can see that the maxima
of the oxygen release coincide with the weight losses.
Chemical Analysis. The Li content was determined
by ICP on some particular as prepared and heated
samples. As an example the results obtained for the as
prepared and heated sample at y = 0.75 were 3.71 and
3.69 wt % of Li, respectively. The theoretical Li content
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Figure 5. EPR spectra recorded for the as prepared samples
aty = 0 (a), 0.65 (b), 0.85 (c), and 1 (e) and for the annealed
samples at y = 0.85 (d) and 1 (f). Dotted and dashed lines stand
for the narrow and broad components, respectively.

is 3.77 wt % for the as prepared sample and 3.83 wt %
for the heated one.

Electron Paramagnetic Resonance. EPR spectra
recorded for several as prepared and annealed samples
are shown in Figure 5. The spectrum for the as prepared
sample at y = 0 (a) shows a broad signal centered at g
~ 2 that is well fitted to a Lorentzian curve with a peak-
to-peak width (AHpp) of 348 mT. This signal is similar
to that reported by other authors and is assigned to
paramagnetic Mn** (S = 3/,) ions interacting with
paramagnetic Mn** and Mn37 ions in the spinel struc-
ture.28 The spectra recorded for the as prepared samples
aty = 0.65 (b), 0.85 (c), and 1 (e) show, besides the broad
signal, a narrow signal also centered at g ~ 2. The latter
signal, which shows Lorentzian shape and AH,, ~ 22
mT, is identical to that obtained by us (not shown) for
pure Li,MnOs; and agrees with those reported for
LioMn0O3.225 The spectra of the as prepared samples at
0 <y <0.65 (not shown) also displayed the two men-
tioned signals but their relative intensity changed from
sample to sample. The spectra of the annealed samples
aty = 0.85 (d) and 1 (f) show the narrow signal but of
lower intensity compared to the corresponding as pre-
pared samples. To estimate the amount of the Li,MnO3
impurity, mixtures of pure LiMn,04 and Li,MnO3 were
prepared and their EPR spectra recorded.

Chem. Mater., Vol. 14, No. 4, 2002 1601
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Figure 6. EPR spectra recorded for the heated samples at y

=0 (a), 0.65 (b), 0.85 (c), and 1 (d). Dotted and dashed lines

stand for the components used in the fitting of the spectra.

The EPR spectra recorded on the heated samples are
shown in Figure 6. For y = 0 the spectrum (a) is similar
to that of the as prepared sample (Figure 5a). However,
for the samples at y = 0.65 (b), 0.85 (c), and 1 (d) the
spectra are different from the corresponding as prepared
samples (Figure 5, parts b, ¢, and e). The spectra profile
of the heated samples prevent us to propose how many
signals are required for the fitting. When only one
Lorentzian signal is chosen the spectra are ill-repro-
duced, especially for high Co contents. The AHy, of the
spectra increases as y increases from 32 mT for y = 0.65
to 72 mT for y = 1. In all cases the spectra appear
centered at g ~ 2, and are assigned to Mn** ions. No
signals at g > 2 are observed. Some of the spectra were
also recorded at lower temperatures (from —173 to —73
°C) but only a slight broadening was observed (not
shown).

Electrochemical Characterization. The discharge
curves obtained for several as prepared samples are
shown in Figure 7a. The curve for y = 0 (LiMn,0y)
shows the well-known plateau at ca. 4 V due to Mn**/
Mn3* reduction;?® no electrochemical reaction is ob-
served above 4.5 V. The curves for the Co-doped samples
show besides the plateau at ca. 4 V another one at ca.
5 V. The latter plateau has been ascribed to the Co**/
Co®* reduction.1627 From the length of each plateau the
capacity was determined. We observe that while the
capacity at 4 V decreases as y increases, the capacity
at 5V increases. The total discharge capacity seems also
to change with y, showing a maximum value of 125
mAhg~? for y = 0.33.

The charge and discharge curve for both the as
prepared and the heated sample at y = 0.5 are shown
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Figure 7. (a) Galvanostatic curves obtained in the first

discharge for the as prepared samples aty = 0, 0.33, 0.65, and
1. (b) Charge (dotted line) and discharge (solid line) curves
obtained for the as prepared and heated samples at y = 0. 5.

in Figure 7b. During the charge at high voltage (above
5 V) some degradation of the electrolyte takes place; it
explains the higher capacity measured in the charge
compared to the discharge. The discharge capacity in
the 4 V region is higher for the heated sample than for
the as prepared one. On the contrary, the discharge
capacity in the 5V region is lower for the heated sample.
Differences in capacity are also found when we compare
the two kinds of samples with other Co contents.

Electrical Measurements. Impedance plots re-
corded at —53 and —113 °C for the heated sample at
y = 0.5 are shown in Figure 8. Two arcs are observed.
The experimental data are well-fitted to the equation
Z* = Z*1 + Z*;, where Z* = 1/(1/Rk + By(iw)™), k =1,
2;i.e., Z*1 and Z*; account for a parallel circuit formed
of one resistance (parameter Ry) and one universal CPE
capacitor (parameters By, ny). So, the total Z* corre-
sponds to a series arrangement of the two mentioned
circuits. The capacitances of the high- and low-frequency
arcs (16 pF and 10 nF) allow their ascription to grain
interior (or bulk) and grain boundary responses, respec-
tively. From the fittings the resistance associated with
each arc is estimated. Then, the dc conductivity of the
grain interior response is calculated as usual.?®

(28) MacDonald, R. J.; Johnson, W. B. In Impedance Spectroscopy;
MacDonald, R. J., Ed.; John Wiley and Sons: New York, 1987.
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to Z* = Z,* + Z,* (for details see text).
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Figure 9. Grain interior dc conductivity (o) vs reciprocal
temperature (1000/T) for the heated samples aty =0 (O), 0.11
(a), 0.5 (O), 0.65 (Vv), 0.85 (@), and 1 (a). The conductivity for
the annealed sample at y = 0.85 is also plotted (x). The
variation of the grain interior dc conductivity at —123 °C vs
Co content is shown in the inset.

The grain interior dc conductivity (o) vs reciprocal
temperature (1000/T) for several heated samples is
plotted in Figure 9. Data for the annealed sample at y
= 0.85 (stars in the figure) are also represented. The
heated sample at y = 0 (squares) shows a change in
conductivity of approximately 1 order of magnitude, at
temperatures close to room temperature, that is associ-
ated with the cubic < orthorhombic phase transition.510
This phase transition gives rise to an exothermic peak
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in the DSC curve (not shown). All the other Co-doped
samples do not exhibit either the conductivity change
or the DSC peak. According to the temperature depen-
dence of the conductivity, the heated samples can be
grouped in: (i) samples with y < 0.65, and (ii) samples
with y > 0.65. The conductivity of the annealed sample
aty = 0.85 is much lower than the corresponding heated
sample and is close to the conductivity of the heated
samples at y < 0.65. The conductivity measured at —123
°C vs y for the heated samples is shown in the inset of
Figure 9. A sharp increase in conductivity for y ~ 0.75
is observed.

Discussion

Structural Characterization. The LiCoyMn,-yO4 (0
<y = 1) as prepared samples show a cubic spinel-type
structure. The linear decrease of the lattice parameter
as y increases (Figure 2) indicates that the samples
belong to a solid solution over the whole compositional
range. The lattice parameters found and their variation
on doping fairly agree with those reported by several
authors,131629.30 gJthough some departure from the
linear dependence has also been reported.’®3° The
shrinkage of the cubic lattice as Co3" replaces Mn3* is
explained by the smaller ionic size of Co3* (0.545 A)
compared to Mn3t (0.645 A).3! The substitution for
Mn3*, which is a paramagnetic ion, by Co®", which is a
diamagnetic one, produces a slight narrowing of the
broad Mn** EPR signal (Figure 5); the peak-to-peak
width decreases from ca. 350 mT for y = 0 (LiMn3*-
Mn4tQ,) to ca. 260 mT for y = 1 (LiCo®*Mn*t0O,). A
detailed discussion about the dependence of the EPR
spectra on temperature and on Co content has been
reported elsewhere.3°

In some particular as prepared samples, the cubic
spinel phase was accompanied by a Li,MnOs impurity.
The X-ray diffraction patterns showed very low intensity
peaks that corresponded to Li,MnOgs (Figure 1). The
EPR spectra showed the narrow signal we assign to Li,-
MnO; (Figure 5). Our assignment agrees with that
reported by some authors? and differs from others.3°
From the intensity of the narrow EPR signal we have
estimated that the amount of Li,MnO3 was in all cases
below 1 wt %. Taking this into account, we can consider
the as prepared samples as being almost pure. The
annealing treatment removes the Li,MnO3 impurity and
does not produce any appreciably variation of the spinel
phase as deduced from XRD and EPR data.

When the as prepared samples are heated from room
temperature to 1100 °C, they undergo a weight loss.
Oxygen is removed as deduced from mass spectrometry
(Figure 4). On cooling to room temperature the weight
is gained. However for some compositions there are a
net weight loss (Aw). To ascertain whether Aw is also
due to removal of lithium, chemical analysis of lithium
was done in some particular heated samples. The results
of the analyses showed that lithium had not been
removed at least in an appreciable amount. The varia-
tion of Aw vsy is shown in Figure 10. We observe that

(29) Aitchinson, P.; Ammundsen, B.; Jones, D. J.; Burns, G.;
Roziére, J. J. Mater. Chem. 1999, 9, 3125.

(30) Zhecheva, E.; Stoyanova, R.; Gorova, M.; Lavela, P.; Tirado,
J. L. Solid State lonics 2001, 140, 19.

(31) Shannon, R. D. Acta Crystallogr. 1976, A32, 751.
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Figure 10. Net weight loss (Aw) vs Co content (y) for the
samples after being heated to 1200 °C and cooled to room
temperature. The dotted line is a guide to the eye.

Aw =~ 0 for y < 0.3, but Aw increases for y > 0.3 going
through a maximum aty = 0.75. Therefore, they > 0.3
heated samples are oxygen-deficient samples in which
a part of the Co and/or Mn ions could be reduced. These
samples also showed cubic spinel structure and in some
of them Li,MnQO3; was segregated as impurity. As the
amount of the impurity was very low in all cases, the
heated samples can be formulated as LiCoyMn;-yO4—
spinels.

The lattice parameter of the heated samples for y <
0.3 (Figure 2) coincides practically with that of the as
prepared samples, suggesting that both as prepared and
heated are the same. This is also supported by the
similar EPR spectra of the heated and as prepared
sample at y = 0 (Figures 6a and 5a). For y > 0.3, the
lattice parameter of the heated samples is systematically
larger than that of the as prepared ones. It can be
explained in terms of a reduction of the transition metal
ions; i.e., part of the Mn** is reduced to Mn®* and/or
part of the Co®" is reduced to Co?*. As the reduced Mn3+*
and Co?" have larger ionic radii than Mn** and Co3",
respectively, their contributions cause the lattice pa-
rameter of the spinel structure to increase. The complex
EPR spectra observed for the heated samples (Figure
6) suggest to us that, besides the contribution of the Li,-
MnOs impurity, they would be affected by the presence
of paramagnetic Co?" ions.

Electrical Conductivity. LiMn,O,4 is an n-type
semiconductor in which the electrical conductivity is due
to electron hopping from the Mn3* to the Mn** ion.*67
The grain interior dc conductivity of the heated samples
is strongly affected by the cobalt—manganese substitu-
tion as shown in Figure 9, inset. In the spinel structure,
the transition metal ions (TM) are placed in octahedral
sites; each octahedron sharing edges with six octahedra.
In this unit it is easy to see that if TM' ions replace the
TM ions, the former are only located in neighboring
positions when their content is above 37.5%, i.e., when
at least 1.5 of the 4 ions per unit are TM' ions. It agrees
with the sharp increase in conductivity observed aty >
0.65, i.e.,, >32% of Co, and suggests a change in the
electron hopping from manganese to cobalt. Further-
more, the Co ions must be at the same crystallographic
site (16d) and in two oxidation states differing by unity.
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Figure 11. Plotof: oT vs 1000/T (a) and o vs T-Y4 (b). Circles
and triangles stand for the heated samples aty = 0.11 and 1,
respectively.

As the heated samples are reduced samples due to the
net oxygen loss, it is plausible that some Co®" ions are
reduced to Co?" ions. When all Co ions have the same
oxidation state, electron hopping cannot occur. Thus,
when the heated sample at y = 0.85 is oxidized by
annealing (all Co is 3+), the conductivity found is close
to that of the heated samples at y < 0.65; i.e., the
conductivity is close to the one of the samples in which
electron hopping occurs via Mn3*/Mn** ions.

The conductivity (oT) vs reciprocal temperature
(2000/T) for the heated samplesaty =0.11andy =1
are plotted in Figure 11a. At high temperatures a linear
dependence is observed in agreement with the Mott
model of phonon-assisted hopping of small polaron
among transition metal ions in two-valence states,*? i.e.,
either Mn3™ and Mn** or Co?" and Co3". The experi-
mental data are well fitted to the expression:

oT = ny[e’C(1 — C)/kgR] exp(—2aR) exp(—W/kgT)
1)

where ng is the optical phonon frequency (np was taken
as 1 x 10 s71 because the phonon frequency is of the
order of 1 x 102 Hz), e is the charge of the electron, C
is the Mn3t/(Mn3t + Mn**) and Co?"/(Co?" + Cod®")
ratios for the samples at y < 0.65 and y > 0.65,
respectively, kg is the Boltzmann constant, T is the
temperature, R is either the Mn—Mn or Co—Co distance
(as deduced from R = av/2/4, where a is the cubic
lattice parameter), ot is the localization length of the
s-like wave function which describes the localized state
at each transition metal site, and W is the activation
energy for hopping. The fitting parameters (W and o)

(32) Mott, N. F.; J. Non-Cryst. Solids 1968, 1, 1.

Mandal et al.

Table 1. Parameters Deduced from the Fit of the
Conductivity of the Heated Samples According to the
Nearest-Neighbor Hopping Model and the Variable
Range Hopping Model

cobalt N(EF)
content(y) C& RAP WeV) a@hH (eviem3)
0.11 0.47 291 0.35 0.38 5.3 x 101°
0.50 0.35 2.90 0.32 0.56 3.2 x 1020
0.65 0.33 2.88 0.32 0.59 4.3 x 1020
0.85 0.22 2.86 0.31 0.45 2.7 x 1022
1.0 0.08 2.85 0.30 0.44 2.2 x 1022

aC = Mn/(Mn3* + Mn*") for the samples at y < 0.65; C =
Co2H/(Co?+ + Co3) for the samples at y > 0.65. PR = a+v/2/4,
where a is the cubic lattice parameter.

obtained for all compositions are outlined in Table 1. W
decreases continuously from 0.35 to 0.30 eV as y
increases and its values are similar for electron hopping
among Mn3t/Mn#* sites and Co?/Co3" sites. The activa-
tion energies found are comparable to those reported
for spinel-type compounds having Fe ions.2 The values
of a indicate a strong localization of the electrons at the
manganese and cobalt sites.3*

At low temperatures the experimental data of Figure
11a deviate systematically from the straight line. In this
case. the temperature dependence of conductivity can
be described by the variable-range-hopping model.3°
According to this model, electron hopping occurs pref-
erentially beyond the nearest neighbor transition metal
ions at different energies, these energies being lower
than the energy required for hopping among nearest
neighbor ions. The temperature dependence of the
conductivity follows the expression:

o = spexp[(~ Ty 2)

where sg is a constant and Ty = 19.4403/kgN(EF); N(EF)
is the density of states at the Fermi level. In Figure 11b,
the linear dependence observed in the plot of o vs T~14
indicates that the experimental data are accounted for
the variable range-hopping model. The calculated N(Ef)
for the different compositions is also listed in Table 1.
It can be noted that for the samples at y < 0.65 N(Ep)
is nearly the same, but increases by 2 orders of
magnitude for the samples at y > 0.65. This result
justifies the sharp increase in conductivity already
mentioned. The large value of N(Eg) for the Co-rich
samples may be explained by assuming that the states
near the Fermi level are confined to a narrow energy
band of nearly 0.1 eV.36

Electrochemical Behavior. The insertion of lithium
into the Co-doped samples takes place in two steps at
ca. 4 and 5 V, which correspond to the Mn**/Mn3* and
Co*"/Co%" reductions, respectively.16:2627 The amount of
inserted lithium, Ax, at those voltages vs y for both the
as prepared and heated samples is shown in Figure 12.
For the as prepared samples, Axaqy (open circles) de-
creases linearly as y increases and the experimental
values are close to the expected ones (solid straight line).
It confirms the substitution for Mn3* by Co®" in LiMn,Os,.
Only for y = 0 and 1 a deviation from the straight

(33) Smit, J.; Wijn, H. P. Ferrites, John Wiley and Sons: New York,
1959.

(34) Fine, M. E.; Chiou, C. Phys. Rev. 1957, 105, 121.

(35) Mott, N. F. Philos. Mag. 1969, 19, 835.

(36) Davis, E. A.; Mott, N. F. Philos. Mag. 1970, 22, 903.
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Table 2. Composition and Chemical Formulas for the As Prepared and Heated Samples

as prepared heated
LiCo%tyMn3t;_yMn*TO4 LiCo?"pCo%ty—pMNn3t1y 1 qMN*T1¢Os—s
nominal Mn3texptla ob chem formulas®

LiMn3t*Mn*tO, 0.84 0

LiC03+o_06M n3+1_94Mn4+O4 0

LiCO3+o,11Mn3+o,89Mn4+04 0.01

LiCo3+0_17Mn3+o_33Mn4+04 0.01

LiCO3+o,25Mn3+o,75Mn4+O4 0.01

LiCO3+0,33M n3+o,67Mn4+O4 0.61 0.03 LiC02+0,14CO3+0,19M n3+0,59Mn4+1,0803,97
LiCO3+o_5M n3+o_5M n4+O4 0.48 0.03 LiCOZ+0_03CO3+0_47M n3+0_53M n4+o_9703_97
LiCO3+o,55M n3+o,35Mn4+O4 0.31 0.11 LiC02+0A1ch3+o,53M n3+0,45M n4+o,9003,89
LiCo3+0,75Mn3+o,25Mn4+O4 0.17

LiC03+o_3M I’]3+0_2M I’]4+O4 0.21 0.16 Li002+0_22C03+0_53M I"|3+0_30M n4+o_9003_34
LiCO3+o,85|V| n3+o,15Mn4+O4 0.11 0.17 LiC02+0‘19CO3+0,56M n3+0,30|\/|n4+o,8503,83
LiCo3+Mn4+O4 0.14 0.12 LiC02+0_03C03+0_92M n3+0_16Mn4+o_84O3_83

a From electrochemical measurements. ° From TG analysis. ¢ From TG and electrochemical measurements.
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Figure 12. Inserted lithium (Ax) vs Co content (y) deduced
from the first discharge curves. Open and solid circles stand
for lithium inserted in the 4 V region for the as prepared, and
heated samples, respectively. Open and solid triangles stand
for lithium inserted in the 5 V region for the as prepared and
heated samples, respectively. The solid and dotted straight
lines correspond to the expected lithium insertion according
to one Li* per Mn3* and one Li* per Co®", respectively.

line is observed. In the former case, experimental values
close to 0.8 Li" inserted per formula are usually
reported.3” In the latter case, the presence of a small
plateau at 4 V (Figure 7a) indicates that some Mn3*
remains in the spinel. This fact, which is not well
understood yet, has also been observed by other au-
thors>16 and was accounted for by assuming a composi-
tion somewhat different from LiCo3*Mn*TO4. In the 5
V region (open triangles), Axsy increases as y increases
and reaches a maximum value for y = 0.8. In all cases,
Axsy is lower than expected on the basis of one Li™
inserted per Co®" (dashed straight line). The difference
between the experimental and the expected values is
more important as y increases in agreement with results
reported by other authors.’®21 It seems that, contrary
to Mn3T, not all the Co®* in the spinel is electrochemi-
cally active at the voltages examined.

For the heated samples, the lithium inserted at ca. 4
V (closed circles) and 5 V (closed triangles) is shown in

(37) Linder, D., Ed. Handbook of batteries, 8th ed.; McGraw-Hill,
New York, 1995.

(38) During the final revision of this manuscript, a letter by Reeves
et al. (Reeves, N.; Kirk, A.; West, A. R. J. Mater. Chem. 2001, 11, 249)
about the thermal treatment of LiCoMnQO,4 has appeared.

Figure 12. We observe that Axay is higher for the heated
samples than for the as prepared ones evidencing more
Mn3* in the former than in the latter. In the 5V region,
Axsy shows a value close to 0.12 for all compositions
indicating less electrochemically active Co®" compared
to the as prepared samples. Therefore, the thermal
treatment performed to obtain the heated samples
produces an increase in the amount of Mn3* and a
decrease in the amount of Co®* because of the reduction
of some Mn** to Mn3* and some Co®* to Co?".

Chemical Composition. Having in mind that the
heated samples are obtained from heating/cooling treat-
ment of the as prepared samples and that in this process
there is (i) a net oxygen loss and (ii) a reduction of some
Mn#* and Co®", the reaction can be expressed as follows

LiCo®" Mn*",_ Mn*"O, —

LiCo*" ,Co®", ,Mn*"}_ . .Mn*",_ 0, ;+6/20,t (3)

1-q
where the subscripts p and q stand for the Co?" and
Mn3* formed in this reaction. From the balance of
charges in the heated samples, it is easy to see that p +
g = 20. Since the 6 and g values are accurately
determined from the TG and electrochemical experi-
ments, respectively, the p values can be calculated. The
chemical formulas deduced for the heated samples are
outlined in Table 2. In this table, the chemical formulas
of the as prepared samples are included as references.

Conclusions

High-temperature LiCoyMn, ,O4 5 (0.3 <y < 1, 0.03
< 0 < 0.17) compounds with cubic spinel structure have
been prepared. They are oxygen-deficient phases in
which Mn** and Co®" are partially reduced to Mn3* and
Co?*, respectively. The electrical conductivity depends
on the Co content and increases sharply fory > 0.65. A
change in electron hopping from Mn3*/Mn** to Co?*/
Co®* has been found. The discharge capacity measured
at ca. 4 V is higher than at ca. 5 V over the whole
compositional range examined.
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