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Abstract

Ž .The introduction of nickel atoms in Chemical Manganese Dioxide CMD is studied as an alternative route for the stabilization of the
structure of these solids. X-ray diffraction data evidence the incorporation of nickel in different proportions in the poorly crystalline

Ž .brg-MnO structure of these materials. Step Potential Electrochemical Spectroscopy SPES of lithium anode cells using the2

nickel-modified solids as cathode material shows a significant improvement in the electrochemical performance upon cycling. q 1999
Elsevier Science S.A. All rights reserved.
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1. Introduction

It is well known that the solid state chemistry of
manganese oxides is particularly rich, due to the structural
diversity and the different oxidation states in which man-
ganese can occur. As a result, many solids belonging to the
structural families of manganese oxides have been tested
as lithium insertion electrodes for advanced lithium and

w xlithium-ion cells 1 . However, success is restricted to two
main groups of compounds: g- and b-MnO related solids2
w Ž .chemical manganese dioxide CMD , and electrochemi-

Ž .xcal manganese dioxide EMD and spinel-structure
LiMn O and related compositions. The former were di-2 4

rectly involved in the first commercial Lirmanganese
w xoxide rechargeable systems developed by Sony 2 and

w xSanyo 3 . Following these studies, it was shown that the
thermal treatment of the dioxides with LiOH at 3758C
allowed to incorporate some lithium in the structure, thus
improving significantly the cycling properties of the elec-

w xtrodes 4–6 . The resulting materials were named CDMO
Ž .Composite Dimensional Manganese Oxide . The forma-
tion of layered Li MnO should be avoided during lithium2 3

modification by limiting the temperature of thermal treat-
ment, as the discharge behaviour of this solid is particu-
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larly poor. If the thermal treatment with LiOH is carried
Ž .out at higher temperatures 500–6008C , a mixture of

LiMn O and Mn O is obtained, from which the spinel2 4 2 3

shows a better cycling behaviour.
Here we present the improvement of the electrochemi-

cal behaviour of a composite manganese oxide without
lithium by allowing the introduction of nickel by the
carbonate precursor method. This method has been shown
to be particularly useful in the preparation of mixed Mn–Co

w xand Mn–Fe spinels 7 , as well as spinel related Li–Mn–Co
w x8 . The behaviour of the resulting electrodes is also dis-
cussed.

2. Experimental

The mixed nickel manganese carbonate precursors with
Ž .Nir NiqMn s0.03, 0.08 and 0.160 were prepared by

the addition of a 1 M solution of NaHCO to a 0.5 M3

solution of the divalent ions Ni2q and Mn2q under a
continuous flow of CO . The nickel–oxide products were2

obtained by heating mixed carbonate precursors at 4008C
in static air atmosphere during different periods from 1 to
24 h. The stoichiometry was confirmed by energy disper-
sive X-ray microanalysis coupled to a JEOL JSM6300
scanning electron microscope. The XRD data were per-
formed on a Siemens D-5000 X-ray diffractometer using
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CuK radiation and graphite monochromator. Thermo-a

gravimetric analysis was carried out with a Cahn 2000
electrobalance under dynamic argon and static air atmo-
sphere.

The average oxidation state of metal ions in the sample
was determined by the following procedure. About 20 mg
of sample was dissolved in 5 ml of 0.1 M Fe2q in 0.01 M
H SO under continuous flow of argon and heated until2 4

complete dissolution. The solution was titrated with stan-
dard 0.001 M KMnO . Previously the KMnO solution4 4

was normalized with Na C O . The titrations were as-2 2 4

signed to the excess of Fe2q ions in the sample dissolution
Ž .and used to calculate the oxygen to metal OrM ratios.

Electrochemical studies were carried out in two-elec-
trode cells. The electrolyte used was 1 M LiClO , previ-4

ously dried under vacuum at 1708C for 16 h, dissolved in
Ž .distilled ethylenerpropylene carbonate 1:1 mixture . The

Ž .oxide electrode pellets 7 mm diameter were prepared by
pressing at 4 ton ca. 3 mg of active material with PTFE
Ž . Ž . Ž .5% w , graphite 7.5% w and acetylene black 7.5% w
on a steel grid. Lithium foil was cut as 7 mm diameter
circles and was used as the anode vs. the spinel oxide
electrode. Unless otherwise specified, the cells were cycled
at Cr5 rate, which was controlled by a MacPile II poten-
tiostat–galvanostat. Step potential electrochemical spec-

Ž .troscopy SPES spectra were recorded with 1 mV steps of
one-hour duration.

3. Results and discussion

Three samples with different composition were pre-
pared by varying the nickel content in the precursor. The
solids will be henceforth referred to as samples A —
Ni Mn O , B — Ni Mn O and C —0.03 0.97 1.67 0.08 0.92 1.61

Ni Mn O , as obtained by chemical analysis of the0.16 0.84 1.63

oxide products. Thermogravimetric data obtained by allow-
ing the complete reduction of the oxide to MO in a
dynamic argon atmosphere were in excellent agreement
with the chemical titration of the average oxidation state of

Žmanganese ions in the samples A: 3.38, B: 3.33 and C:
.3.5 . It should be noted that the composition always showed

an OrM ratio lower than 2 and slightly higher than to the
intermediate M O ratio. A clear evolution of the OrM5 8

ratio with nickel content is not observed and the differ-
ences between samples are never marked. In the evaluation
of the average oxidation state of manganese ions, a Ni2q

oxidation state was assumed. This assumption is based in
conclusions reported for other related mixed oxides. Thus,

w xthe XPS measurements reported by Amine et al. 9 con-
firmed clearly the qII oxidation state of nickel in

w xLiMn Ni O . Other authors 10–12 also found the1.5 0.5 4

presence of Ni2q in doped LiMn O spinel oxides. For the2 4
2q w xlithium-free spinel NiMn O , Ni is also found 13 . The2 4

experimentally determined compositions imply that the

average oxidation state of manganese is particularly high
Ž .for the higher nickel content sample C .

Fig. 1 shows the X-ray diffraction patterns of the three
pristine samples. Due to the enhanced broadening of the
line profiles, a refinement of the unit cell parameters in a
single phase was not successful. If the diffraction patterns
are compared with those reported in the literature, a partic-
ular similarity is observed with that reported by Nohma et

w xal. 1 for grb-MnO . An additional effect shown in Fig.2

1 is the displacement to larger diffraction angles of some
of the peak, as nickel content increases. This can be
interpreted as an indirect proof that nickel is incorporated
in the structure of this highly deformed dioxide. It should
be noted that the thermal decomposition of nickel-free
manganese carbonate precursor leads to a-Mn O and2 3

cation deficient Mn O solids as the mayor product in3 4
w xstatic air atmosphere between 400 and 11008C 7 . Thus
Ž .nickel is a requisite for the stabilisation of a grb -

MnO -related structure by the precursor method.2
w xAccording to previous research 1 , a poor electrochem-

ical lithium insertion behaviour is expected for g-b struc-
turally-related solids, having the diffraction patterns shown
in Fig. 1, specially without previous modification with
lithium nitrate. However, the SPES data recorded in Fig. 2
show significant discrepancies with the cycling behaviour

Fig. 1. X-ray diffraction patterns of the three pristine samples and
electrochemically inserted products. U graphite additives.
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Fig. 2. Step potential electrochemical spectroscopy results of lithium cells using nickel-modified manganese oxides as active electrode material.

w xreported for nickel-free CMD and EMD 1,5,6 . Thus, the
extent of the insertion process, expressed as LirMn ratio is

w xlarger than those previously reported 1 . Also, the effects
Ž .found in the plot of cell current vs. voltage Fig. 2 show

additional complexity to the cyclic voltammograms previ-
w xously reported 5 . In this way, the first cycle of dis-

charge–charge leads to several peaks. Besides the intense
reduction signal observed during the first discharge which
is located at 2.8 V, a shoulder develops at ca. 2.4 V. The
origin of these peaks can be associated to either different

Žoxidation states involved in the reduction process mainly
4q 3q 3q 2q .Mn rMn and Mn rMn pairs , or to the different

sites that can be used to accommodate lithium during cell
discharge. The hysteresis observed during the first cycle is
indicative of the second interpretation, as structural changes
take place, as shown below. Also, the possible involve-
ment of nickel in the shoulder at 2.4 V cannot be dis-

w xcarded. In fact, Tarascon et al. 10 suggested that a plateau
occurring at 2.2 V during the first discharge of cells using
Ni-substituted spinel electrodes could be due to the Ni
possibly affecting the spinel structure. Moreover, although
Ni3q was not detected in related Mn4q-containing systems
w x9–12 , at present we have no direct evidence that all
nickel is in the 2qoxidation state in our modified oxides,
and the possibility of a reduction of nickel during cell
discharge cannot be completely discarded.

In addition, SPES data reveal a decrease in the intensity
of the shoulder as nickel content decreases. As Ni is not

expected to be involved in the reduction peaks observed
during cell discharge, the different voltages at which
lithium insertionrdeinsertion take place can be associated
with the different environments in which the insertion sites
are located, including the number and distance of the
neighbour nickel ions.

During the first cell charge, the shoulder and the main
reduction peak lead to related oxidation signals although
less intense and displaced to larger voltages, probably by
kinetic effects. Thus, the main oxidation occurs at 3.3 V,
while the shoulder is at ca. 2.7 V. In addition, a third
well-defined peak develops at ca. 3.6 V, which increases
its intensity with nickel content. This peak is not correlated
with any reduction effect during cell discharge, even when
the second cycle is considered. The nature of this oxidation
effect leading to the hysteresis phenomenon should involve
new and irreversible structural changes which lead to the
new shape of the second cycle profile. Nevertheless, the
possible participation of changes in the oxidation states
during cell charge cannot be discarded.

The structural changes induced during the first dis-
charge–charge cycle on the solids were monitored by
X-ray diffraction. Only weak and highly broadened signals
are shown in the patterns collected in the lower part of Fig.
1, which evidences a significant decrease in long range
ordering.

The interest of the amorphization effect on the perfor-
mance is also evident in the potentiostatic plots of Fig. 2.
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A marked improvement is observed from the first to the
second and following cycles: lower polarization, less
marked hysteresis and better capacity retention.

Fig. 3 shows the changes in cell capacity during the
first ten cycles. After a decrease in capacity, a good
capacity retention is found during the following cycles.
Moreover the enhanced lithium ion diffusivity in the cy-
cled material can be observed in Fig. 4. The D values
were computed according to the methodology reported by

w xWeppner and Huggins 14 . Using the long step PITT
relaxations which fulfilled the condition t4L2r10 D,

Ž < <.plots of log i vs. t were obtained. The slope of these
plots is simply y1.071 DL2. The average values of D are
high as compared with lithium insertion into other man-

w xganese oxide electrodes 6 . A particular feature of the
plots in Fig. 4 is the occurrence of a minimum in the
values of the diffusion coefficients as a function of the
discharge depth. This minimum is more marked for the
lower nickel content and is almost absent for the Ni-rich
composition. Its intensity agrees well with the intensity of
the main reduction peaks in the SPES spectra of Fig. 2.
The evolution contrasts with what is expected from a
progressive filling of all the available sites in the structure
of the oxide and the continuous increase in the interionic
repulsions inside the structure of the host on increasing the
degree of intercalation. The increase in D after the mini-
mum implies a dramatic structural change which makes
the solid adapted to the larger lithium content and allows a
better diffusivity, e.g., by the incomplete amorphization.
On average to the complete x interval, the higher coeffi-
cients are obtained for the higher nickel content. It should
be remembered that the presence of such a small amount
of nickel is a prerequisite for the stabilization of the
pristine oxide structure and this behaviour comparable to

Ž .that of LiNO modified compositions CDMO . For fur-3

Fig. 3. Changes in cell capacity during the prolonged cycling of lithium
cells.

Ž . Ž .Fig. 4. Chemical diffusion coefficient during a first, and b second cell
discharge.

ther discharges, the differences between samples are less
Ž .marked Fig. 4b .

In conclusion, the use of nickel containing composite
manganese oxides leads to a simple synthetic route for the
stabilization of this phases by using the carbonate precur-
sor procedure. The lithium insertion–deinsertion cycles of
this material vs. a lithium electrode reveal an interesting
behaviour, without previous modification with lithium salts,
as used in the past by different authors. From the point of
view of its application in lithium cells, the low toxicity of
manganese compounds is usually taken as one of the clear
advantages of these solids vs. other solids such as V O .2 5

Also, nickel is less expensive and contaminant than other
additives such as cobalt. The low temperature synthesis
proposed here is economically interesting for the industrial
production of the active cathode material.
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