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Abstract The electrochemical behaviour of the spinel-
like LiMn,O4 was studied in non-aqueous and aqueous
saturated alkali nitrate electrolytes in comparison with
the layered manganese dioxide 6-MnQO,. The results
obtained by galvanostatic and cyclic voltammetry tech-
niques showed that the insertion of Li"/e” or H' /e~
depends on both the host lattice and the type of elec-
trolyte. The spinel-like LiMn,O, preferably allowed the
insertion of Li* /e in non-aqueous and aqueous satu-
rated LiNOj electrolytes, as observed from the similarity
of the electrochemical behaviour in these electrolytes
and the stability of the structure. This was explained by
the presence of a three-dimensional network of vacant
tetrahedral and half-filled octahedral sites in LiMn»QOy,
which guarantee high mobility of Li" ions. The layered
manganese dioxide could be inserted by Li* /e~ only in
non-aqueous electrolytes.

Keywords Spinel-like - LiMn,Oy, - -MnO, - LiNO;
electrolytes - Lithium insertion

Introduction

Recently, lithium-ion batteries have attracted consider-
able attention. The advantages of this type of battery are
high specific capacity, high specific energy and good
lifecycle performance. The spinel-like cathodic material
LiMn,0y, in which the Mn,0, framework provides a
three-dimensional (3D) interstitial space for Li*™ ion
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transport, maintains its structure over the compositional
range Li,Mn,O4 (0 £ x < 1) by changing the average
Mn oxidation state between 3.5 and 4.0 [1, 2, 3].

Commercial lithium batteries use organic electrolytes
in spite of their high cost and safety precautions.
Aqueous lithium-ion cells are not considered because
cathode and anode materials that are stable in aqueous
solution are not readily available. Dahn and co-workers
[4, 5, 6] have proposed the concept of rocking-chair cells
in aqueous solution. The cathode and the anode are
both complex metal oxides of lithium, e.g. LiMn,0y is
used as the anode and VO, or Liy 34MnO5 is used for the
cathode.

In aqueous electrolytes it is important to remember
that different host lattices for lithium could be successfully
employed as the cathode. Also, different aqueous elec-
trolytes have been used for cycling insertion. Recently,
Dahn and co-workers [4, 5, 6, 7] used neutral and alkaline
solutions saturated with LiNOj as the electrolyte, LiM-
n,Oy4 as the anode and VO, or Lig 3sMnO, was used as the
cathode. Deutscher et al. [8] used 0.1 M LiOH saturated
with LiCl as the electrolyte, lithium amalgam or Li/Al
alloy as the anode and EMD was used as the cathode.
Kanoh et al. [9, 10] used 0.1 M LiCl at pH 7.5 as the
electrolyte and LiMn,O4 was used as the cathode.

Although Li and Dahn [11] confirmed the insertion of
Li ions into a manganese dioxide lattice in aqueous
electrolytes via pH measurements, the role of the con-
centration of the Li salt was not explored. Moreover,
Weiss et al. [12] have rejected the possibility of Li in-
sertion in saturated LiNOj; aqueous electrolytes into
another host lattice (YBa,Cu;0,). Also, the possibility
of H" /e insertion instead of Li™ /e should be consid-
ered in MnQO, lattices. For example, in ramsdellite, the
oxygen atoms present at the apex of a trigonal pyramid
of cations (indicating sp> hybridization) can be easily
hydroxylated during reduction in aqueous electrolytes,
forming groutite [13]. In this work, the aim is to study
the possibility of Li" insertion into different MnO,
modifications in different aqueous electrolytes and
whether it is a proton or lithium insertion reaction.
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Experimental

All chemicals used were of analytical grade from Merck or Fluka
unless otherwise stated.

For the preparation of the spinel-like phase LiMn,O,4, LiOH
H,0 and -MnO, were mixed in a 1:2 ratio in a ball-mortar for 2 h,
pressed into pellets under 10 t cm 2, heated at 470 °C for 24 h in air
and at 700 °C for 12 h under N, [14, 15].

For the preparation of the hydrated, layered J-MnO,,
Mn(OH), was precipitated at 0-5 °C by adding 50 mL of 5.2 M
NaOH to 40 mL of 2 M Mn(NO;), and oxidized by bubbling O,
(200 mL min ") over night through a glass frit (G1) in a 1 m-long
tube (3 cm diameter). The product was washed with water until
pH 7 and dried in air at room temperature [16, 17].

The composition of LiMn,0O4 and 6-MnO, was determined by
elemental analysis using atomic absorption spectrometry for Mn,
and flame emission spectrometry for Na. For oxidation state
evaluation, both the standard iodometry and oxalate methods were
used. The water content of -MnO, was evaluated from the loss of
weight after heating at 200 °C for 2 h. For structural investiga-
tions, a powder X-ray diffractometer (Siemens DS5000, linear
counter) was used with CuK« radiation. For the lattice parameters
refinement, a commercial regression program was used. As stan-
dard, quartz was used for calibration. The X-ray diffractograms of
the prepared samples are shown in Fig. 1 and the chemical analysis
results and lattice parameters are presented in Table 1.

Electrochemical reactions were performed in three-electrode
cells with a commercial potentiostat. In galvanostatic processes, a
current density of 3 mA g ! was used unless otherwise stated. Cy-
clic voltammetry was performed using a Wenking potentiostat
scanner with a scanning rate 76 mV h™', unless otherwise stated. A
Hg/HgO reference electrode was used as the standard electrode in
aqueous electrolytes made alkaline with 0.1 LiOH, and a saturated
calomel electrode was used in the case of neutral aqueous electro-
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Fig. 1 X-ray powder diffractograms of (a) spinel-like LiMn,Oy
and (b) 0-MnO,. The asterisk marks the Si sample carrier

lytes. Li metal was used as both counter and reference electrodes in
non-aqueous electrolytes. N, was used to sweep O, during the
electrochemical process in aqueous electrolytes. The working elec-
trodes were pressed as tablets under 3 t cm 2 into platinum grid-
pressed powder electrodes, with 50% (w/w) graphite (KS6 from
Lonza) in respect of manganese dioxide samples and ca. 1% (w/w)
PTFE. In some cases, graphite was replaced by 10% (w/w) acety-
lene black (Strem) to avoid reflections in the X-ray diffractograms.

In the case of lithium insertion studies in aqueous electrolytes,
saturated LiNO5; with and without 0.1 M LiOH, saturated NaNOs
and KNO; were used as the aqueous electrolytes. N, was used to
sweep O, during the electrochemical process in aqueous electro-
lytes. 1 M lithium trifluoromethanesulfonate (LiCF3SO;, Fluka)
(dried by heating at 80 °C under strong vacuum for 12 h) dissolved
in propylene carbonate (Merck) (dried by 3 A molecular sieves
from Metrohm) and kept with an extra amount of the molecular
sieve under a dry oxygen-free argon atmosphere in a glove box
gunder these drying conditions, the electrolyte contain <30 pg mL

water) was used in the non-aqueous electrochemistry.

Results and discussion

The graphite used was tested and proved to be electro-
chemically inert in the potential window from 2 to 4.5 V
vs. Li/Li™ using 1 M LiCF;SOs in propylene carbonate.

In the charge-discharge cycles of the layered manga-
nate, the discharge process was performed first to obtain
maximum capacity, as observed from the present results
and as recommended by Leroux et al. [18] and Chen and
Whittingham [19], who reported a loss in capacity upon
starting with the charging.

Electrochemical behaviour of the spinel-like LiMn,Oy4
in a lithium non-aqueous cell

The galvanostatic reduction of the spinel-like LiMn,O,4
after preliminary galvanostatic oxidation to a manganese
oxidation state of +3.93, .-MnO, (Fig. 2a), showed the
presence of three reduction steps. The first reduction step
was observed at a potential of 4.1 V vs. Li/Li*. The
second step occurred from a manganese oxidation state
of +3.78 to +3.59 in the potential range 4.03-3.85 V.
The reduction was continued to a third step, started at a
lower potential (2.85 V). It was accompanied by the re-
duction of Mn to oxidation state +3.32. To ensure
complete utilization of this step, the sample was further
discharged at a constant potential of 2 V until the current
dropped to <0.5 mA g !. The overall charge transfer
(240 mA h g'') and the working potential are in good
agreement with previous work [20, 21, 22].

Table 1 Chemical analysis and

owder XRD data Sample Molecular Oxidation state Crystal system Cell Error in
p formula of Mn parameters cell parameters
Spinel-like LiMn,Oy4 3.5 Cubic a=8.239 A 0.0006
LiMHzO4

5-MnO, Hyp.gsNag 34 3.61 Monoclinic a=5.174 A 0.0014
(H>0)0.sMnO, b=2.847 A 0.0007
c=7.330 A 0.0021

p=103.238° 0.017
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Fig. 2 Oxidation-reduction of spinel-like LiMn,O4, in 1M
LiCF3S0;: a galvanostatic; b cyclic voltammetry with scan rate
288 mV h'; ¢ the X-ray diffraction pattern after the third cycle (the
asterisk marks an impurity)

In the recharge process it can be observed that the
3 V process takes place at a potential of 3.31 V, indi-
cating a hysteresis that amounts to 0.5 V, which is very
large in comparison with that of the 4 V range which
does not exceed 0.08 V, showing the relatively better
reversibility of the high-voltage step. The different ac-
commodation sites for lithium ions in the 4 V and 3 V
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Fig. 3 Reduction-oxidation of -MnO, in 1 M LiCF5;SO; under
purified argon on a Pt grid: a galvanostatic; b cyclic voltammetry
with a scan rate 288 mV h™'; ¢ the X-ray diffraction pattern after
the second reoxidation cycle under tesa film

ranges was suggested to be the reason behind this drastic
difference in the potential [20, 21, 23].

Cyclic voltammetry (Fig. 2b) showed the presence of
three cathodic polarization peaks at 4.05, 3.83 and
2.67 V, three main anodic polarization peaks at 4.31,
4.13 and 3.2 V and a small anodic peak at 3.8 V vs. Li.
The reason for the appearance of the last peak is not
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known, although it was observed earlier [1]. The posi-
tions of the electrochemical steps agree well with previ-
ous work [1, 22, 23, 24]. Cyclic voltammetry as well as
the X-ray diffraction pattern of the product after three
cycles (Fig. 2c) confirmed the excellent reversibility, as a
good quality diffractogram was obtained showing the
stability of the spinel structure upon insertion and de-
insertion of Li ions.

Electrochemical behaviour of the hydrated, layered
manganate in non-aqueous electrolytes

The galvanostatic reduction of 06-MnO, (Fig. 3a)
showed a capacity of 0.67 electron transfer per formula
unit (¢ /f.u. or n) or 170 mA h g !, which is in agreement
with that obtained by Strobel and Mouget [17]. The
inserted Li" ions are believed to be accommodated in
the interlayer spacing of the layered -MnO, and the
obtained electron transfer is comparable to the actual
vacant sites after subtracting the sites already occupied
by Na ™. It is noteworthy to mention that Li" present
the electrolyte partly exchange with the interlayer
Na "ions [16].

The rechargeability was observed to be good, as
confirmed from the cyclic voltammetry curves (Fig. 3b).
These show a cathodic polarization peak at 3.62 V vs.
Li/Li", which disappeared in the next cycles, and the
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main reduction peak is at 2.66 V. In the recharge pro-
cess, the main oxidation peak was observed at 3.06 V
and another small shoulder at 4.09 V, which disap-
peared at the second recharging process.

The X-ray diffraction pattern of the layered MnO,
after oxidation in the third cycle (Fig. 3c) showed an
amorphous phase, which is in agreement with the liter-
ature [17].

Electrochemical behaviour of the spinel-like LiMn,Oy4
in aqueous electrolyte

The galvanostatic oxidation (charging to A-MnQO,) of the
spinel-like phase LiMn,Oy in saturated LiNO; (ca. 4 M)
electrolyte can be only reached in the neutral or very
weak alkaline solutions because the oxygen evolution
potential developed at 640 mV vs. Hg/HgO in saturated
LiNO;+0.1 M LiOH, before the oxidation of LiMn,Oy4
started. The three redox steps observed in the non-
aqueous electrolyte could be observed in the galvano-

Fig. 4 The oxidation-reduction reaction of the spinel-like LiM-
n,04 mixed with 9% acetylene black and 1% PTFE: a galvano-
static oxidation reduction in saturated LiNOs; b cyclic voltammetry
in saturated LiNOg; ¢ cyclic voltammetry in 1 M LiNOs; d X-ray
diffraction pattern of the product after the second reoxidation step
of a. The asterisks mark the stainless steel sample holder
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static reduction-oxidation in the neutral, saturated
LiNOj electrolyte with much shorter plateaux, as shown
in Fig. 4a. The X-ray diffraction pattern of the product
after oxidation of the second cycle (Fig. 4d) showed
good stability of the crystal structure.

Cyclic voltammetry of LiMn,O, in neutral, saturated
LiNOs; electrolyte (Fig. 4b) showed the presence of three
cathodic polarization peaks at 943, 804 and —377 mV vs.
the saturated calomel electrode (SCE), three main anodic
polarization peaks at —121, 837 and 962 mV and a small
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Fig. 5 Oxidation-reduction reaction of the spinel-like LiMn,O,4
mixed with 9% acetylene black and 1% PTFE: a galvanostatic
oxidation reduction in saturated NaNOs; b cyclic voltammetry in
saturated NaNOs; ¢ cyclic voltammetry in saturated KNO;; d
cyclic voltammetry in saturated NaNO; with renewing of the
electrolyte after the oxidation step; e X-ray diffraction patterns of
the product after the second recharge step of a. The asterisks mark
the MII304

anodic peak at 110 mV vs. SCE. The present peaks were
observed also in the non-aqueous electrolyte, indicating
the presence of the same oxidation-reduction mechanism.

The low-potential step which represents the redox
reaction LiMn,04/Li,Mn,0O4 was found to be depen-
dant largely on the concentration of the lithium salt, as
in 1 M LiNO; it was clearly depressed (see Fig. 4c),
while the high-potential steps did not change. Also it is
important to mention that all the peaks are shifted to
more negative values by about 100 mV vs. SCE.
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Electrochemical behaviour of the spinel-like LiMn,O,4
in saturated aqueous alkali nitrates

To confirm the lithium insertion mechanism in the
aqueous saturated LiNOj electrolyte, it was important
to repeat the same process in other alkali nitrates. Gal-
vanostatic oxidation of LiMn,0O4 in saturated NaNO;
solution (Fig. 5a) took place similar to that in saturated
LiNOj; solution. A sudden drop in the potential was
observed in the reduction process down to ca. +50 mV
vs. SCE, followed by a continuous decrease in the po-
tential which is different from that in saturated LiNOs;
the reoxidation pathway also changed.

This was confirmed by cyclic voltammetry of LiM-
n,0, in saturated NalNO3 and KNOj; solutions (Fig. 5b,
¢). Only the first oxidation step was similar, whereas
there is a small contribution from the high-potential
reduction step which may be due to the extracted lithi-
um. This contribution was not observed upon renewing
the electrolyte after the first oxidation step (Fig. 5d).

The X-ray diffraction pattern of the product after the
second oxidation step (Fig. 5e) showed the destruction
of the spinel phase to Mn3;04, which was observed
during the proton insertion [25].

Accordingly, the electrochemical behaviour of LiM-
n,0,4 obtained in saturated LiNOs is due to the satura-
tion of the electrolyte with Li ions and not to the
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saturation effect as in case of saturated alkali nitrates,
where a reduction-oxidation behaviour similar to that
obtained in proton insertion mechanism was obtained
[25]. Moreover, in aqueous Li salt electrolytes the lithi-
um insertion mechanism into A-MnO, may be adopted.

Electrochemical behaviour of the hydrated, layered
manganate in saturated aqueous lithium nitrate

The galvanostatic reduction of the hydrated, layered
manganate in saturated LiNO; (Fig. 6a) with the re-
duction in alkaline electrolytes showed a similar path-
way to that reported previously [26]. A one-phase
reaction was found to take place up to electron transfer
0.2n, followed by a two-phase reaction which ended at
electron transfer 0.84n accompanied by destruction of
the electrode material and the formation of Mn;O,, as
indicated from the X-ray diffraction pattern of the

Fig. 6 Reduction-oxidation reaction of -MnO,: a galvanostatic in
saturated LiNOs; b galvanostatic reduction oxidation in 0.1 M
LiOH, saturated with LiNOs; ¢ cyclic voltammetry in 0.1 M LiOH
saturated with LiNO;; d X-ray diffraction patterns of the product a
after the reduction process of a (bottom) and after the third
oxidation step of ¢ (top). The asterisks mark LiNOs3; + Mn30y;
Si=silicon sample holder and Gr= graphite
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product (Fig. 6d, bottom). The destruction of the elec-
trode material is due to dissolution of the hydrated,
layered manganate during reduction due to the low pH
of the electrolyte (pH 5-6).

The rechargeability of hydrated, layered manganate
could be studied using 0.1 M LiOH saturated with
LiNO; (Fig. 6¢), as the alkaline electrolyte prevented the
dissolution of the electrode material. The galvanostatic
reduction-oxidation curves showed a capacity fading in
the first three cycles. This was due to the accumulation
of the Mn;0y, as observed from the X-ray diffraction
pattern of the product after the third oxidation cycle
(Fig. 6d, top).

Cyclic voltammetry of the hydrated, layered manga-
nate in 0.1 M LiOH saturated with LiNOj (Fig. 6¢)
confirmed the results obtained from the galvanostatic
curves. The anodic and cathodic polarization peaks of
the reversible one-phase reaction observed at + 195 and
+76 mV vs. Hg/HgO, respectively, were shifted by
about 50 mV to more positive values. Two cathodic
polarization peaks were observed at —54 and —340 mV
and two anodic polarization peaks in the recharge step
at —17 and 76 mV. The cathodic polarization peak at —
54 mV was shifted to a more negative value in the next
cycle.

Conclusion

The redox process of the spinel-like phase LiMn,O4 in
saturated aqueous LiNOj solution is reversible in spite
of the great capacity loss, which may be due to the
dissolution of the electrode material in the electrolyte.
Also, the low-potential step depends strongly on the
concentration of the lithium salt. The mechanism of the
redox reaction of LiMn,Oy in saturated LiNO; solution
is very likely to be a lithium insertion reaction as in the
non-aqueous cells, which was suggested by Dahn and
co-workers [4, 5, 6, 7, 11].

Furthermore, the attempt to insert lithium into the
hydrated, layered manganate using saturated lithium
nitrate electrolytes, in a similar way to the spinel phase
(this work and others [4, 5, 6, 7]) and the y-MnO, [§], did
not succeed. This may be understood in view of the site
availability and the rate of diffusion, as both the spinel-
like LiMn,04 and yp-MnQO, phases are attractive host
structures for lithium insertion/extraction reactions be-
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cause they provide a 3D network of face-sharing tetra-
hedra and octahedra for lithium ion diffusion. In
contrast, the hydrated, layered manganate provides only
tetrahedral sites sharing three faces with MnOg octahe-
dra, which are the most unfavourable sites for lithium
accommodation owing to the metal-metal repulsion [2,
27].
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