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In view of the possible application in non-aqueous lithium cells operating at relatively high
temperatures, molten dimethylsulphone (DMSO,) has been used as the electrolyte solvent in lithium
cells at 150° C. The stability of lithium in molten DMSO, has been found to be good as compared
with that observed in organic solvents such as propylene carbonate, thus indicating that the Li*/Li
system can be used as a suitable reference electrode in this medium.

The electrochemical behaviour of some transition metal oxides has been investigated in LiClO,
solutions in molten DMSO,. The results obtained from voltammetric and chronopotentiometric
measurements have shown a satisfactory behaviour for all the cathodic materials tested. Moreover,
electrochemical insertion of Li* ions into the crystal lattice of these oxides is a very fast process.
Thus molten DMSO, appears to be a very interesting organic solvent usable in high energy density

non-aqueous lithium cells.

1. Introduction

Owing to its physical and chemical properties,
dimethylsulphone (DMSOQ,) is a promising sol-
vent for use in the field of high energy density
non-aqueous cells. It is an organic solvent with
melting and boiling points of 108—-109° C [1] and
240° C [2], respectively. Furthermore, DMSO, is
an inert solvent which readily dissolves many
inorganic salts. Thermal decomposition occurs
at about 500° C, producing methane, ethane and
sulphur dioxide [3].

The first electrochemical research on DMSO,
concerned the stability constants of lead and
cadmium nitrate complexes measured polaro-
graphically at 125° C [4]. Other studies concern-
ing the stability constants of transition metal
complexes with halide anions [5] and thiourea
and thiocyanates anions [6] have also been per-
formed. Electrochemical investigations in mol-
ten DMSO, have been significantly extended by
Tremillon and co-workers [7-11].

In spite of numerous advantageous charac-
teristics, particularly a high thermal and chemi-
cal [12] stability, a weak solvation effect on ions
[4, 5,9, 13-15]) and an enhancement of chemical
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and electrochemical kinetics, the utilization of
molten DMSO, as a solvent in primary cells
operating at relatively high temperature has not
yet been practiced.

The present paper reports the electrochemical
study of the Li*/Li system in DMSQ, at 150°C
and the electrochemical behaviour of some well-
known transition metal oxides [16-18] in
1 molkg™' LiClO,/DMSO, at 150°C.

2. Experimental details
2.1. Materials

Dimethylsulphone (Aldrich, purity 98%) was
dissolved in boiling water, filtered and recrystal-
lized. The material was then recrystallized twice
from absolute methanol, air dried at 90°C for
48 h and dried again in vacue at 30°C for 12h.
The solvent was then stored in an argon-filled
glove box. Under these conditions the water
concentration did not exceed 5 x 10 *molkg ™"
[4]. Anhydrous lithium perchlorate (Fluka) was
dried under dynamic vacuum at 120°C for 8 h.
The solid was then dried under vacuum at 190°C
for 6h and preserved from moisture by keeping
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in an argon-filled glove box. Other inorganic
salts such as NaClO, and NBu,ClO, were
treated according to a similar procedure. The
metal oxides tested during the present work were
dried at 120°C in vacuo for 6h. Manganese
dioxides (y and B) were supplied by ‘La Société
Saft’, and other metal oxides by Prolabo and
K.K. Laboratories.

2.2. Apparatus

The reference electrode generally used was
formed by the Li*/Li redox system and consisted
of a lithium wire in contact with a 1molkg™"
lithium perchlorate solution in molten DMSO,.
The equilibrium potential of such an electrode
was stable over the period required for any of
the experiments described below.

The electrochemical study was carried out
with electrodes of area 1cm” and thickness
about 0.1 mm containing small quantities of
cathodic material (=2-3mg) mixed with
90 wt % graphite (Koch Light, purity 99.99%).
The mixture containing the active material was
pressed onto a platinum grid. The auxiliary elec-
trode consisted of a lithium rod facing the work-
ing electrode. The electrochemical cell used in
our investigations is fully described elsewhere
[19]. The cell was thermostated with silicon oil
whose temperature (150°C + 0.1°C) and circu-
lation were controlied by a Tamson thermostat.
The conductivity of a 1molkg™" LiClO, solu-
tion in molten DMSO, at 150°C is =2/3 x
1072Q~'em~!. Such a value is about ten times
higher than that achieved for a 1M LiCIO,
solution in bidistilled propylene carbonate at
ambient temperature (5 x 107°Q 'em ™).

The density of DMSO, may be calculated
from the following relationship established by
Smith et al. [13]: ¢ = 1.258 — 1.16 x 107°
(T — 273)gem™?; hence, at 150°C, ¢ = 1.08
gem 3. Faradaic yields are expressed as the
number of Faradays per mole of oxide.

3. Results and discussion
3.1. Electrochemical study of the Li*[Li system

The potential, reached after a few tens of
seconds, of a lithium electrode in contact with a

solution of Li* ions in molten DMSO, was
measured as a function of Li* ion concentration.
The experiment consisted of potential measure-
ment between two lithium wires; in order to hold
one wire at constant potential, a lithium wire
was immersed in a 0.1molkg™' lithium per-
chlorate solution contained in a separate com-
partment. A fine porosity frit was used to
prevent the diffusion of Li* ions. A second
lithium wire, extending into a solution contain-
ing the various Li* concentrations acted as the
working electrode.

For a reversible Lit/Li system, the expected
dependence of the equilibrium potential (E) on
the Li* ion concentration should be in agree-
ment with the Nernst equation [1] at 150°C:

E = Ej. + 0083 log[LiY] (1)

A linear variation of equilibrium potential
versus log [Li*] was found, as shown in Fig. la.
Nevertheless, the experimental value of the slope
(104 mV per log [Li*] unit) is not in accordance
with the theoretical value given in Equation 1.
Indeed, under these conditions the experimental
data include junction potential measurements
which are also dependent on Li* concentration.

In order to avoid such a phenomenon, further
measurements were performed in the presence
of a 1molkg™' NBu,ClO, solution in both
compartments. Thus we again found a linear
dependence of the equilibrium potential versus
log [Li*] when 1072 < [Li*] <5 x 107!
molkg™' (Fig. 1b). The experimental slope of
the straight line reported in Fig. 1bis 82mV per
log [Li*] unit. Agreement with Equation 1 is
seen to be well within experimental error except
at Lit concentrations higher than 5 x 107!
molkg~', where variations of ionic strength are
not negligible. Therefore the Li/Li* system was
used as reference electrode for all the exper-
iments described below, although such a system
has never been used as reference electrode in
molten DMSO, before [4-11, 20-22].

3.2. Electroactivity ranges

At 150° C the potential range of molten DMSO,
extends from 0.2 to 5V versus a Li/Li*
1molkg™' reference electrode (Fig.2) with
a stationary platinum microelectrode (8 x 1072
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cm’ area). The limiting reaction which prevails
for both anodic and cathodic sweeps is probably
the electrochemical decomposition of the sol-
vent [7].

Absence of oxygen is assured by vigorous
argon bubbling for 30 min before each measure-
ment. During measurements, an argon atmo-
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Fig. 2. Potential range obtained with a platinum electrode
(8 x 107%cm?) in I molkg™" LiClO,; 150°C, 60 mV mn~".

b 0'5 lithium electrode with log Li™. (a)
' Without NBu,ClO,; (b) with
I molkg™ NBu,CiO,.

sphere is maintained over the solution to prevent
a subsequent redissolution of oxygen. When
concentration of residual water becomes too
high, its reduction occurs close to 1.8V with
formation of a black deposit corresponding to
LiOH precipitation {7].

The electroactivity range exhibited with a
1 cm? graphite-loaded platinum electrode is less
than that obtained with a 1cm? platinum elec-
trode. Indeed, the increased surface area makes
the water reduction easier. However, such a fact
does not restrict the present study since the
materials are mainly investigated between 2
and 4V.

3.3. Electrochemical behaviour of some
transition metal oxides

3.3.1. Vanadium pentoxide. Typical discharge—
charge curves of V,0O; at a current density of
ImAcm™ are shown in Fig. 3. Three main
reduction steps appear as mentioned by other
authors [23-25]. A total balance of around 2.45
Faraday per mole of active material is obtained,
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Fig. 3. Discharge—charge curves of V,0;
in 1molkg™' MCIO, solution in molten

in good agreement with reported results
achieved in other non-aqueous media.

The first reduction step is subdivided into two
steps of similar magnitude, since the voltage
shifts from a plateau of about 3.4V to a plateau
of 3.2V with a faradaic yield of about 0.8 F/
V,0s. These processes are generally accepted to
correspond to a reversible insertion of Li* ions
into the crystal lattice as described by Equation 2
[26, 27]:

V,0; + xLi* + xe — V,0O;Li,  (2)

The further electroreduction of V,05 occurs in
two steps around 2.25V and 2.05V with faradaic
yields of 0.7 and 1 F/V,Os, respectively (Fig. 3).

We have established that all the reduction
processes are dependent on the ionic radius of
the cation contained in the electrolyte (Fig. 3).
This result confirms that all the reduction steps
are kinetically determined by the insertion of
cationic species into the crystal frame work [25].

The voltammetric curves clearly point to four
processes for V,0; reduction [25] (Fig. 4a). The
oxidation curves performed after the two first
cathodic steps show that the electrochemical
processes are quite reversible. When the oxi-
dation is performed after the third reduction
process (at 2.25V) the amounts of electricity
required for the reduction and recovered in the
oxidation are still practically identical, although
this third process appears less than the first two
(Fig. 4b). All the oxidation processes are very

DMSO, at 1mA, 150°C, M* = Li*,

F
/mole v,05 Na't, NBuy; .

attenuated and practically irreversible after
cathodic scanning has been performed beyond
the last reduction process (Fig. 4a). These
results suggest that in molten DMSO, the V,0;
crystal lattice undergoes a sudden and irrevers-
ible transformation after further Li* ion inser-
tion as mentioned by several authors using other
media [25-28].

3.3.2. Molybdenum trioxide MoO;. As in the
case of V,0;, electrochemical reduction of
MoO, requires an insertion process of Li* ions
into the host lattice of the oxide according to
Equation 3 [26, 29, 30].

MoO, + xLi* + xe —> MoO;Li, (3)

Several authors have shown that electro-
chemical reduction of MoQO; in organic solvents
occurs in two steps [30—33]. A discharge curve
of MoO; (1mA, 150°C) in molten DMSO, is
reported in Fig. 5. Again, two steps appear
(2.7V and 2.3V) with faradaic yields of about
0.5 and 1 Faraday per mole of oxide respect-
ively, i.e. with a total balance of 1.5 F/MoO,. No
well-defined oxidation process can be ascribed
to the first reduction step (Fig. 6b) and the
discharge—charge curves (Fig. 5) indicate that
the recovered capacity in reoxidation practically
corresponds to the faradaic yield involved in
the second reduction process only, i.e. about
1 Faraday per mole of oxide.

As has already been shown [30], and in accord-
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ance with our results, the first reduction step of
MoO, should lead to a material whose crystal
structure differs from that of the initial solid. It
can be suggested that a new distribution of the
octahedral MO, groups occurs [30}. Such a
phenomenon may make insertion of Li* ions
easier [30]; this could explain why the second
step was practically reversible. In contrast, the
Li* ions intercalated during the first reduction
step remain inside the initial layered structure of
MoQO,;. Therefore no significant oxidation
process is allowed.

3.3.3. Manganese dioxide. Two kinds of manga-
nese dioxide were studied here: electrolytic
MnO, whose crystal structure is YMnO, and a
chemically prepared MnO,, i.e. fMnO,.

3.3.3.1. yMnO,. Fig. 7 shows a chronopotenti-
ogram (1 mA cm™2, 150° C) for electrochemical

2.2 26 3 34 3.8
E (Voits vs Li/Li")

Fig. 4. V,0; cyclic voltammetric curves in 1molkg™
LiClO,; 150°C, 60m Vmn~'.

reduction of yMnQO, in molten DMSO, at
150°C. Two reduction steps appear around
3.2V and 2.8V with faradaic yields of about
0.15F/MnO, and 0.35 F/MnO,, respectively, i.c.
with a total balance of about 0.5 Faraday per
mole of MnO,. The existence of these two steps
is confirmed by the cyclic voltammetric curves
reported in Fig. 8. The elecirochemical reoxi-
dation is equally subdivided into two steps as
shown in Fig. 8a and b. From the second cycle
it can be seen that the reduction processes give
rise to more defined curves. From a quantitative
point of view it has been established that the
faradaic yield recovered during the charge
process is similar to that achieved for the dis-
charge (Fig. 7).

3.3.3.2. fMnO,. Only one reduction step of
PMnO, appears [34, 351 at 2.8V, i.e. at the same
voltage plateau as the second step in the yMnO,
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Fig. 5. Discharge—charge curves of MoO; in Imolkg™!

LiClO, solution in molten DMSO, at 1mA, 150°C.
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Fig. 6. MoO, cyclic voltammetric curves at 150°C,
60mVmn.
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Fig. 7. Discharge—charge curves of yMnO, and fMnQ, at
1mA; 1 molkg~' LiClO,, 150°C.

reduction (Fig. 7). This reduction performed
under 1mA at 150°C in molten DMSO,
required the exchange of 0.5 Faraday per mole
of oxide MnQ,.

The capacity recovered during the charge
process is about the same as that measured in the
discharge. Cyclic voltammetric curves presented
in Fig. 9 confirm the presence of only one reduc-
tion step corresponding to an oxidation process
occuring at 3.4V. From the second cycle it can
be seen that the reduction processes give rise to
more defined curves and remain unchanged for
at least a few cycles (Fig. 9).

Investigations conducted into the discharge
mechanism of MnO, in other media have estab-
lished that an expansion of the crystal lattice
occurs as the discharge proceeds, while Li* ions
are introduced into the crystal lattice according
to [35]:

MnO, + xLi* + xe — MnO,Li,

We have clearly shown that the electro-
chemical reduction of yMnQO, in molten DMSO,
occurs in two steps, as already demonstrated
in propylene carbonate [30]. The two steps
observed during the reduction of yMnQO, and the
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Fig. 8. yMnO, cyclic voltammetric curves at 150°C, 60 mVmn ™", 1 molkg™' LiClO,.

one for fMnO, reduction can be explained in
terms of crystallographic data.

The differences between the various kinds of
manganese dioxide correlate with the type and
the size of cavities provided by arrangement of
single or multiple octahedral (MnQg) chains
joined along their lengths by sharing corners [36].
The rutile structure of the § form only has longi-
tudinal cavities which are smaller than those
contained in the ramsdellite structure [36],
whereas both types of cavities exist in the yMnO,
crystal lattice. The ability to insert Li* ions into
the oxide framework probably correlates with
the size of the cavities in the host lattice. The
larger the cavities, the easier the insertion of Li+
ions. Therefore by taking this assumption into
account, we can suggest that the processes

fmA)

13 22 28 3 34 38
E Volts vs Li/Li")

Fig. 9. pfMnO, cyclic voltammetric curves at 150°C;
60mVmn~', I molkg™! LiClO,.

observed during yMnO, reduction correspond
to the intercalation of Li* ions in both types of
cavity. So both 2.8V voltage plateaux in the
reduction of y and fMnO, may be associated
with the insertion of Li' ions into the small
cavities of the host lattice.

4. Conclusion

The results reported in the present work have
proved that molten DMSO, can be used as a
solvent in lithium cells. The Li*/Li system
is a very suitable reference electrode for such
a medium. In comparison with performances
achieved in other media, all the cathodic materials
tested have exhibited a satisfactory electro-
chemical behaviour. Moreover, LiClO, solutions
in molten DMSO, have been found to have
acceptable compatibility with lithium, at least
during the period required for any of the
previous experiments. Under these experimental
conditions the potential range extends from
1.8V to 5V in the presence of graphite. The
obvious conclusion to be drawn from this work
is that molten DMSO, offers interesting features
required in the field of high energy density non-
aqueous hithium cells operating at relatively high
temperature.
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