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The behaviour of the Li/Li, , . V;O4 system in a secondary button cell has been investigated. It is shown
that when using electrolytes based on LiAsF, (without stabilizing additives) the best results are
achieved with cyclic esters. It is established that the charging conditions influence significantly the cell
cyclability, while the discharge conditions have a limited effect. It is also demonstrated that mixtures
of ethylene and propylene carbonate lead to a considerably better reversibility of the system. A
satisfactory electrode performance has been obtained: 180 Ahkg~' at the 100th cycle for the positive

electrode material and over 95% utilization of the Li electrode.

1. Introduction

The properties of the lithium vanadium bronze
Li, V504 have been the subject of a considerable
number of studies. The results from the investigations
of test and real electrodes at different current densities
[1-4] have demonstrated the high specific energy of
the material. This feature, along with the excellent
electrode reversibility, makes this bronze one of the
most promising materials for positive electrodes in
secondary lithium cells.

All published studies on Li,, ,V,04 have been per-
formed in cells with a relative excess of electrolyte. In
a real cell, however, the electrolyte is present only in
the pores of the cathode and of the separator. The
excess of electrolyte may considerably obscure the
effects of all electrolyte decomposition phenomena,
both homogeneous and heterogeneous [5].

The latter class includes all reactions involving
solutions and electrodes. To the well known Li passi-
vation due to solution reduction, one has to add the
catalytic decomposition of the solution at the positive
electrode surface, which can cause remarkable con-
sumption of electrolyte during cycling of a real cell.
These effects manifest themselves in a continuous
increase of the internal resistance and in a reduction of
the real cell capacity with cycle number. Obviously,
degradation of the electrolyte at the positive electrode
depends on the maximum potential value set for the
charge. For a system with a mean discharge voltage of
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2.6V as Li/Li, V504 [1], these effects will be more
evident than for Li/MoS, cells with 1.8V [6] and
Li/TiS, cells [7, 8] with 2.2V as a mean discharge
voltage.

Homogeneous electrolyte decomposition [5], in
other words the spontaneous processes occurring inde-
pendently of the electrochemical reactions, also lead
to a compositional change of the initial electrolyte.

All these phenomena are obviously of greater
importance in starved cells. Indeed, in this case, the
percentage of decomposed electrolyte with respect to
the total amount will be much larger.

It follows that an excellent electrode performance in
a test cell is a necessary, but not sufficient, condition
for a satisfactory behaviour in a real cell. It can
also be concluded that only tests of real cells can
provide the correct answer as to the compatibility
of the various positive eclectrodes with the various
solutions proposed in recent years.

One of the most widely studied electrolytes, which
certainly contributes to the excellent results obtained
with the cells produced by Moli Energy, the leading
manufacturer of commercial secondary Li batteries, is
LiAsF, dissolved in a mixture of ethylene carbonate
(EC) and propylene carbonate (PC) [6]. The satisfac-
tory performance of this electrolyte in the Li/MoS,
cells makes it a prospective target of investigation
in connection with the considerably energy-richer
Li/Li;, ,V,04 system. In this work, the investigation
has been carried out under the conditions of a real
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secondary button cell. In all tests with this and other
solutions, no additives increasing the Li electrode
efficiency have been used — this will be the subject of
a following study.

2. Experimental details

All studies were carried out in the button cell shown
schematically in Fig. 1. The Li anode was a 0.2mm
thick lithium foil pressed onto an expanded Ni grid.
Each cell was fitted with two layers of a microporous
polypropylene separator (Celgard 2400 produced by
Celanese Corp.). Preliminary tests had shown that
with one layer of separator the possibility of lithium
dendrite penetration sharply increased after the 150th
cycle. With solvents of the cyclic esters group, the
separators were impregnated using a proprietary
technique [9, 10].

The cathode was a 7: 3 mixture of Li,,,V;0;4 (par-
ticle size, 1-5um) and Teflonized carbon black,
pressed on a Ni grid at 10toncm~* and sintered at
340°C for Smin. The conditions for the synthesis
of the bronze have already been described [3, 4].
Teflonized carbon black, with a Teflon to carbon ratio
of 1:2, was obtained by carefully blending the two
components dispersed in a slurry. The amount of
cathodic active material was 15mgem 2. Electro-
chemical grade LiAsF,, received from USS Agri-
Chemicals, was dried for 96 h under vacuum at 80° C.

Dimethoxyethane (DME), tetrahydrofuran (THF),
2-methyltetrahydrofuran 2MeTHF) and methyl for-
mate (from Aldrich) were purified as already des-
cribed [1-3]. PC, distilled-in-glass grade (from Fluka),
was used as received. EC (also from Fluka) was sub-
jected to additional vacuum distillation. The moisture
level of the electrolytes was below 20 ppm, as checked
with a Mitsubishi moisturemeter, model CA-02.

The assembling of the cells was carried out in an
argon-filled glove box with automated maintenance of
the moisture content below 10ppm. The cells were
assembled after preliminary impregnation of cathode
and separator with electrolyte without adding an extra
amount in the cell.

Cycling experiments were performed under galvano-
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Fig. 1. Schematic diagram of the button cell: { — can, 2 — gasket,
3 — lithium anode, 4 — separator, 5 — cathode, 6 — lid.

static conditions with charge and discharge cut-off of
3.2 and 1.8V, respectively. The charge voltage cut-off
was raised to 3.5 V in the special test of its effect on the
cell cyclability. The cell resistance was measured at
1 kHz with an RC-bridge. It is possible that this resist-
ance does not coincide with that obtainable by extra-
polating to the real axis impedance values measured at
various frequencies.

3. Results and discussion

The choice of solvents from the cyclic esters group,
such as PC and EC, was made after a series of pre-
himinary studies. Some of the results obtained are
given in Fig. 2. This figure shows the dependence of
cell capacity on cycle number using different elec-
trolyte solutions based on LiAsF;. The charge and
discharge current density for all experiments was
ImAcm™?. Cycling was discontinued when the cell
capacity reached 50% of the initial value.

From the curves presented in Fig. 2 it can be con-
cluded that in solutions not containing any additives,
the best results are obtained with pure PC. This con-
clusion is confirmed by the cell resistance measure-
ments at the end of the charge. Fig. 3 shows the
resistance of some cells as a function of cycle number.
It can be seen that at the beginning of cycling the
increase of the cell resistance for solutions containing
THF + 2MeTHF and PC 4+ MF is much faster than
for those containing PC or PC + DME. The rapid
resistance rise is an indication of the reactions of these
solvents at the negative and at the positive electrodes.

While the cell capacity continuously decreases with
all other solvents (Fig. 2), a flat maximum can be
observed with PC. This maximum cannot be explained
by the decrease of the internal resistance. As shown
in Fig. 3, the cell resistance between the 30th and
the 90th cycle displays a monotonic rise, while in the
same interval the cell capacity increases. A possible
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Fig. 2. Influence of the type of solvent on the cycle lifer 1 —
PC:DME, 2 — THF:2MeTHF, 3 — 2MeTHF, 4 — PC:MF,
5 — PC. In all solvent mixtures the ratio is 1: L.



Li/Li,, .V;0; SECONDARY BUTTON CELLS

PC+ DME THE + 2MeTHF TS MF
50
PC
]
£
2
S wof
2
s
(&)
20k
0 1 1 1 ! 1
0 30 60 80 120 150

Cycles

Fig. 3. Effect of the cycle number on the cell resistance at 1kHz for
different solutions containing 1 M LiAsF;.

explanation may be that the lithium dendrites formed
have a larger volume than bulk Li, thus decreasing the
contact resistances between electrodes and separator-
solution. This positive effect is masked in all other
solutions by the prevailing negative effects.

On the basis of the results shown in Figs 2 and 3,
further investigations were only performed with elec-
trolytes containing solvents of the cyclic esters group.
Typical charge-discharge curves of cells with 1M
LiAsF,, at the charge and discharge current density of
I mAcm™?, are presented in Fig. 4a, while Fig. 4b
displays the corresponding values of the cell resist-
ance. [t can be seen that substantial resistance changes
take place throughout a full cycle. This can be
explained by the variation of the electrode volume
occurring in the course of one cycle. During discharge,
Li dissolves forming free space which is difficult to
compensate in spite of the probable redistribution of
the electrolyte. During charge, Li is restored and
the resistance decreases to its initial value. With the
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Fig. 4. (a) Typical charge-discharge curves of cells containing 1 M
LiAsF, in PC at the (1) 5th, (2) 50th and (3) 120th cycle. (b) Their
corresponding resistances measured at a frequency of 1 kHz.
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Fig. 5. Effect of the charge conditions on the cycle life of cells
containing 1M LiAsF, in PC at a discharge current density of
ImAcm~2. The charge current density is: (1) 1mAcm™2, (2)
0.5mAcm~? and (3) 0.25mAcm ™2

increase of the cycle number, Li dendrites are formed
which increase the overall cell resistance and consider-
ably obscure the effect of the volume reduction.

Figure 5 illustrates the cycling behaviour of a celi
containing 1M LiAsF, in PC, as a function of the
charging conditions. The figure demonstrates the sig-
nificant influence of the charge current density on the
cycling capability. When the charge current density is
reduced from 1 to 0.25mA cm™?, the cycle number
increases more than 2.5 times and the cell may sustain
more than 400 cycles at high DOD.

The partial substitution of PC with EC in the elec-
trolyte also improves the cell cyclability. Figure 6
shows that substitution of half of the PC volume with
EC increases the cycle number by 50%, while at the
PC: EC ratio of 1: 3 the number of cycles increases by
70%. As can be seen in Fig. 6, this substitution also
leads to an increase of the cell capacity.

The strong influence of the charge rate (Fig. 5) on
the cell cyclability led us to suppose that it might also
be affected by the discharge rate. Figure 7 shows that
an increase in the discharge current density even
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Fig. 6. Effect of the PC: EC ratio in the electrolyte on the cell cycle
life at iy = i, = ImAcm™.
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Fig. 7. Effect of the discharge rate on the cycle life of cells with

electrolyte | M LiAsF in PC: EC (1 : 3). The charge current density

is I mA cm~? and the discharge current density is: (1) 0.5mA cm ™2,

(2) ImAcm~*and (3) 2mAcm™>.

causes a slight increase of the cycle number because
of the lower DOD. Integrating the curves of Fig. 7,
it can be seen that by decreasing the discharge current
density the total capacity increases slightly. It can
be concluded that the influence of the discharge
current on the cell cyclability is marginal within
certain limits.

All results shown so far have been obtained with
a 3.2V cut-off for the charge. The upper voltage
limit may influence the cycle life. Figure 8 shows the
effect of the increase of this limit from 3.2 to 3.5V
in two cases: with pure PC and with PC + EC. It
can be seen that, with pure PC, raising the voltage
limit decreases the cyclability by about 20%, while
with a'mixture of PC and EC (1: 3) the change is less
significant.

The dependencies presented in Figs 4-8 show a very
good compatibility between Li,. V;0, and electro-
Iytes based on LiAsF; dissolved in the cyclic esters.
Furthermore, it has to be taken into account that after
a 50% capacity loss, post-morten check-up of the cells
showed that their cycle life has been entirely deter-
mined by the Li electrode. This conclusion was con-
firmed by the fact that the cathodes, transferred to
other cells, were capable of delivering many cycles
with nearly their initial capacity.

The best cathode performance was obtained when
using a 1:3 PC + EC mixture. Indeed, with this
ratio, the specific capacity of the positive electrode

Table 1. Influence of the PC : EC ratio on the performance of the Li
electrode
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Fig. 8. Effect of the change of the charge voltage limit on the cycle
life.

active material has an exceptionally high value —
180 Ah kg ™' at the 100th cycle.

The performance of the lithium electrode is shown
in Tables 1 and 2. Table 1 presents the cycle number,
the Li utilization and the related figure of merit
(FOM) [11], as a function of the type of solution.
Table 2 gives the values of the same parameters as
a function of the charge current density. The best
utilization, at 0.25mA cm 2, is > 95% and the FOM
is > 20, which is obviously a good achievement. If,
however, we take into account that this was obtained
with pure PC, using PC + EC is expected to further
increase the Li utilization.

4. Conclusion

The possibility of using Li, . V;04 in practical recharge-
able Li cells has been demonstrated. This material can
sustain several hundreds of deep cycles provided that
a judicious choice of the electrolyte is made. Further-
more, the capacity and energy outputs remain fairly
high under optimized conditions. As an example, at
the 100th cycle in LiAsF, — PC + EC, 180 Ahkg™'
may still be obtained. This corresponds to an energy
density, calculated on the cathode weight (additives
included), of 327 Whkg~'. This figure allows the fore-
cast that the goal of 100 Whkg ' may be reached in
real cells, while the power density should also have
interesting values on account of the rate capability of
the system.

Table 2. Influence of the charge current density on the performance of
the Li electrode in 1 M LiAsF—PC

Solvent Number of FOM Utilization ~ Current density Number of FOM Utilization
cycles (%) (mAcem™?) cycles (%)

PC 150 8.94 83.8 0.25 430 22.1 95.48

PC + EC = 1:1 210 10.57 90.54 0.5 230 12.1 91.73

PC + EC = 1:3 255 12.4 91.93 1.0 150 8.94 88.82
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