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Abstract

The reductive and oxidative intercalation of ionic species of lithium perchlorate (LiClO,) in propylene carbonate (PC) medium are
carried out to develop a dual-intercalation battery system. Cyclic voltammetry (CV), potentiostatic transients (i-t), galvanostatic charging,
thermogravimetry (TG) and differential thermal analysis (DTA) are performed to establish the intercalation behaviour of both lithium and
perchlorate ionic species. A polypropylene graphite composite electrode material containing 20 wt.% polypropylene as a binder is found
to be a suitable host material for dual intercalation studies. The intercalation/de-intercalation efficiency (IDE) increases with increasing
sweep rate and reaches up to 90% for Li* and 65% for ClO; ions at a sweep rate of 40 mV s~ 1. The formation of a passive film
decreases the IDE during the first intercalation /de-intercalation cycle. The open-circuit potential for a battery assembly involving these

two electrodes is in the range 3.8 to 4.0 V. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Lithium-ion batteries have been the subject of substan-
tial research and a development throughout the world. In
conventional lithium-ion batteries the negative electrode
(anode) is a Li—C intercalation compound and the positive
electrode (cathode) is based on a transition metal oxide
such as NiO,, CoO, or Mn,O, [1]. Lithium-ion batteries
are more attractive because their specific energies are two-
to three-times higher than those of nickel—-metal hydride
(Ni—MH) or nickel—cadmium (Ni—Cd) batteries. The use
of graphite provides improvements such as safety, reliabil-
ity, environmental friendliness, and economy. The transi-
tion metal oxides, on the other hand, are expensive, less
desirable environmentally and more synthetically demand-
ing than either carbon or graphite. Hence, it is necessary to
optimize further the existing battery design and perfor-
mance and through, for example, the identification and
characterization of new rocking-chair cell materials and
configurations.
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It is well-known that a number of cations as well as
anions can be reversibly intercalated into graphite elec-
trodes using appropriate solvent-supporting electrolyte sys-
tems [2-13]. Nevertheless, simultaneous intercalation of
both anions and cations into graphite electrodes from a
single solvent-supporting electrolyte system has still to be
accomplished. By contrast, dual-intercalating molten elec-
trolyte battery systems which involve organic salts and
anode and cathode electrodes made from graphite have
been reported [14]. In a previous publication [15], we have
reported a potential dual-intercalation battery system in
which a tetrabutylammonium perchlorate—propylene car-
bonate system was used for simultaneous intercalation of
both tetrabutylammonium ion and perchlorate ion. Re-
cently, a new type of rocking chair battery family based on
a graphite negative electrode and a polymer positive elec-
trode has been demonstrated [16]. During intercalation/
de-intercalation of ionic species into graphite, the surface
damage caused by the large tetrabutylammonium cation
(TBA™) is more than with the smaller lithium cation (Li*)
[17]. An improved intercalation /de-intercalation efficiency
(IDE) has been obtained in the present work when lithium
perchlorate—propylene carbonate (LiClIO,—PC) is used as
the solvent-supporting elecrolyte system.
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2. Experimental

A polypropylene graphite composite (CPP) rod of 3 mm
diameter and that contained 80% natural graphite and 20%
polypropylene as a binder embedded in a Teflon rod was
employed as a working electrode, together with a platinum
counter electrode and a saturated calomel reference elec-
trode. Andar grade distilled propylene carbonate and
Anaar grade dried lithium perchlorate were used through-
out the work. The working electrode was polished thor-
oughly with 1/0 to 5/0 emery papers. The electrochemi-
cal reversibility of the working electrode was evaluated
using a 2 mM ferricyanide solution (Ep=65 mV) in
0.1 M potassium chloride.

Cyclic voltammograms and chronoamperograms were
obtained with a potentiostat (Wenking Model LB 75 M,
Germany), a voltage scan generator (Wenking Model VSG
72) and a recorder (Rikadenki Model RW-201T). Thermo-
gravimetry (TG) and differential thermal analysis (DTA)
were carried out by means of a computer-controlled ther-
ma anayser (Model STA 1500, PL Thermal Sciences,
UK).

3. Results and discussion
3.1. Cyclic voltammetric studies
3.1.1. Effect of passive film formation
Typica cyclic voltammograms (sweep rate =40 mV

s™1) obtained for cathodic Li* ion and for anodic ClO,
ion intercalation/de-intercalation processes in a PC

medium with 0.25 M LiCIO, are shown in Fig. 1. The first
cycle of the intercalation /de-intercalation process of Li*
and CIO; ions is shown in Fig. 1a and b, respectively.
The second and subsequent cycles are shown in Fig. 1c
and d, respectively. For Li* ions, the charge recovery ratio
(Qdi/Qin), or intercaation/de-intercalation efficiency
(IDE), is 45.6% on the first cycle and 63.9% on the
second. For CIO, ions, an IDE of 34.6% and 53.9% is
obtained on the first and second cycle, respectively. This
difference in IDE on the first and second intercalation/
de-intercalation cycle is due to competitive processes,
namely, passive film formation and solvent decomposition.
The competitive processes predominate over the intercala-
tion process during the first charge/ discharge cycle. Hence,
the IDE is less on the first cycle than on the second cycle.
The intercalation reaction appears to proceed smoothly
without further decomposition of the solvent through the
passive film from the second cycle onwards. This type of
passivating layer on graphite in alkyl carbonate solution
has been reported and characterized recently by Mori et a.
[18] and Aurbach et a. [19].

3.1.2. Effect of multi-sweep cyclic voltammetry

The intercalation /de-intercalation process is generally
found to be quite reversible and can be repeated a number
of times under identical experimental conditions[12,20,21].
The CPP electrode exhibits good reversibility during inter-
calation/de-intercaation of Li* and CIO, ions on multi-
ple cycling. Typical multi-sweep voltammograms (5 cy-
cles) recorded for the reductive Li* and the oxidative
ClO, ion intercalation/de-intercalation process are pre-
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Fig. 1. Cyclic voltammograms for 0.25 M LiClO, in PC medium with CPP graphite: (a), (c) reductive intercalation of Li* ions; (b), (d) oxidative

intercalation of ClO, ions; (&), (b) represents first cycle; (c), (d) represents second and subsequent cycles. Sweep rate= 40 mV s
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sented in Fig. 1c and d, respectively. The reversibility is
close to 100% for both processes. For lithium ions, the
cathodic and anodic charges increase dlightly with sweep
number (Fig. 1c). For CIO, ions, the anodic charge does
not increase with sweep number while the cathodic charge
increases dightly (Fig. 1d).

3.1.3. Effect of sweep rate

Typical cyclic voltammograms were recorded at differ-
ent sweep rates from 1 to 40 mV s~ ! for the intercala-
tion/de-intercalation process of both Li* and CIO, ionic
species in PC medium with 0.25 M LiClO,. The intercala-
tion charge (Qin), de-intercalation charge (Qdi), intercala-
tion /de-intercalation efficiency (IDE) and de-intercalation
peak potential (DPP) obtained at different sweep rates are
listed in Table 1. The main reasons for the irreversibility in
the intercalation /de-intercalation process are the slow sur-
face transformations and co-intercalation of solvent and its
subsequent reduction to form an insulating film within the
graphite structure [21]. At short time scales or high sweep
rates, the destruction of the graphite structure is believed to
be minimum and hence the IDE is expected to be a higher.
This is indeed found to be the case for the
intercalation /de-intercalation behaviour of both Li* and
ClO, ions in PC medium. For example, the IDE for
Li*-ion intercalation increases from 15 to 89.5% and for
CIQ, -ion intercalation from 34.4 to 65.4% at 1 and 40 mV
s, respectively.

An interesting correlation is found to exist between the
DPP and the IDE (Fig. 2) at different sweep rates. For Li*
cations, the DPP varies significantly with sweep rate. For
CIO, ions, by comparison, the change in DDP is small
with sweep rates. A broad de-intercalation peak covering a
wide potential range with more positive DPPs for cations
and more negative DPPs for anions naturaly leads to
higher Qdi and hence higher IDE [12]. Here, the DPP
values for both Li™ and CIO, ions at different sweep rates
became more positive and more negative, respectively.
Hence, the IDE is greater at higher sweep rates.

Table 1
Cyclic voltammetry data for intercalation and de-intercalation processes
on CPP electrode in 0.25 M LiCIO,—PC solution at different sweep rates

lon Sweeprate  Qin Qdi IDE DPP
(mvsl) (mMCem 2 (mMCecm™ 2 (W (V)
Li* 1 2264.0 339.6 150 -—-1.66
5 713.2 305.6 42.9 —150
10 398.6 254.7 639 —140
20 211.4 161.3 76.3 -134
40 104.0 93.1 895 —-130
ClO, 1 8546.6 2943.2 34.4 1.36
5 1929.9 944.6 49.0 124
10 1013.0 546.0 53.9 1.22
20 379.2 240.6 63.5 1.18
40 184.0 120.3 65.4 1.14
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Fig. 2. Li* and CIO, ions intercalation/de-intercalation efficiency vs.

de-intercalation peak potential of 0.25 M LiCIO, in PC medium with
CPP graphite at sweep rates (1) 1, (2) 5, (3) 10, (4) 20 and (5) 40 mV
—-1

s

3.2. Potentiostatic current-time transients (j-t)

The intercalation / de-intercalation behaviour of Li* and
ClO; ionic species from PC medium with 0.25 M LiCIO,
was evaluated by means of potentiostatic i-t transient
measurements (Fig. 3). For Li* and ClO; ionic species,
the intercalation was carried out at —2.5 and +25 V,
while de-intercalation was performed at —1.3 and + 1.2
V, respectively. All the intercalation and de-intercalation
processes were conducted at a constant period of 60 s. The
values for Qin, Qdi and IDE for both Li* and ClO; ionic
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Fig. 3. Double potential step (i-t) transients of CPP electrode in 0.25 M
LiCIO,—PC solutions. Step time: 1 min; () Li* intercalation and
de-intercalation; (b) ClO; intercalation and de-intercalation. Number of
cycles, as indicated.
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Table 2
Intercalation and de-intercalation charges and their ratios from current-
time measurements in 0.25 M LiCIO,—PC solution at different cycle
numbers

Table 3
Open-circuit potential from simultaneous intercalation of cations and
anions of LiCIO, in PC medium on CPP electrode at different current
densities

lon Cycle number Qin Qdi IDE
(mCem™2)  (MCcm™2) (%)

Lit 1 305.6 48.1 15.7
5 198.1 56.6 28.6

10 1415 425 30.0

15 107.5 39.6 36.8

20 73.6 36.8 50.0

25 60.6 28.1 46.4

Clo, 1 848.4 424.2 50.0
5 722.2 396.4 54.9

10 636.3 3535 55.6

15 500.0 285.0 57.0

20 3824 152.9 40.0

species are summarized in Table 2. The IDE increases with
increasing cycle number up to 20 cycles for Li* ions.
After that, the IDE decreases from 50 to 46.4% at the 25th
cycle. For ClIO, ions, the IDE increases up to 15 cycles
and then decreases to 40% at the 20th cycle. It thus
appears that in the compact polypropylene graphite mate-
rial employed here the irreversible surface change sets in
beyond 20 and 15 cycles for cation and anion intercalation,
respectively. The cycle life can, however, be substantially
different on a porous graphite composite material.

3.3. Constant-current charging

Intercalation and de-intercalation processes are primar-
ily investigated for potential battery applications. Hence,
long-time charging behaviour at either constant-voltage
conditions or constant-current conditions becomes quite
important. Here, some preliminary studies relating to the
overall discharge behaviour of the LiCIO,—PC dual inter-
calation system have been carried out. For these studies,
two electrodes with the same surface area (1 cm?) were
galvanostatically charged at two different current densities.
The current densities for charging were selected from
cyclic voltammetric curves. The electrode assembly was
charged for a constant period of 1 h. The open-circuit
potential (OCP) decay was monitored for the subsequent
100 min. Typica OCP decay responses are summarized in
Table 3 and graphically displayed in Fig. 4. In the
LiClO,—PC dual-intercalation system, the OCP values de-
crease sharply and stabilize around 1.8 V at low current
density and at 1.4 V at high current density. Further
investigations on the stability of this interesting dual-inter-
calation system would be worthwhile.

3.4. Thermogravimetry and differential thermal analysis

The thermal properties of both Li*-cation and CIO; -an-
ion intercalated graphite samples were examined by ther-

Time (min) Open-circuit potential (V)
3mA cm~?2 10 mA cm™2

1 38 4.0
10 35 3.0
20 29 25
30 2.3 21
40 20 18
50 18 14
60 18 14
70 18 14
80 16 12
90 13 0.8
100 1.0 0.7

Charging time +1 h; area of the electrode= 1 cm?.

mogravimetry (TG) and differentid therma analysis
(DTA). The TG and DTA curves of the Li*-ion interca-
lated graphite sample are given in Fig. 5a. At 25t0 90°C, a
weight decrease up to about 7% and a few small endother-
mic peaks were observed. The main process is believed to
be the evaporation of solvent, namely, propylene carbon-
ate, from the surface of the Li*-ion intercalated graphite
sample. Above 200°C, the 20% decrease in weight and two
well-defined exothermic peaks at 205 and 315°C are due
mainly to the de-intercalation of the co-intercalated solvent
from the interior of the graphite lattice. The TG and DTA
curves for a CIQ,-ion intercalated graphite sample are
shown in Fig. 5b. At 50 to 125°C, a rapid weight decrease
up to about 25% and a few endothermic peaks are due to
the evaporation of the solvent from the surface of the
intercalated sample. The weight decrease up to about 20%
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Fig. 4. Open-circuit potential decay of CPP electrode after constant-cur-
rent charging for 1 h at different current densitiesin 0.25 M LiClIO,—PC
solution.
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Fig. 5. TG and DTA curves of CPP electrode electrolysed cathodically for 1 hin 0.25 M LiCIO,—PC solution at (@) —2.5V and (b) +2.5 V temperature

rise=5°C min~1.

between 200 and 300°C and some exothermic peaks are
mainly attributed to the decomposition of the solvent from
the interior surface of the CIO, -ion intercalated sample.

3.5. Proposed reactions for dual-intercalation system

For the graphite anode, the charge—discharge process
involves the intercalation/de-intercalation of Li* ions,
i.e,

nC+Lit+e«——Cn Li"

while the equivalent charge promotes the intercalation of
ClO, ionsin the graphite cathode, i.e.,

xC + ClO; «——Cx*ClO; +e

The overall processis:
(n+Xx)C+LiCIO,«—Cn Li"+ Cx"CIO,

4, Conclusions

The following conclusions may be drawn from the
present investigation: (i) inexpensive graphite electrodes
can be used for both the anode as well as the cathode; (ii)
asingle solvent-supporting electrolyte system (PC-LiClO,)
can be used at room temperature to provide the intercalat-
ing ions for a graphite anode and cathode; (iii) the battery
can be assembled in the discharged state.

Further work is necessary to increase the stahility of the
graphite material and, hence, prolong cycle life. This can
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be achieved by choosing suitable solvent systems such as
mixtures of solvents, solvents with additives, solid poly-
mer electrolyte systems, and gelled polymer electrolyte
systems. Some work on these lines are in progress.
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