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Abstract

The procedures of the preparation of laminated polyacetylene (PA)-Al-Mg and PA-microporous polypropylene (PORP) composites are
developed. The electrochemical behaviour is studied under the conditions of Li™ intercalation. It is shown that PA application on a metal
surface facilitates the formation of Li-Al-Mg alloy. The composites can be used as materials for negative electrodes in Li batteries.
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1. Introduction

Because of poor cycleability of the Li electrode and pos-
sible shortings caused by dendrite growth, Li alloys or mate-
rials based on conducting polymers, namely, polyacetylene
(PA) and poly(p-phenylene) (PPP) [1], were suggested as
materials for a negative electrode in Li rechargeable power
sources (batteries). However, the electrodes become brittle
and destroyed because of a dimensional instability of Li
alloys [2], and PA and PPP have a relatively low capacity as
compared with Li electrode. Shacklette et al. [3] developed
composite electrodes composed of a dispersion of Li alloy
and conducting polymers, thus eliminating shortcomings
inherent to negative electrodes based on Li and its alloys.

In our work we use the same approach, but the main goal
is the design of laminates, in which the conducting coating
over the Li electrode or its alloy performs as a thin selective
membrane with Li* conductivity. This avoids electrolyte
decomposition and dendrite growth since the direct elec-
trode~electrolyte contact is excluded in this case. On the other
hand, a high capacity of the Li electrode is maintained. In
addition, PA film applied on Li alloy acts as a protective layer
which prevents the mechanical destruction of the electrode.

2. Experimental

2.1. Preparation of laminated PA-Al-Mg composite [4]

An Al-Mg foil was used as a substrate. According to Auger
spectroscopy data its rough surface layer contained (at.%):
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Al 67.0; 0, 23.0; Mg, 5.5; C, 3.0; Ca, 1.5. A foil surface was
wetted by a viscous catalyst solution, prepared by mixing
polyisobutylalumoxane (PIBA) (5X 102 mol, m.w. 900)
with tetrabutoxytitanium (5X 10~° mol) under argon with-
out using any solvent. Acetylene polymerization was carried
out for 15 min at —78 °C under 700 Torr. An intact PA
coating was very adherent to the Al foil surface. Coating
thickness constituted (15-25) X 10~ m, The sample was
washed with toluene and dried under vacuum.

2.2. Preparation of laminated Al-Mg~PA~microporous
polypropylene (PORP) and Li—-PA—PORP composites

The method of preparation of a skeletal PA-PP composite
as film by polymerization of PA in a microporous polypro-
pylene film ‘PORP’ (material analogous to Celgard) was
developed for improving physical-mechanical properties of
PA coating and its application directly onto the Li electrode.
PORP has a thickness of 20X 10~ m, 53% porosity, effec- -
tive pore diameter 0.03 X 10™° m and is used as a separator
in Li batteries. PORP film was impregnated with Shirakawa
catalyst [ 5] and acetylene polymerization was carried out for
15-20 min at room temperature under 500-600 Torr. PA was
formed both inside the pores and on the surface of PORP.
The resulting film was washed with toluene and dried in
vacuum. PA content in PORP film was 1045 wt.%, depend-
ing on catalyst concentration and polymerization duration.
PA-PP film was more elastic as compared with pure PA film
and it was pressed directly onto both sides of an Al-Mg or
Li electrode.
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2.3. Investigation of the structure and electrochemical
properties of laminated composites

The electrochemical behaviour of the sample was studied
by cyclic voltammetry (CVA) in 0.5 M LiBF, or LiClO,
solution in propylene carbonate (PC) in a three-electrode
cell with a Li foil as a counter electrode. A working electrode
was set between the counter electrode and Li/Li* reference
electrode and was separated by a nonwoven polypropylene
separator. All experiments were carried out in a glove box
under argon. Li salts were dried in vacuum. PC was dried
under molecular sieves, distilled in vacuum and stored under
argon in the presence of Li chips. CVAs were recorded by
using a PI-50 potentiostat (Russian). Charge—discharge
curves were registered at a current density equal to 0.05~1
mA cm ™2 X-ray analysis was carried out by using a DRON-
3M diffractometer (Russian) with CuK radiation.

The negative electrodes based on Li-PA-PORP were
tested in coin cell CR 2325 scale models with stainless casing.
The positive electrode consisted of a mixture of 20-30%
Teflonized acetylene biack and 70~-80% Li; , ,V;O,. The sep-
arator material was PORP, and the electrolyte contained 1 M
LiBF, in a mixture of PC and 1,2-dimethoxyethane (DME)
(1:1 vol./vol.). The cell experiments on charging and dis-
charging were carried out under constant current. Charging
was cut off at 3.7 V (U,) and discharging at 2.0 V (U;).

3. Results and discussion

Electrochemical behaviour of a Li/Li*™ redox pair has a
number of peculiarities at the Al-Mg—PA electrode (Fig. 1)
as compared with Pt-PA film (Fig. 2), prepared by pressing
a free-standing PA film onto Pt substrate. Both electrodes
have similar CVA characteristics on first cycles, but that of
the Al-Mg-PA electrode shows five times greater currents
and no cathodic peak at E=1.96 V, which is probably asso-
ciated with the reduction of Pt oxides and/or the formation
of Pt alloy. The current increase in the 0-0.15 V range attrib-
uted to Li deintercalation seems unexpected considering the
occurrence of a surface oxide layer on Al-Mg foil.

However, preliminary investigations showed that the inter-
action of Al-Mg substrate with the components of acetylene
polymerization catalyst Ti(OBu), and PIBA results in sig-
nificant changes in the surface structure, which include its
amorphization and the appearance of a new crystallographic
phase (Fig. 3, spectrum 2) according to the data of X-ray
analysis [4]. After the formation of PA film on the surface,
the reflexes corresponding to the new phase disappear, the
amorphous halo is narrowed and the ratio of 111 and 200 Al
reflexes changes as compared with the initial substrate (Fig.
3, spectrum 4). These data evidence the strong effect of PA
film on the structure of the surface layer, which becomes
more conducting as seen from CVA. It should be noted that
the possibility of the formation of the Al-C bond during PA
interaction with Al was shown in [6], and electron transfer
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Fig. 1. CVA of PA film synthesized on Al foil, Conditions: 0.5 M LiBF,/
PC, scan rate 10~2 V/s. Curve numbers correspond to cycle numbers.
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Fig. 2. CVA of PA film pressed onto Pt grid. Experimental conditions are
the same as indicated in Fig. 1,
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Fig. 3. Diffractograms: (1) surface of Al-Mg substrate; (2) Al-Mg sub-
strate is treated by a catalyst; (3) Al-Mg substrate is doped by Li through
PA film, the latter is stripped before exposure; (4) PA-Al-Mg composite;
(5) the same after doping by Li.

from a metal to a conducting polymer with a formal n-doping
of the latter was considered in [7].

The n-doping of the Li-Mg-PA electrode at cathodic
polarization in 0.5 M LiBF,/PC results in the formation of
the 3-phase of Li-Al alloy with crystal parameters d =3.67,
2.24,1.90 A [8]. In addition, the spectra exhibit a shift of
the amorphous halo to larger angles, that may be the result of
the enhancement of the interaction between the components
of the Al-Mg-PA-Li interface, where the effect of Li inter-
calation through the PA layer is the strongest (Fig. 3, spec-
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trum 5). This effect is not observed if PA film is stripped off
the surface of Al-Mg alloy, whereas the reflexes correspond-
ing to the B-phase of Li-Al alloy remain unchanged.

Li™ intercalation/deintercalation is reversed as seen from
CVA, which exhibits peaks in the 0-0.15 V range (interca-
lation) and 0.64 V (deintercalation) (Fig. 1).

It was not quite clear whether the polymer synthesis at the
surface layer of the substrate was principal for the interaction
of PA with it, or was enough to provide a mechanical contact
of separately prepared PA with the substrate and to intercalate
Li*. As it is rather difficult to press rigid PA film onto the
surface of Al-Mg foil because of its low mechanical strength
and poor adhesion, a skeletal laminated PA-PORP composite
was prepared to solve this problem.

The study of the electrochemical behaviour of such a lam-
inated Al-Mg-PA-PORP composite showed that the cur-
rents corresponding to Li deintercalation increase
significantly as compared with Al-Mg substrate in itself
(Fig. 4) analogously to the action of PA film synthesized on
this alloy.

Further comparative X-ray study of the initial and Li-inter-
calated AlI-Mg-PA-PORP composites provides a more accu-
rate definition of the effect of Li™ intercalation on the Al-
Mg-PA interface. However, it is already obvious that metal
electrode coating with PA by using various procedures with
a subsequent Li* intercalation gives the opportunity to
improve the cycleability of the negative electrode in Li bat-
teries at higher current densities. It should be stressed that no
gas evolution stimulated by chemical interaction with an elec-
trolyte (Fig. 5) takes place at the electrode covered with PA~
PORP during Li* intercalation. The preliminary data
evidence that Li electrode can be directly coated with PA—
PORP composite, providing an enhancement of cycleability
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Fig. 4. CVA of: (1) PA-PORP-Al-Mg; (2) PA-PORP-Al-Mg after 233
cycles; (3) PORP-Al-Mg. Conditions: 3 M LiBF,/PC+DME (1:1 vol./
vol.), scan rate 5X 1072 V/s.
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Fig. 5. CH evolution in 1 M LiBF,/PC+DME (1:1 vol./vol.) electrolyte
on Li doping: (1) Al-Mg substrate; (2) PORP~PA-Al-Mg substrate.

Table 1
Comparative test battery models with a Li electrode (A) and with a Li
electrode covered by a film of PA-PORP composite (B) *

No. of cycles Model A Model B

Qc Qd n Qc Qd n

10.7 8.6 80.3 10.0 8.9 89.0
112 8.8 78.5 10.8 9.2 85.2
11.2 8.8 85.7 11.0 9.2 83.6
115 8.8 76.5 11.0 9.3 84.5
115 9.0 78.3 11.0 9.2 83.6
11.8 9.0 76.3 11.0 92 83.6
115 8.9 714 11.0 9.0 81.8
115 8.8 76.5 11.0 9.0 81.8
112 8.7 77.6 10.8 89 824
11.0 8.7 79.0 11.0 8.8 80.0

OO 0~ A PN

—

2 Q., Qg charge and discharge capacities (mA h); n: Coulomb efficiency.
Cycling regimes: charge 0.7 mA, U,=3.7 V; discharge 1.0 mA, Us=2.0V.
Electrolyte: 3 M LiBF,, PC +DME (1:1 vol./vol.).
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Fig. 6. Charge-discharge characteristics of battery models (CR 2325): (A)
with Li negative electrode; (B) Li covered by PA~-PORP composites (Li-
PA-PORP).
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and the retention of the capacity of the Li electrode (Table 1,
Fig. 6).

4. Conclusions

Protective PA coating as film can be synthesized directly
at the surface of Al-Mg substrate or mechanically applied as
a skeletal PA-PP film composite with microporous polypro-
pylene (PORP). The coating enhances the rate of electro-
chemical Li* intercalation with the formation of the 3-phase
of Li-Al alloy and eliminates the direct electrode~electrolyte
contact, thus minimizing gas evolution during the charging
of a Li battery.
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