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Doping-Undoping Process of NBR-Guided-Grown-Polypyrrole
Film Electrode
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ABSTRACT

The anion doping-undoping process of NBR (nitrile butadiene rubber)-guided-grown-polypyrrole (PPy/NBR) film
electrode was investigaled by varying the precoated NBR film thickness and the acrylonitrile content in the NBR host
polymer. The electrode kinetics and the morphology orvientation of the PPy/NBR ilm were tound to depend greatly on the
nature of the precoated NBR film. Compared to a normally polymerized PPy film, a PPy/NBR ilm formed particularly
with ClO,” anion showed an enhanced swilching reversibilily and an acceleration of the dopant movement within the
polymer layer. Impedance analysis revealed that the PPy/NBR films show a clear change in their overall electrode pro-
cess, from a charge transfor limiting process to a diffusion limiting process according to an increase in the precoated NBR
thickness and also to a decrease in the acrylonitrile content of the NBR film. The perpendicularly tormed morphology is
easily formed when using NBR with less acrylonitrite. The rechargeable lithium battery with a PPy/NBR cathode shows a
better charging-discharging performance than a PPy/NBR cathode formed with a lower AN conlent NBR.

A remarkable enhancement of the diffusion rate of
anions at an oriented-grown PPy (polypyrrole) filmi formed
with a guide of insulating NBR (nitrile butadiene rubber)
film was the result of our investigotions (1, 2). A similar
procedure for controlling the morphology of conductive
polymer was attempted by Penner and Martin (3, 4) using
polypyrrole and nuclepore membrane. The preparation
procedure for such a PPy film has already been reported in
previous papers (1, 2). First, a NBR film is coated on a Pt
substrate and immersed in an acetonitrile solution con-
taining pyrrole monomer and electrolyte. After the PPy is
electropolymerized along the etched tubular channels
built up in the NBR film, the precoated NBR {ilm is com-
pletely rinsed and extracted with an organic solvent, By
virtue of the flexible and insulating nature of the NBR
film, the morphology of the PPy tilm can be modified espe-
cially in the perpendicular direction, where the precoated
NBR film performs the role ol a guide polymer, regulating
the polymer growth in a direction normal to the PLsub-
strate. Such a polypyrrole electrode of a regulated mor-
phology is designated as a PPy/NBR clectrode in the text.
It is noteworthy that the PPy (ihn prepmred by such a
method satisties the optimum conditions of an effective
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battery material (5, 6). Therefore, il is inleresting to investi-
gate the PPy/NBR film further in the basic researeh of the
plastic baltery.

Of particular interest is the control of the degree of mor-
phology orientation and the rate of anion doping-
undoping process of the PPy/NBR film, In our previous
work (1, 2), we used constant aerylonitrile composition of
NBR, 22% acrylonitrile (AN) content. However, the mor-
phology of polypyrrole formed with a guide of NBR film
might be changed with varying acrylonilrile content of
NBR, because the NBR film of lower AN becomes flexible.
In this paper, we atlempt to understand the mechanism of
clectropolymerization in nonconducting NBR films and
also control the orientation of the guest polymer morphol-
ogy by varying the acrylonitrile composition of NBR for

electropolymerization.

Experimental
Chemicals and solutions—Reagent grade acetonitrile
and lithium perchlorate (LiCIOy) were used without fur-
ther purification. Reagent grade propylene carbonate (1°C)
was used alter purification by percolating through acti-
vated alumina. The water in the PC was removed with mo-
fecular sieves. A solution of acetonitrile, containing 0.2 ol
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dm ™ pyrrole monomer and 0.2 mol din ! LiC10, clectro-
Iyte salt, was used for the prepavation of the polypyrrole
(PPy) tilm. Electrochemical analysis was made in the
acctonitrile solution containing 1O mol dm * of electro-
lyte. Charging-discharging tests were conducted in 1.0 mol
dm™* LiCIO/PC solution al various current densitics,
NBRs with various compositions of acrylonitrile were
used with the products Nipol DN-OOSAN conlent 4%,
Nipol DN-200 (AN 33%), Nipol DN-402 (AN 22%) and Nipol
40 LL (AN 18%) of Nippon Zeon Company, Limited. The
formation procedure of the polypyrrole through the NIIR
films was the same as in the previous work (1, 2) except for
varying electropolymerization charge and NBR thickness.

Film preparation.—Conducting PPy filims used in this
work were invariably prepared by the potentiostatic elec-
tro-oxidation method. A normal PPy filim was grown di-
“rectly on a Ptsubstrate al 0.8V vs. A/’ (0.01 ol din ?
AgNOy) by passing 1 C a2 of charge. I'or the preparation
of NBR-guided grown PPy film (PPy/NIR), this proce-
dure is the same as that described in the previous paper
(1, 2). The surface and cross-scctional morphologies of the
PPy/NBR (5 o in thickness) films formed by the passage
of 5 C em * were inspected by a scanning clectron micro-
scope (SEM).

Electrochemical measwrements.— For the clectrochemi-
cal measurements, the cell was assembled with a PPy-
coated Pt working electrode, a stainless-plate (large sur-
face arca) counterclectrode, and Ag/Ag' rveference elece-
trode. Cyclic voltammograms were obtained for 4 normal
PPy and a PPy/NBR clectrodes formed with various lypes
of NBR {ilms in an Ar gas almosphere. 'The clectrode im-
pedance was measured at some doping potentials in a fre-
quency range from 1 Hz to 100 k1Tz by the FFT impedance
method. The battery was assembled in a dry box inan Ar
gas atmosphere, employing a Li/Ni-mesh anode and PPRy/
NBR/PL cathode. Dischargé of the cell was terminated
when the cell voltage reached 2.0V.
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Fig. 1. (o) Typical cyclic voltammograms for PPy (1 C cm *)/NBR
(5 pum) film electrodes with varying acrylonitrile content of pre-coated
NBR polymers in 1.0 mol dm * LiClO, ot 50 mV s *. (1) Dependence of
acrylonitiile content of NBR fitms on x value of iy = Ay,
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Fig. 2. Schematic model of the tubular channel formation in NBR film
and the polymer growth through them.

Results and Discussion

Iigure lu shows a typical effect of the acrylonitrile con-
tent in o NBR {ilm on the cyclic voltammograms for the
PPy (1 Com *YNBR (5 wm) films in 1.0 mol dm ? LiCIOy
acclonitrile at 5 mV 57!, ‘The values of *“m” and *“n” cor-
respond to the composition of butadiene and AN in NBR.
As the AN content of NBR decreases, the potential separa-
tion becomes narrower, indicatling that the reversibility of
the anion doping-undoping process of PPy/NBR elec-
trodes becomes more complete.

Figure 1b shows the dependence of the AN content in
the NBR polymer on the rate-determining stage of the
clectrode process of the PPy/NBR films. When the curves
of the peak current (4,) on the scan rate (v) show the linear
retationship (i, = Av*), the x value can be determined from
the slope of these lines. The dashed lines at = 0.5 (i, « V)
and @ = 1.0 (i, = v) can be assigned to the diffusion-con-
trolled and reaction-controlled processes, respectively. As
the AN content of NBR increases, the x value shows a
gradual decrease and finally reaches a value near ca. 0.5.
This means that the electrode process changes from the re-
action-controlled process to the diffusion-controlled pro-
cess, as the AN content of the NBR film decreases. In order
to consider how this oriented morphology is constructed,
the growth model of the PPy/NBR film is illustrated in Fig.
2. This model corresponds to the initial stage of the PPy
growth through the etched tubular channels formed in the
NOR film. Just after the NBR/Pt electrode is immersed in
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Fig. 3. Dependence of NBR thickness on rate-determining stage oc-
curred at PPy/NBR electrodes formed with various kind of NBR polymier.
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Fig. 4. Typical Cole-Cole plots for PPy/NBR (AN = 22%) films
formed at four different NBR thicknesses (0, 2, 5, 8 fem).

the acetonitrile solution, the (LIC10, + pyrroleYacetonitrile
solulion begins to etch fine tubular channels in the NBR
film to establish the conduction paths from the solutlion
side to the substrate. When the pore reaches the surface of
the substrate, a PPy film begins to grow along these chan-
nels. The degree of morphology modification and {he di-
ameter of (ibrils must be determined by the relative bal-
ance of the rales of polymer growth and tubular channel
formation due to pre-etching. The potential at electropo-
lymerization is fixed at 0.8V in the present work, and only
the acrylonitrile content in the NBR host polymer is var-
ied. Thus, the rate of pore etching is in relation Lo the solu-
bility of NBR in acetonitrile. The NBR with a large amount
of butadiene component may be easier to etch and also
may become more flexible. Thus, the casier etehing fea-
ture and the stress caused by the PPy growth may be mod-
ified to a much larger extent to form the columnar growth
of PPy in the NBR film, when the AN content in NBR de-
creases,

Figure 3 shows the effect of the NBR thickness on the
scan rate dependence of peak currents in vollamimograms,
All of the curves grow up to NBR = 5 jum in thickness and
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Fig. 5. Typical Bode plots for PPy (1 C cm” 2)/NBR (5 1m) films with
varying acrylonitrile content of NBR.
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salurale over ea. 5 jon thick, As the NBR becomes thicker,
the diffusion rate of anions is gradually enhanced to reach
acerlain limiting vadue at more than 5 pm in thickness,
Therelore, in these preparation conditions, the 5 an thick-
ness is the eritical point in forming an optimum oriented
morphology. ‘The doping-undoping kinctics of PPy/NBR
tilms are further analyzed from the clectrode impedance
with the FFI' impedanee method by varying the NBR
thickness as shown in Fig. 4.

Figure 4 shows typical Cole-Cole plots for PPy/NBR
litis (formed with LiCIO/acetonitrile solution by passing
1Cem ). Generally, as the NBR becomes thicker, the ab-
solute values of the total impedance decrcase. Judging
from the impedance hehavior at low frequencies, the elec-
trode process changes from the charge-transfer controlled
process to the diffusion-controlled process by thickening
the precoated NBR film. In other words, the diffusion rate
ol anions within films is greally enhanced. The impedance
behavior for a PPy/NBR filn formed with a N3R film
thicker than § um is essenlially the same as that of the
PPy/NBR (5 wmn) fitm; i.e, 5 jumis the eritical thickness
value for the largest diffusion rate enhancement for
anions,

T'o check the time scale relevant to the anion diffusion
within the polymenr film, the impedance results were ana-
lyzed with the so-called Bode plots. Figure 5 shows typical
Bode plots for PPy/NBR films formed with various kinds
of PPy/NBR (5 pm) films. The l‘rcquency range in which
mass ransfer (indicated by the slope of 0.5) vecurs shows a
noticeable change upon varying the AN content. As the
AN conlent decreases, the corresponding frequency value
at which the 0.5 gradient line starts becomes higher. This
indicates an enhancement in the diffusion rate of (he dop-
ant within the PPy/NBR film with a decrease in the AN
content, This enhancement can be explained by the fact
that the guest polymer film grows easily to form a perpen-
dicular orientation with an increase in the fexibility of the
NBR il caused by the decrease in the AN content.

cross section

[

surface

w) ANZ18Y,

b) AN:229%

¢} AN=33Y;

LYY YTY

Fig. 6. Typicol surface and cross-sectional SEM micrographs of PPy
(5 C Cm /NBR(5 pm) lilns formed with various kinds of NBR polymer.
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Fig. 7. Charging-discharging curves for Li/LiC10,-PC/PPy (3 C em ?)/
NBR {5 pum) bulteries assembled with NBR/PPy cothode with various
acrylonitrile content of NBR. The depth of charge was 60 mC cm *

The surface and Lhe cross-sectional morphology of these
films are shown in the SEM micrographs (sce Fig. 6). When
PPy is formed with a guide of NBR having a higher AN
content, the surface of the PPy film becomes smooth. On
the other hand, when using an NBR film of a lower AN
content as the host polymer, the surface of the resulting
film becomes rougher. The cross-scetional micrographs
show such a relationship belween AN content and mor-
phology more exactly. As the AN content decreases, the
columnar channel morphology becomes clewrer. The col-
wmnar morphology results in the faster polymer growth
due Lo the weaker attraction foree between the NBR mole-
cules.

On the basis of the SEM obscrvations and clectrochemi-
cal properties of these PPy/NBR (ilms, we examined the
charging-discharging properties of LiNiCIO.-PCHIPy/
NBR) batteries. A L/LICIO-PCAPPY/NBID battery was
assembled with a PPy/NBR cathode and an i anode
pressed on a Ni-expanded mesh, where the PPRy/INBR
films were formed by passing a charge (3 C em ¥ al a con-
stanl potential of 0.8V. Figure 7 shows typical charging-
discharging curves for Li balleries assembled with the
PPy cathode prepared at several AN contents of NBR. The
current density of charging-discharging is 0.5 mA cm 2
The Li battery with a PPy film formed with a low AN con-
tent shows a betler charging-discharging performance
than that with a PPy film formed with a high AN content.

Figure 8 shows the coulombic clficiency of LiliClO,-
PCAPPy/NBR) batteries al various current densilies. As is
evident from the figure, an Li baltery with a PPy filny with
a low AN content of NBR shows a better coutombic effi-
ciency than that with a PPy {ilm formed with a high AN
content. The experimental resulls indicate clearly that the
improvement of the battery properties in its curvent den-
sity depend upon decreasing the AN content of NBR. ‘Fhis
can be altributed to the different diffusion rates of anions
within these clectrodes. These experimental facts on the
performance characteristies of the LiLaClO-PCHIPy/
NBR) battery as a function of the AN content of NBR sup-
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100

90

80

70

60,

50

4] 0.5 1.0

Current density/mA cm™

Fig. 8. Dependence of current density on coulombic yield (v) for Li/
LiCIO,-PC/PPy (3 C cm 2)/NBR (S jum) batteries wilh various acryloni-
trile content of NBR. The depth of charge waos 60 mC cm 2.

port the previous results of the electrochemical properties
of the PPy/NBR fihms in Fig. 1-5,

Conclusion

The electrochemical properties of PPy/NT3R electrodes
by varying the AN content of NBR can be interpreted by
the ditferent diffusion rates of the doping-anion diffusion.
As the AN content of NBR decrcases, the NBR filin be-
comes flexible, and thus, the diffusion rate of the dopants
within the grown PPy/NBR film becomes faster. The
growth of polypyrrole is considered 1o be more perpendic-
ularly oriented with a guide of the NBR having an NBR
fitm ol less acrylonitrile content.
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Abstract

Electrochemical anion doping-undoping process of

electrodes

was investigated by varying polymerization anions, i.e.

NBR-guided~-grown-polypyrrale (Pt/NBR/PPy) filu
, LiBF4, LiCl0,, LiCFsS03 and

LiPFs in order to apply the films to the cathede rechargeable Li battery. Compared with an ordi-

nary polypyrrole(Pt/PPy) film groun
the movement of a dopant.

PFs™ > CF4S05™ > C10,™ > BF,".
batteries,

directly on the Pt
As in a case of Pt/PPy films,
Pt/NBR/PPy films changes with a kind of aniens in

substrate, the Pt/NBR/PPy films enhance
the mobility of a dopant(Cl0, anion) in
electropolymerizing solutions in a manner of

From the charging-discharging behavior of Li/LiCl0./(Pt/NBR/PPy)
a highly enhanced coulombic efficency is also obtained,
tropolymerized in a LiPF. solution shows the best

and the Pt/NBR/PPy film elec-
charging-discharging characteristics.
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Anion doping-undoping process al an electrochemically prepared
polyazulene(PAz) film was investigaled as a function of polymerization
charge by using cyclic voltammetry and ac impedance method. From
cyclic voltammetric results, the anion doping-undoping process at PAz
electrode was found to be highly reversible, when formed with less
than ca. 2 C cm~2 of charge, while the charge capacity became
saturated over 5 C cm~2. From the resistive component(Ry) derived from
impedance spectra by postulating a modified Randles circuit, the
reversibility of doping-undoping process is discussed. The resistive
component showed a clear hysteresis against the direction of scanning

potential, and the degree of
formation charge,
results. Moreover,

its hysteresis,
corresponded well to the cyclic voltammetric
the degree of Ry hysteresis as a function of

doping-undoping potential was found

which varied with the

to be an effective scale of

reversibility of kinelic reaction at PAz eleclrode.

INTRODUCTION

Many workers have investigated
lithium cell systems using conductive
polymer materials{(1-19). AL present,
attentions have focused on chemically
stable electrodeposited heterocyclic
polymers. Recently electrochemical
properties of polycyclic hydrocarbons
such as polyazulene(PAz) and poly-
pyrene have begun to be elucidated by
some workers (16, 17, 20, 21). In
general, polymeric films prepared by

electro-oxidative polymerization of
polycyclic hydrocarbons give lower
electrical conductivity than, for

example, polyaniline and polypyrrole.
Among variety of polycyclic hetero-
carbon polymers, PAz electrode

Department of Applied Chemistry,
School of Science and Engineering,
Waseda University, 3-4-1 Okubo,
Shinjuku-ku, Tokyo 169, Japan

Key Words: Polyazulene,
Polymer, Lithium Battery

Conductive

exhibits highly reversible and re-
producible electrochemical doping-
undoping process (16, 17). We have
already shown that an electrodeposit-
ed PAz film could be an-.excellent
cathode material . in rechargeable
lithium battery in view of showing
high and flat voltage output (21}).
However, Lthe charge capacity of Li
/LiCl04/PAz battery showed the satu-
ration if the formation charge(Qf) of
PAz exceeded 5 C cm~2 due possibly to
kinetic problems (21). It has already
been found in polypyrrole electrodes
that film thickness influence greatly
the .rate of doping-undoping reaction
and also battery performance(15). In
this study, kinetics of PAz will be
investigated in detail as a function
of polymerization charge(i.e., film
thickness) with focusing to apply
this cathode material to rechargeable
lithium hattery.
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Reagent grade LiCl0O4 and propylene
carbonate(PC) were used as Lhe
electrolyte salt and Lhe solvent,
respectively. PC was purified by
percolating through acltivated alumina
(24). Water in PC was removed by
adding molecular sieves to il and
letting it stand for a few days unlil
use. A Pt plate(0.283 cm?) and a PL
wire were used as substrale for PAz
deposition and counter electrode,
respectively. All potentials were
referred to Li/Li* electrode. PAz
film was polymerized galvanostatical -
ly at 0.3 mA cm~2 in 0.1 wol dm~3
LiCl04/PC containing 0.01 mol dm~3
azulene monomer. Deposited amount of
PAz was controlled by monitoring
electrolysis charges passed during
electropolymerization. From a scan-
ning electron microscope (SEM) obser-
vation, film thickness of PAz became
ca.30 ymm at 5 C cm~2 and had tendency
to be saturated with increasing
electrolysis charge, so it became
almost the same between 5-10 C cm~-2.
Electrochemical measurements such as
cyclic voltammetry and impedance
method were performed in 1.0 mol dmn~3
LiCl04/PC in argon gas almosphere. Tn
order to avoid aqging effects, elecl-
rode impedance of PAz film was measu-
red in very shork duration of time
(several seconds) for frequencies
ranging from 10 Hz to 2.5 khlz with
use of the FFT impedance mebthod(25).
Impedance results were analyzed based
on modified Randles circuit as shown
in Fig. 5 using digital simulation
technique.

RESULTS AND DISCUSSTON

Figure 1 a) shows typical cyclic
voltammograms of PAz eleclrodes form-
ed with various amount of charges,
viz. 1, 3, 5 and 10 C em~2. 1In these
voltammograms, anodic and cathodic
currents are mainly involved in anion

573

doping and undoping processes,
respectively. The doping-undoping
process occurs synchronously with the
oxidation and reduction of PAz film.
PAz electrodes prepared with the
polymerizaltion charges less than 10 C
cm~2 show quite reproducible voltam-
mograms between 2.0 V and 4.2 V,
indicating that the oxidative de-
composiltion does not occur within
this potential range. Since all these
voltammograms were obtained at a low
scan rate of 5 mVv s‘], the over-all
electrode process should be controll-
ed by electron exchange at reaction
siltes within the PAz films. llence,
the amount of charges consumed in
anodization and cathodization must
refleclt the effective number of
active sites. Relationship beltween
anodization charges(Qa) estimated
from these cyclic voltammograms and
film formation charges(Qg) is shown
in Fig. 1 b). The Q4 values obtained
for PAz films which were prepared
with 5 and 10 C cm~2 do not differ
appreciably with each other, suggest-

s00f DY 4 a)
b O~
E S
al- 6 0
O 200} O
E
~ ()/ S
3§ 10} //
2} E
B SR
0 5 0
o Qi/Ccm’
£
(8]
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E 0
~ JCcem®

3cen’
5Ccm’?
...{‘ . T
L 1 _4 t t.
2.0 3.0 35 3.0

E 7 Vv uvs. LiZLi

Fig. 1 a)Typical cyclic voltammograms
for polyazulene electrodes of various
formation charges obtained at 5 mv s-}
b)Formation charge(Qf) dependence of
anodization charge(Q,;) estimated from
voltammograms in a).
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ing that diffusion of dopant anions
in the thicker PAz films is limited
and the charge capacity of PAz film
becomes almost saturated for the
polymerization charge grater than ca.
5C em2, -

In order to analyze Lhe
process at the PAz eleclrode in
detail as a function of formaltion
charge, the dependence of anodic peak
currents(ipa) in cyclic voltammograms
on the scan rate(v) was analyzed in
terms of a simple relalionship of fpa
= A vX, Figure 2 shows the x values
against the formation charges(Qg¢).
The x value was determined in the
scanning rate range belween 2-20 nV
s=1. The dashed lines at x=0.5 and
x=1.0 correspond to the diffusion-
controlled and reaction-controlled
processes, respectively. The x value
shows gradual decrease at around 2-3
C cm~2, and finally reaches a certain
saturated value of ca. 0.5, as the Qf
value becomes larger than 5 C cm~2.
This means that the electrode process
changes from the reaction-controlled
to the diffusion-controlled process,
as the film becomes thicker. Tt is
worthwhile noting thabk an appreciable
retardation of dopant diffusion is

kinetic

1O m e m e o L.
0.9}
0—0 )
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Fig. 2 Film formation charge(Qf)

dependence of x value estimated Ffrom
log ipa - log v plots.
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observed between 2 and 5 C cm~2. 1t
is concluded from kinetic point of
view that thin PAz films formed with
less than 2 C cm~2 are kinetically
advantageous.

In order to ascertain the influence
of polymerizaltion charge on the sur-
face morphology, PAz films were
inspected by SEM. Figure 3 shows
surface SEM micrographs of the PAz
films formed with electrolysis charg-
es of 1, 2, 3, 10 C em™2 . A number
of small grains are observed for the
1 and 2 C cm~2 PAz films. The nuclea-
tion seems to occur preferentially on
Pt substrate rather than the continu-
ous film formation for the first 1 or
2 C em~2 of electrolysis. As the film
grows thicker than 3 C cm~2, the
surface becomes somewhal: smooth,
indicating that the small grains of
PAz grow. As far as the SEM microgra-
phs are concerned, the cyclic voltam-
melbric results shown in Fig. 1 are
intimately correlated with the surfa-
ce morphology.

Figure 4 shows Lypical Cole-Cole
plots at various applied potentials
for PAz electrodes formed with 1, 5
and 10 C ecm~2. Each PAz film shows
similar dependence upon applying
potenlial. Namely, the semi-circle
becomes smaller with an increase in

a)1Ccm™® c)3Ccm?
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polyazulene films prepared at various
formation charge.
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anodic potential and also bigger
again with a drop in anodic poten-
tial. The impedance bhehavior can be
reasonably interpreted by postulating
a modified Randles equivalenl circuit
as shown in Fig. 5. This model has
already been adopled successfully Lo
the analysis of polyacetylene(22, 23)
and polyaniline(24). ‘“The circuit
elements of Rg., Cp, R, Zw(=0 m*1/2)
and a/y correspond Lo the solution
resistance, the parallel capacitance,
the faradaic and/or film resistance,
the Warburg diffusion impedance and
the impedance component owing to its
surface roughness, respectively.
Among these components only the Ry
value shows drastic change. The other
components do not change appreciably,
irrespective of PAz formation charge,
and these values are in Lhe following
ranges; R, = 20-30 @ cm2, Cp= 15-20
uF cm2, o= 100-200 Q cm? s“O'é, a =2
x 10° Q cm2 5'1.

As the R, value is useful as one of

a/w
e
AN
— A~ ‘\/\/_.
Rr Zw

Fig. 5 Modified Randles circuit model
assumed for the doping-undoping
process at polyazulene films.
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sensitive scales to check the doping-
undoping process, a relabtionship
between Ry and potential was obtained
and shown in Fig.6 as a function of
formaktion charge. It was previously
reported for PAz films prepared with
1 ¢ em~2 that the sensitive changes
in Ry values reflected both the
polymer layer resistance and doping-
undoping kinetics (22, 23). According
Lo Fig.6 the Ry values show drastic
decrease of three orders of magnitude
in an initial doping stage. AL higher
potentials, the Ry values vary within
a reasonable range of faradaic
impedance due to kinelic process.
Although all the PAz electrodes show
similar Rp-potential dependences, lthe
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Fig. 6 Potential dependence of Ry
component for polyazulene films formed
by passing 1, 5 and 10 C cm—2,
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degree of hysteresis in Lhe Rp-polen-
tial relations becomes more pro-
nounced with a rise in formation
charge and becomes almosl lhe same
between PAz films prepared with 5 and
10 C cm=2 though at a tilm prepared
with 1 C cm~2 the hysteresis is
small., This may indicate that the
total electrode process boecomes almo-
st saturated at 5 C cm~2
charge. Another important finding is
that the change in Ry value during
the redox reaction of PAz film itself
becomes less marked as the PAz film
becomes thicker. The R, values range
from ca. 5 to ca. 3000 2 cm? for 1 C
cm~2 film, from ca. 10 to ca. 1000 Q
cm? for 5 C cm"2, and from ca. 10 to
ca. 400  cm? for 10 C cm=2, respec-
tively. The R, value at 2.5 V, decre-
ased with increasing formation
charge, suggests that Lhe eleclrical
conductivity of PAz al undoped state
becomes higher with an increase in
polymerization charge. This fact can
be explained as follows; as the thi-
ckness of PAz film increases, the
dopant anions that are confined deep-
ly inside the polymer layer can not
be reversibly undoped within the time
scale of measurement of FFI' impedance
method (10 Hlz - 2.5 kllz). On Lhe
contrary, there is no essential chan-
ge between the Ry values al around
3.5 v, although films prepared wilth 1
C cm~2 show a little smaller Ry than
those prepared with 5 and 10 C cm™2.
This fact may suggest that the fara-
daic resistance due to electron ex-
change process is unchanged by in-
creasing the film formation charge of
PAz electrode.

In conclusion, the present study
has revealed that the PAz film should
be prepared with less than 5 C cm~2
of charge, when one wants Lo use it
as a cathode material in a recharge-
able lithium battery.
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Prepavation of MIM{Moetal-Insulator-Meltal) Non-1inear Device

Using tiectiropolymer ized Poly-N-methylpyrrole

Tetsuya ()SAKA,A Ren'ichi UEYAMA, and Kiyoshi OUCHI
Department of Applied Chemistry, School of Science and Engineering,

Waseda University, 3-4-1 Okubo, Shinjuku-ku, Tokyo 169

The MIM cell of 1rO(indium tin oxide)/polymer/ITO type was
prepared by sandwiching elecltrochemically polymerized poly-N-
methylpyrrole(PMPy) film for the insulator between sputtered ITO
layers of the cell. When using undoped polymer layer, Lhe two-
terminal device shows non-lincar and symmelric current-voltage(1-V)
curve, where the currenlt changes 5 orders between the voltage of

0 Vvand +15 Vv, respeclively.

It has reported that the use of MIM switching devices allows for larger and/or
high resolution 1liquid crystal (LC) disp]ays.l) Devices are fabricated in
industrial process by thin Film techniques, where tantalum oxide (Pay05) layer, as
an insulator of MIM, is usually forwed by partially anodizing a spulttered tantalum
layer. The application of organic insulating layers has already been tried to a
Schottky diode (metal/polymcr),z) an organic heterojunction (polymer/polymer),a) a
FET,4) a microelectrochemical diode,S) a MIM device using a LB{Langmuir-Blodgett)
film,6) and so on. However, the MIM device using electropolymerized insulating
layer has not been realized. Tn this letter, we attempt the electropolymerized
polymer film for the insulator of the MIM cell, since the technique of electro-
polymerization has the merit of forming insulating thin films easily and also
simplifying the preparation of MIM cells. Therefore, it can be accelerated by this
switching device that larger area LC display is industrially realized. A schematic
representation of the MIM device experiments is shown in Fig. 1. The holes for
the deposited polymer layer with various areas, 100, 300, 500, 700, 1000 um in
diameter were prepared by pholtolithographic technique on the 0.4 pm thick ITO
layer. The PMPy(poly-N-methylpyrrole) film was galvanostatically polymerized on
the ITO electrode in propylene carbonate (PC) solution(containing 0.2 mol dm~3

N-methylpyrrole and 0.2 mol dm™3

10 -

LiClO, wunder the condition of ot Ty T k,] -0

5 (1) Potymer — \\ N l)C‘Vol_luge
drawing as low current density as A o SoOurse

Mo -

possible. The PMPy film was electro- - 1£
chemically undoped at -1.2 V vs. s ;
Ag/Ag’ for 5 minutes to become the N IN-:N“\
insulating state. After the PMPy VHEA AL Moy
film was rinsed in acetone and dried I'ig. 1. Schematic representation for the

o T A - e
in vacuum condition, the 600 A MIM device experiments.
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undoped) /ITO cell.

thick I70 was spulbtered on it and patterned by etching.

Figure 2 shows the representative current-voltage (I-V) characteristics of
the ITO/PMPY/ITO cell. ‘'he current is shown in I(a) and logI{b) units. The
diameter and thickness of the PMPy film are 300 ym and 1 pm, respectively. The
current increases steeply from +3 vV and it shows symmetrical shape in PFig. 2(a).
It is demonstrated that the curvent gives 5 orders changes from 1079 to 1074
amperes symmetrically between 0 V and 15 Vv in Fig. 2(b). The excellent
reproducibility was given in the region between +15 V. While in cases of the
larger area than 500 pm in diameter or the thinner than 1 um in thickness, the
high reproducibility and such current changes were not obtained for the PMPy film
usage in this MIM system.

Figure 3 shows the logT—v1/2 plots, giving the straight lines but the slopes
clearly change at ca. 4 V region. At Lhe higher electric field region, the
conduction mechanism might be the Poole-Frenkel effect through the bulky PMPy
film,7) and at the lower field region another mechanism should be considered.

Consequently, the high potential of the MIM device using electropolymerized
layer at undoped state is demonstrated by the symmetrical non-linear I-V response.

This suggests another application of funcltional organic thin films.
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Electrochemical Study on Charge-Discharge Performance of
Lithium/Polyazulene Battery

Kotsuhiko Naoi,**! Kenichi Ueyama, and Tetsuya Osaka*

Department of Applied Chemistry, School of Science and Engineering, Waseda University, 3-4-1 Okubo, Shinjuku-ku,
Tokyo 169, Japan
ABSTRACT

Electrodeposited polyazulene (IPAz) films show high electroactivity and fast redox switching behavior when polymer-
ized under suitable conditions. Such PAz films are more electronclive than electrodeposited polypyrrole or polyaniline
and were successfully applied in a rechargeable lithium battery. We determined suitable polymerization conditions so as
to obtain an electroactive PAz film possessing the highest charge-storing ability and fastest electrode processes. Specifi-
cally, the electrochemical kinetics (union doping-undoping process) of PAz films was investigated by varying the polymer-
izing current density and formation charge. Charge capacity showed a maximum value when polymerized at 1.4 mA em™?
by passage of 5C em % Cyclic vollammograms coupled with scanning electrons microscope observalion of PAz films evi-
denced that a highly electroactive PAz film can be prepared at 1.4 mA em . The charge-discharge property and cyclability
of LI/LiCIO/P Az batteries were studied. Li/LiCIO/P Az batteries showed fairly high and flat discharge voltage (ca. 3.2V),
while maintaining 100% coulombic efficiency when charging by ca. 45% of doping level (per unit cathode weight). The Li/
LiCIOyPAz battery performed besl when PAz film was formed at 1.4 mA em < by passage of 5C em 2,

Several years have passed since the investigation of ad-
_vanced lithium cell systems using conducting polymer
materials started (1-15), Polymer materials seem to be most
effectively used as cathodes in rechargeable lithium cell
systems as an alternative of conventional metal oxides
such as NiOOH, PLO;,, or MnO.. Polyacetylene was the first
target of investigation. However, this material is quite un-
stable in an ambient atmosphere and is now considered to
be far from practical. Instead of this material, attention has
focused on eleclrodeposited heterocyclic polymers such
as polyaniline (1-9) and polypyrrole (10-16) which are me-
chanically more stable, and show higher electroactivity
than polyacetylene. Series of research works (15-18) has re-
vealed that good quality and highly electroactive filis are
also derived from benzenoid or aromatic hydrocarbons,
Among these polymers, polyazulene (PAz) was found to
have the highestl electrochemical activity, and the free-
standing film conducts electrically in the range: 10°* to
10°S c¢my™? (15). Earliest papers on PAz film reported a pos-
sible application as an electrochromic material and also
the mechanism of doping process (15-17).

Regarding applicability as a battery material, we have al-
ready examined and pointed oul that electrodeposiled
PAz films could be a possible cathode material in re-
chargeable plastic batteries (18).

Like polypyrrole already investigated by us (13, 14), elec-
trochemical properties (doping charge, switching revers-
ibility) ol PAz film can also be enhanced by chousing suil-
able electropolymerization conditions. Polymerization
factors, potential (13), current (3), electrolyte anion (13, 14),
and formation charge (14) have been shown to greatly in-
fluence electrode kinetics of the resulting film and its mor-
phology. In this regard, a great deal of experimental work
has evidenced this fact and shown a strong correlation be-
tween charge-discharge performance of Li/LIiCIO/PAz
battery and morphology of PAz films. However, the effect
of these factors on the suitability as a battery material has
not fully been clarified so far.

An important.part of this work was to determine suitable
current densily and formation charge and to oplimize the
electrochemical property of PAz film to provide a cathode
material in rechargeable lithium batteries (18).

Experimental

Chemicals and solutions.—The highest grade products of
LiClO, (Mitsuwa Chemical) and azulene monomer were
used as obtained without further purification. Propylene
carbonate (PC) used as a solvent was purified by percola-
tion through activated alumina. Water in PC was removed

* Electrochemical Society Active Member., )

! Present address: Depariment of Chemical Engineering and Ma-

terials Science, University of Minnesota, Minneapolis, Minnesota
55455,

by letting PC stand over molecular sieves for a few days.
Electropolymerization of azulene was conducted in a PC
solution deaerated by pure argon gas.

Film preparation—PAz films were prepared by galvan-
ostatic clectropolymerization on PL substrates at various
current density from 0.6 to 1.6 mA cm™® in 0.1 mol dm™?
LiC1I0/PC containing 0.05 mol dm™® azulene monomer,
while monitoring the clectrode potential against time. The
amount of deposited PAz was controlled by monitoring
the charge passed during electropolymerization,

Cell assembly and electrochemical measurements—A
0.283 cm? PL plate and Pt wire were used as substrates for
PAz deposition and counterelectrodes, respectively. All
potentials were referred to a L/Li' electrode in the same
solution.  Cyclic voltammetry was carried out in
Lo moldm™ LiCIOJ/PC solulion deaerated with pure
argon. A Li/LiCIO/PAz battery was constructed with a
PAz cathode and a Li anode pressed onto Ni-expanded
mesh.

Charge-discharge tests were performed in 1.0 mol dm?
LiClO/PC in argon gas atmosphere, when Li anode and
solvent were used abundantly compared to the amount of
cathode material, in order to evaluate the ability of poly-
mer cathode. The cyclability of Li/LiCIQJ/PAz (5C cm™?)
was checked by consecutive charge-discharge perform-
ances when charged to a 20% doping level it a current den-
sity 0.5 mA em % Thie surface und cross-sectional condi-
tions for free-standing PAz films peeled off from Pt
subslrate were inspected by scanning electron microscope
(SEEM).

Results and Discussion

Typical comparison of cyclic voltammogram of poly-
azulene with those of polypyrrole and polyaniline.—Figure
1 shows the comparison of typical cyelic voltammograms
(5 mV 5" for anion doping-undoping processes at electro-
deposited PAz, polypyrrole and polyaniline films. "Al-
though cach filin was prepared by passing thé same
amount of charge (1C em %), the PAz fitm shows larger cur-
rent values than the other two films. We estimated the
amount ol doping charge (Q,) under anodic (and/or cu-
thodic) current between 2.4 and 3.7V under low scan rates.
The @, value corresponds to 2 redox capacily (reversibility
exchangeable charge) of each film at the time scale of the
scan rate. Table 1 lists the values of doping charge, Qu Qo
and Q,, where Q,, @,,, and Q,, are the values per unit area
(mC cm ™), unit material weight (nC mg %) and unit mate-
rial volume (C em ™). From this table, it is obvious that PAz
films have the highest redox capacity among these
1C em®:formed films at the time scale of this scan rate
(GmVsh.
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Fig. 1. Comparison of cyclic voltammograms (5 mV s ') for PAz,
pelypyerole, and polyaniline film electrodes, all of which were prepared
by possing 1C cm™ 2, The polypyrrole lilm was lormed ot 4.2V vs. LifLi'
in (0.2 mol dn ¥ pyrrole +0.2 mol dm * LiCIO,)/PC. The polyaniline
film was formed ot 0.75V vs. Ag/AgCl in (0.1 mol dm * aniline
+0.1 mol dm’ 3 H,50,) aq. The polyazulene film was formed as indi-
cated in the Experimental section.

2.4 4.0

The ratio of the weight of undoped films (1) divided by
the molecular weight ol each monomer (M), represents the
number of monomer units in polymer films. These values
are listed in Table 1 in comparison with @, values deter-
mined from the voltammograms in FPig. 1. Ratios of mono-
mer-unit-number for polyazulene:polypyrrole: polyaniline
films is approximately 10:7:2. The largest number of mono-
mer units are involved in 1C cm™? prepared PAz film
among three films. That is, the polymerization efficiency is
higher in the order: polyazulene > polypyrrole > polyani-
line. On the other hand, @, values are larger in the order;
polyazulene > polyaniline > polypyrrole. However, when
we compare values of @, (mC mg™"), the order becomes
polyaniline > polypyrrole > polyazulene because of the
larger weight of the azulene monomer units. With respect
to capacity (Ah kg™"), the Li/PAz battery may be inferior to
Li/polypyrrole and Li/polyaniline batteries, IPor values of
Q. (Cem™™), polyazulene shows the maximum value as
shown in Table 1. Li/PAz ballery appears to show the best
capacity (Ah cm™). From the calculation of film density,
‘which can be given from Q. /Q.. the density of PAz, pol-
ypyrrole and polyaniline are 4.7, 2.65, and 4.2g e ™. There-
fore, the best capacity of PAz may be given by the high
density film. However even in high density fitm, the capac-
ity would not become higher without the film structure of
possessing smooth anion diffusion process which may de-
pend on the film preparation conditions.

In terms of oxidalion/reduction potentials (vs. Li/Li') of
these vollammograms, the potential is observed to be
more positive in the order: polyazulene > polyaniline >
polypyrrole. Therefore, a Li/PAz batlery will show higher
discharge vollage than Li/polyaniline or Li/polypyrrole
batteries. However, as already stated in the introduction,
electrochemically formed PAz filin may show consider-

Table 1. Comparison of film weights and CV results. The numbers in
brackets correspond to the relative ratios

wiM Q. | Que Qi

(unitsicm® mCem 3 (mCmg Y (Cem V)
Polyazulene 1.35 x 10'?{10] 170 60 283
Polypyrrole  7.87 x 10'|7 80 5.5 200
Polyaniline  2.81 x 16" [2 12 2066 112
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Fig. 2. Potential-time curves for galvanostatic polymerization of
azulenc in (0.05 mol dm' 3 + 0.1 mol dm *¥PC at various current den-
silies.

able variation in Q, values and the kinetic behavior de-
pends greatly on formation conditions. Thus, we will de-
scribe resulls on optimization of polymerizing factors in
order Lo obtain suitable PAz for plastic battery material.

Potential (E)-time (1) curves at electropolymerization.—
Polyazulene films can be formed either potentiostatically
or galvanostalically. Since electrochemically deposited
PAz film has rather low electrical conductivity
(10°*S em'#), a polential-control electropolymerization
needs an extremely long time to produce even very thin
films. PAz films formed by this procedure showed poor re-
producibility in their electrochemical properties. We,
therefore, used a current-controlled method far prepara-
tion of PAz films. First of all, we attempted to determine
the current density range of which highly electroactive
PAz film is electropolymerized. During electropolymeri-
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Fig. 3. Cyclic voltammograms for PAz electrode prepared at various
current densities. Scon rate: 5 mV s, film formation charge: 5C em™ 2.
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2ation at constant current, the potential of the PAz-coated
Pt working electrode was monitored and plotted against
time for various current densily values (see Fig. 2). At high
current density, the electrode potential shows an initial in-
crease due to limitation by monomer diffusion toward
electrode surface. After the first layer is deposited on Pt
substrate, the potential remains constant, indicative of the
steady-state polymerization of azulene on PAz-coated Pt
electrodes. As the current density increases, the potential
during electropolymerizdtnon increases. Nevertheless,
over 1.6 mA cm™?, the potential diverges because of limita-
tions of the rate ol monomer diffusion. Thus, polymeriza-
tion cannot be performed at higher current density than
this critical value. In PC solutions with monomer concen-
tration of 0.05 mol dm™3, PAz can be prepared only within
the current density range from ca. 0.6 mA em * (al which
the electrode polarizes 3.6V: the onsect potential for PAz
polymerization) to 1.6 mA cm %

Cyclic voltammetry and evaluation of charge-storing
ability of PAz film.—Figure 3 shows Lypical cyclic voltam-
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Fig. 6. SEM micrographs (top views) of PAz films polymerized under
various conditions.

mograms (CVs) for PAz film electrodes formed by passing
5C cin"* at various current densities. Anodic and cathodic
current peaks correspond lo oxidation and reduction pro-
cesses of doping and undoping of dopant anions into or
out of the film, respectively. With an increase in polymer-
ization current density, the CV response shows a steady in-
crease and switching reversibility of the electrode process
becomes more complete. However, at polymerization cur-
rent higher than 1.4 mA em™, i.e., at 1.6 mA em™?, the cur-
rent peak of the obtained cyclic voltammograms becomes
smaller than that for the film formed at 1.4 mA em™?, indi-
cuting that the electrochemical activity of PAz formed at
1.6 mA em™?is degraded. As a reason for this behavior, the
decomposition of PAz film and solvent is supposed to
occur because an extraordinary high potential (ca. 4.5V vs.
LifLi') is observed at 1.6 mA em™,

In order to clarify this effect, doping charge (Q,) under -
anodic current curves in these cyclie voltammograms (at
5 mV s7') is plolted against polymerization current density
(see Fig. 4). The data are shown for PAz films formed by
passage of' 1, 2,3, 5, and 7C em™2 Independent of the depo-
sition amount, all of the curves show maximum values at
1.4 mA cm 2, which is well consistent with results obtained
in Fig. 3. Up to current density of 1.4 mA em™? the doping
charge shows a gradual increase, indicating that the num-
ber of active sites increases. Over 1.4 mA em™3, PAz film
may show oxidative decomposition, because of a very high
potential, and therefore the degradation of the electroac-
tivity is observed.

To optimize the electrochemical activity in regard to for-
mation charge (Q)), the data in Fig. 4 are plotted against Q;
(see Fig. 5). As Q; increases, Q. shows almost constant in-
crease, However, over 5C em™2, Q, values appear to level.
‘There is an indication that charge-storing capability is not
enhanced by forming PAz films by passing more than
5Cem % The increasing rate (dQ/d®) is largest at
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L4 mA em 2 Such dQ./dQ, variation can be explained by
considering differences in morphology. The most suitable
PAz tilm for secondary battery material can be prepared at
1.4 mA cm ® by passage of 5C em™2,

Maorphology of PAz fitims.—Variations of Q, values of PAz
films can be primarily determined by the morphology of
resulting PAz films and the smoothness of dopant motion
within PAz film within a certain time scale. Of particular
interest here is how the surface and cross-sectional mor-
phology related to the Q,-Q; dependence shown in Fig. 5.
In IFig. 6, the top view of several PAz films formed at 1.0
and LdmAcem™ is shown as a function of Q; (1, 3,
5C cm *). All of the films formed at 1.4 mA cm "% appear to
be rougher than those formed at 1.0 mA em~2, For the film
prepared at 1.0 mA em?, the surface morphology does not
show noticeable change wilh an increase in the Q; value.
On the other hand, PAz films prepared at 1.4 mA em™?
show remarkable change in their surface morphology, sug-
gesting faster polymer growth than at 1.0 mA em ™%,

‘The thickness of the same PAz films is roughly esti-
mated from the cross-sectional view of SEM micrographs
(see Fig. 7). As already expected from results in Fig. 4 and
5, Lthese micrographs show that thicker or larger-volume
PAz fitm has higher charge-storing capability. When poly-
merizing at 1.0 mA em 2, film thickness do not change very
much for Q; values above 3C ecm~% On the other hand,
cross sections of PAz films (1.4 mA em™) show porous
conditions and their thicknesses change almost propor-
tionally with Q; values up to 5C em % However, films
polymerized beyond Q; = 5C cm™2 show almost the same
morphology and film thickness as those of 5C em 2 This
fact indicates that a significant porlion of the charge used
to polymerize the material may be consumed in oxidative
decompaosition of {ilms and/or solvent. From this, polymer-
ization vates of 1.0mAcm™ and l4mAem? films
are 0.28C em Hpm (Q<3Cem™® and 0.22C em ¥um

(B) Dependence of current density

100 -+

95

Coulombic yield (5) / %

90

2 400}
O
e
/\\ 300r 1.4 mA cm™2 /O
< y
£ 200 o
© AN -2
] O/ 1.0 mA cm
> 100t S
o .0
o
[
w 1 i i I} 1

0 10 20 30 40 50
Doping level (D) / %

o

X

£ 150}

~

~ 140

z

> 130

=

2 120}

O

o

>, HO'

(@]

L

& 100}

ul L 1 1 i
o 1.0 2.0 3.0 4.0

Current density (icd) / mA cm™

Fig. 8. Dependence of doping level (D) and current density (i) on the charge-discharge characteristics of Li/LiCIO/PAz (formed with SC cm~2)
batteries as a function of the formation current density. The charge-discharge current was 0.5 mA cm™? for (A). The cells were charged to a doping

level of 20% for (B).



2448

(A) Dependence of doping level

IOO o =mmete O —O\ s
AN 5Ccm
R

Coutombic yield {n) / %
0
o
T

(]
o
Y

300

<)
o
T

Energy density (W) / wh kg™
S
O

0 10 20 30 40 50
Doping tevel (D) / %

J. Electrochem. Soc., Vol. 136, No. 9, Seplember 1989 © The Electrochemical Sociely, Inc.

(B) Dependence of current density

R 100 ~O=0~ 4 Sccem™*

~ . AN

E 520

= D\ z \Q

@ 3 = 1Y

Soof N\ 2Lemt, E

o Ol -

Q '~ cm

0

2 0

O 80F A

R 1 1 D 1 ]

< wnQ—

£ 15012~

a0}

z

< 130}

=

2 120}

8

S nof

o

@ 100}

[_‘[:j i ' 1 I
0 1.0 2.0 3.0 4.0

Current density (icd) / mA cm™

Fig. 9. Dependence of doping level (D) and current densities (i) on the charge-discharge characteristics of Li/LiCIO/PAz (formed ot 1.4 mA
cm?) batteries as a function of the formation charge of PAz films. The charge-discharge current was 0.5 mA cm ? for (A). The cells were charged to

a doping level of 20% for (B).

(Q; < 5C cm™?), respectively. The results are quite compat-
ible with the behavior of the rise in doping charge with
filin thickness as shown in Fig, 5.

Charge-discharge performances of LilLiCIOJ/PAz bat-
tery.—The effect of electropolymerization current density
on performance of a rechargeable Li/LiCIO/IPAz battery
was investigated for the optimization of cathode material.
PAz films formed at various current densities were assem-
bled into cells with lithium anodes, and their charge-
discharge performances were checked at various doping
levels (D) and current densities (i), Pigure 8 shows results
for 1.0 and 1.4 mA cm™? formed PAz films. In Fig. 8(a), the
dependence of the depth of charge (represcnted as doping
level) on the coulombic yield (y) and energy density (W) are
shown. The 20% doping level corresponds to charge of
440 mCem™ per unit weight of cathode material. As
shown in Fig. 8, the battery using 1.4 mA cm ™ formed PAz
cathode shows better performance than the battery using
PAz film formed at 1.0 mA em™. The battery (1.4 mA ¢m 2
PAz) keeps over 90% of the coulombic efficiency until
D = 45%. In both cases, the energy densities show propor-
tional rise against the doping leve), indicating that PC sol-
vents and PAz film itself do not decompose with deep
charging. With respect to the dependence of i,, on charge-
discharge performance as indicated in Fig. 8(B), they are
strongly dependent on the current dernsity at film prepa-
ration (ip). Up to ig=4mAcm™ the LVLICIO/PAz
(1.4 mA em™) keeps more than n = 90%. 1lowever, the bat-
tery using 1.0 mA em™*formed PAz film cannot tolerate
over iy = 1.5 mA em™ 1L is commonly ohserved for those
batteries that the energy density decreases with a rise in iy
value. This fact means that some portion of the charging
coulombs is consumed for the oxidative decompaosition of
PAz film and solvent because of an extraordinary high cell
vollage owing to the anion diffusion's limitation within

bulk polymer. Such drastic difference in charge-discharge
performance is associated with the rougher morphology of
PAz lilm formed al 1.4 mA em 2% Namely, the 1.4 mA cim %
formed PAz fitm has a large effective surface area and low
packing densily where dopant anions ean move faster.

Performance of the Li/LiCIOJ/PAz ballery was then
checked as a function of formation charge (Q)) of PAz cath-
ode as shown in Fig. 9. The properties were examined in
the same way as in the previous figure. Although the bat-
tery using 1C em ™2 PAz performs very poorly, almost iden-
tical behavior is observed for batteries using PAz films
formed by passage of 3 and 5C ecm™2 [t appears that the Li/
LiCIO/PAz (5C cm ™) batlery shows the best performance.
Therefore, PAz films formed at 1.4 mA em™® with 5C em ™2
can be the most effective material.

Charge-discharge curves for Li/LiCIOJ/PAz (formed at
1.4 mA em ® with 5C em™) are shown in Fig. 10. The dis-
charge voltage is very high (ca. 3.2V) and flat. The highest
voltage oulput is due to higher redox potential compared
with polypyrrole and polyaniline. ‘The flat output voltage
can be explained as follows: since anion diffusion within
bulk polymer is considered to be very fast as expected
from rough morphology (see Fig. 7), the cell can maintain
galvanostatic discharging without much polarization. At
45% doping level, the battery keeps over 90% of coulombic
efficiency, and flat discharge curves. The current density
dependence of battery performance also indicates that the
battery can show high discharge voltage without losing
the Nlatness in discharge curve. ‘The cyclability of the same
cell was checked at 0.5 mA em™ in Fig. 11. ‘The batlery
keeps excellent charge-discharge characteristic up to 900
cycles. Energy density loss is negligible because cou-
lombic yield is alinost 100% until 900 cycles. PAz films are
mechanically stable so that this material is tolerable for
practical use,
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Conclusions

An electrochemically formed PAz film was found to he
an excellent cathode material for plastic secondary bat-
teries. The optimized polymer preparation conditions are
1.4 mA em™? (current density) and 5C cm™? (formation
charge) when films are prepared in (0.05 moldm™?
azulene + 0.1 mol dim™® LiC1O/PC solution. The charye-
discharge performance is better than that for Li/poly-
pyrrole batteries.
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ABSTRACT

Electrically conducting polymers have been utilized both as the
cathode and as the electrolyte element of lithium secondary cells. Polymer
cathodes were limited in their suitability for batteries because of the low
energy content associated with low levels of doping and the inclusion of
complex ionic species in the cathode. Recent studies have indicated that
doping levels up to 100% can be achieved in polyaniline. High doping
levels in combination with controlled morphologies have been found to
improve the energy and rate capabilities of polymer cathodes. A
morphology-modifying technique was utilized to enhance the
charge/discharge characteristics of Li/liquid electrolyte/Polypyrrole cells,
The polymer is electropolymerized in a preferred orientation morphology
when the substrate is first precoated with an insulating film of nitrile
butadiene rubber (NBR). Modification of the kinetic behavior of the
electrode results from variations in the chemical composition of the NBR,

Heterocyclic conducting polymers such as polypyrrole!-9 and polyaniline10-12 are
recognized as electroactive materials, which show redox process accompanied by
concurrent doing-undoping ions in electrolyte solution. For this reason, these materials
can potentially be utilized in rechargeable plastic batteries.!3-14

Promising cathode materials for rechargeable lithium electrochemical cells include
solid intercalation compounds such as metal oxides or sulfides and electroactive polymer
cathode materials such as polyaniline or polypyrrole(PPy). The theoretical values for the
specific energy of the electrode couples may be calculated for these two classes of
cathodes; the solid oxide type cathodes exhibit theoretical specific energies in the range of
300-1000 Wh kg-1, compared to values of about 200-400 Wh kg-! for the polymeric
cathode materials. Lithium/polymer cathode cells have intrinsically lower values for
specific energy because of the low doping level of the polymer films and the requirement
of ionic doping associated with the faradaic reaction, Further, slow ion diffusion within
the bulk of the polymer films results in limitations on the rate behavior of such cell
systems. Since the oxidation and reduction of a PPy film induces a concurrent doping-
undoping of anions, the charge-discharge property of a Li/PPy battery is determined by



this process. In order to enhance the battery performance characteristics of a Li/PPy cell,
the PPy cathode must have a high charge-storing ability(electroactivity) and rough
morphology in which a large amount of anions can dope/undope smoothly to maintain the
charge/discharge rate of the cells.

Recent studies on electropolymerized PPy films have revealed that the
electropolymerization factors, viz., electrolyle anion, potential, current and formation
charge, play important roles in determining the electrochemical property and morphology
of the resulting films.!214 In particular, the rate of anion diffusion across a PPy film
was found to be strongly dependent on the morphology or packing density of the grown
PPy films.14.15 A remarkable enhancement of anion diffusivity has been observed at a
controlled morphology PPy film formed with a guide of pre-coated insulating material ,
e.g., NBR(nitrile butadiene rubber) fitm.!4 The preparation procedure for such a PPy
film is illustrated in Fig.1.11.14 First, the NBR film is coated on Pt substrate. Second, it
is immersed in an acetonitrile solution containing pyrrole monomer and electrolyte and the
PPy is grown by electropolymerization, Finally, afier the PPy is electropolymerized along
the etched tubular channels, the pre-coated NBR layer is totally rinsed away by an organic
solvent(MEK). By virtue of the flexible and insulating nature of the NBR film, it can
modify the morphology of the PPy film, especially in the perpendicular direction, where
the pre-coated NBR film acts as a structure-modifying material, regulating the polymer
growth in the direction normal 1o the Pt substrate.

It is noteworthy that the PPy film prepared by such a method satisfies the optimum
conditions for an effective battery material. In fact, the lithium battery assembled with an
NBR/PPy cathode tolerates a larger current density than the battery using a normal PPy
cathode which is formed on a Pt substrate.!S  Therefore, it is interesting to further
investigate the jonic transport at the NBR/PPy film as a basic approach of high energy
plastic battery research. Of particular interest is to control the degree of morphology
orientation and to accelerate the rate of anion doping-undoping process at polymer
cathode. The authors attempted to control the orientation of PPy morphology by varying
the chemical composition of NBR and its thickness. In this paper; it is described how the
morphology of the PPy film is modified under various polymerization conditions, and
how the anion diffusion behavior at (he PPy film is related to the resultant morphology,

EXPERIMENTAL
Chemical ! Soluti

Reagent grade acetonitrile was used as obtained, without further purification.
Acetonitrile solutions containing 0.2 mol dm-3 pyrrole monomer and 0.2 mol dm-3
electrolyte salts were used for the preparation of the polypyrrole(PPy) film.
Electrochemical analysis.was made in the acetonitrile solution containing 1.0 mol dm-3 of

was used as the electrolyte solution for the charge-discharge measurement. The

morphology modified PPy films were grown utilizing various kinds of NBR
films(Nippon Zeon Co., Ltd.).
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Conducting PPy films used in this work were prepared by the potentiostatic
electro-oxidation method. The normal PPy films were grown directly on the Pt substrate
at0.8 Vvs. Ag/Ag+(0.01 mol dm-3 AgNO3) by passing 1 C cm-2 of charge. For the
preparation of NBR-modified morphology PPy film(NBR/PPy), the film was also grown
at 0.8 V constant potential, following the procedures described previously 14,15

Cell Assembly and Measurements

The cell for the electrochemical measurements was assembled with a PPy-coated
Pt working electrode, a stainless steel-plate(large surface area) counter electrode and an
Ag/Ag* reference electrode. Cyclic voltammograms were obtained for a normal PPy and
NBR/PPy electrodes formed with various types of NBR films. The separation potential
of anodic and cathodic charges under the anodic curves was recorded at a quasi-stationary
scan rate of 5 mv s-1, The electrode impedance was measured at some doping potentials
in the frequency ranges 10 mHz to 100 kHz by the FFT impedance method.!5 The
surface and the cross-sectional morphologies of the NBR(S jtm in thickness)/PPy films

formed by the passage of 10 C cm2 were inspected with the scanning electron microscope
(SEM),

RESULTS AND DISCUSSION
Model for PPy -Growth through NBR F ilm

To consider how an oriented morphology of PPy is constructed, a simple growth
model for NBR/PPy film is illustrated in Fig. 2 in comparison with a cross-sectional SEM
micrograph of a typical NBR/PPy film. These correspond to the initial stage of the PPy
growth through the etched tubular channels formed in the vicinity of PUNBR interface.
Two main factors affecting the construction of perpendicular PPy morphology are
suggested here, viz., (1) tubular channel formation by solvent etching, and (2) polymer
growth by electropolymerization. Immediately after an NBR/Pt electrode is immersed in
the acetonitrile solution of (LiClO4 + pyrrole), the solution begins to etch fine tubular
channels in the NBR film to establish the conduction paths from the solution to the
substrate. As soon as the path reaches the surface of the substrate, PPy film begins to
grow along these channels. The degree of morphology orientation and the diameters of
fibrils can be determined by the relative balance of the rates of polymer growth and pore-
etching(tubular channe! formation). The rate of polymer growth is related to the potential,
chemical stability and nucleophilicity of co-existing anions at electropolymerization. The
potential for electropolymerization was fixed at 0.8 V in this work, and the polymerization

anions used were C104, Therefore, the growth rate of PPy was fixed in this study. On
the other hand, the rate of pore etching and the dimension of the pores were related mainly
to the solubility of NBR in the acetonitrile solvent and the thickness of the NBR film,

Effect of Acrylonitrile content in NBR on Electrochemical Behavior of NBRIPPy Film

In order to see how the solubility and/or flexibility of the NBR film affected the



morphology and electrochemistry of the resulting NBR/PPy ﬁlms_, electrochemical
properties of these films were investigated. Figure 3 shows a typical effect of the
acrylonitrile(AN) content in the NBR film on the cyclic voltammograms for the
NBR/PPy(1 C cm-2) films measured in 1.0 mol dm-3 LiClO4. The values ofm and
shown in the upper part of this figure correspond to the composition of butadiene and AN

in NBR, respectively. As the AN content (ﬁ%) of NBR decreases, the potential

separation of anodic and cathodic current peaks becomes narrower, This indicates that
the redox process in the NBR/PPy film becomes more reversible as the NBR film
becomes more soluble and/or flexible. Therefore, the jon transport behavior NBR/PPy
film was further investigated by varying the scan rate of the cyclic voltammetry.

Figure 4 shows the dependence of the AN content on the rate-determining stage of
the electrode process at NB R/PPy films. From the cyclic voltammograms at different scan
rates, anodic peak currents(ipy) are proportional to x powers of scan rate(v), while x
changes from 0.5 (0 1.0 satisfying the following equation,

ipﬂoc vX (05<X<10) [1]
x=0.5; ipa o< Vv (diffusion controlled process)
x=1.0; ipac< v (reaction controlled process)

The x value for all curves increased up to NBR=5 pm, and saturated above this
point. As the NBR becomes thicker, the over-all electrode process becomes much more
limited by the charge-transfer process at electroactive sites in the NBR/PPy film. The
behavior would be associated with an enhancement of anion diffusion within PPy layer,
However, the acceleration of diffusion rate seems to reach a certain limiting value at 5 Hm
in thickness, and further thickening of NBR film does not cause any change. !4

Therefore, for the amount of PPy (1 C cmv2 formation charge), more than 5 pm-thick
insulating layer makes the most optimum oriented structure PPy morphology. In order to
further investigate how the doping-undoping kinetics change as a function of pre-coated
NBR thickness, the NBR/PPy films were analyzed by FFT impedance spectroscopy.

Impedance results for NBR(AN=22%)/PPy( 1 Ccm2)-ClOy- are indicated as
Cole-Cole plots in Fig.5. In general, the absolute value of electrode impedance(|Z)) for
NBR/PPy films decreases with increasing NBR thickness. This fact indicates that the
redox reaction at NB R/PPy electrodes is enhanced by the acceleration of either charge
injection or ion transport in and out of the active sites of PPy regime. Impedance behavior
at low frequencies indicates that the rate-determining stage of the redox reaction changes
from diffusion-controlled to charge-transfér-controlied by thickening the NBR film. This
means the diffusion rate of jons within the PPy film is considerably accelerated with the
modified morphology. The impedance spectra for NBR(5 pm)/PPy and NB R(8 pm)/PPy
films appear essentially the same., This observation is consistent with the deductions from
the scan rate dependence of cyclic voltammograms, suggesting that the electrode process
does not change any more by further thickening.

The time scale relevant to the anion diffusion within NBR(5 pm)/PPy films is
demonstrated as a function of AN content in NBR film. Figure 6 shows the Bode plots
for various NBR/PPy films. The frequency range corresponding to the mass transfer



(indicated by the slope of 0.5) shows noticeable change upon varying the AN content, As
the AN content increases, the corresponding frequency value at which the line of 0.5
gradient starts becomes lower. This fact again supports the evidence for the enhancement
of the diffusivity of dopants within NBR/PPy film. The morphology guest polymer,
viz., PPy grows in the more perpendicular orientation to form a much more open
structure, as the AN content becomes less. -

Morphology of NBRIPPy Fil.

Surface and cross-sectional morphology of various kinds of NBR/PPy films was
inspected by SEM (see Fig.7). When PPy is formed with a guide of NBR of higher AN
content, the surface condition of remaining PPy film becomes grainy. On the other hand,
for the film formed with NBR of lower AN content, the surface shows much rougher and
more open structure.  With respect to the side views of these micrographs, the manner of
morphology orientation or the apparent thickness of these films are much clearly
demonstrated. As the AN content becomes less, the polymer growth become faster,
especially in the perpendicular orientation because the attraction force between the
molecules of NBR is weak. This results in more bulky structure which tolerates high-rate
charging and possibly leads to a high power density when such films are used as a
cathode material for rechargeable cells,

Charge-Discharge Performance of LilLiCIQ4(PCY(NBRIPPy)

NBR/PPy films were utilized as the cathode of a lithium cell with a liquid organic
solvent, and the charge-discharge characteristics were observed. Figure 8 shows typical
charge-discharge curves for Li/LiCIO4(PC)/[NBR(5 pm)/PPy(3 C cm2)] cell. As was

expected, the discharge recovery becomes better for NBR/PPy cathode formed with the
lower AN-content NBR film,

Figure 9 shows the relationship between coulombic efficiency and the current
density for these same cells. There is a clear indication that an NB R/PPy cathode formed
with less AN-content NBR tolerates high current density. A Li/(NBR(AN=18%)/PPy)
cell maintains as much as 80% coulombic efficiency when charging-discharging at 1.0 mA
cm2,

Figure 10 shows the maximum power density for PUNBR films, estimated from
the cyclic voltammograms in Fig.3. As the AN content in NBR decreases, the maximum
power density increases. Especially, a big jump of maximum power density is observed
at around AN=20%, and the value amounts to ca. §0 kW kgl at AN=18%. Therefore, an
enhancement of fonic motion directly leads to make the power density bigger.

CONCLUSION

An enhancement of anion diffusivity was observed with modified-morphology
polypyrrole films using a pre-coated insulating template(NBR). The electrochemical
properties of such films could be interpreted on the basis of jon transport within the
polymer layer with cyclic voltammetry, AC impedance, and SEM by varying the AN
content in the NBR modified polymer. As the pre-coated NBR becomes thicker(up to 5



jtm), the dopant movement within NBR/PPy film becomes faster. Also, as the AN
content in the NBR decreases, the electrode process, especially the diffusion rate,
becomes higher. This fact is supported by both the impedance measurements and the
morphology observed with SEM. As the AN content of NBR becomes smaller, the NBR
film becomes more soluble and flexible, so that the growth of polypyrrole is considered
to be much perpendicularly-oriented to form much open and bulky structure. Such special
morphology results in an acceleration of the diffusion rate of dopants within the grown
NBR/PPy film and also increases the power density.

Further improvement in kinetic behavior of polymer cathodes should result
from continuing investigations of these phenomena.
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ABSTRACT

lonic transport behavior across an electropolymerized polypyrrole/polyazulene composite film was investigated by
using ac impedance analysis, and its charge-discharge characteristics were also studied. Co-electropolymerization of pyr-
role and azulene was well defined and fairly stoichiometric in propylene carbonate solution. The charge capacity for the
composite films showed a remarkable increase for films with about 50 to 75% of azulene monomer content, and the behav-
ior was correlated with morphological and diffusivily changes. The charge-discharge characteristics were examined for
cells with a lithium anode and vavious polypyrrole/polyazulene composite cathades. Pure polypyrrole cathodes behaved
exactly like a capacitor at low frequency, while pure polyazulene cathodes showed excetlent rechargeable behavior with
very flat discharge curves. Composite cathodes showed intermediate behavior,

Electropolymerization has been galhering growing in-
terest recently, as an elegant new way of preparing con-
ducting polymer films, e.g., polyaniline (1-7) and polypyr-
role (PPy) (8-14). ‘The process is [airly stoichiometric and
simple without using the strong oxidizing agents like halo-
gens or AsFy that are used in conventional chemical proc-
esses. With the electrochemical technique, various quali-
ties of polymeric films can be prepared by simple
electro-oxidation of monomers with varied polymerization
factors. 'The factors include, for example, kind of mono-
mer, electrolysis mode [controlled potential (11) and con-
trolled current (3, 11)], electrolyte anion (11, 12), and passed
charge (thickness) (12). By choosing appropriate condi-
tions for these factors, we can deliberately design the
structure/morphology and electrochemical redox proper-
ties of resulting films so as to tailor them to specific appli-
cations, such as energy storage or microelectronics.

The electropolymerization methad is also a powerful
means to prepare random copolymerized or composite
polymers by mixing different kinds of monomers in the
starting polymerization solution. In generval, co-electro-
polymerization of different monomers gives amorphous
films with little interaction among monomers (16). The re-
sulting film is then a polymer composite in the sense of its
elemental composition. However, in some cases, it shows
noticenble changes in morphology compaved to the indi-
vidual pure polymers. The morphological changes resull
in changes (acceleration/retardation) in ionic transport be-
havior across the film. The ionie transport behavior is es-

pecially important. for controlling the rale capabilily of

energy storage devices (12),

Among conducting polymers, polypyrrole-based com-
posite films are the most extensively studied. Co-polymeri-
zation of pyrrole has been reported with other kinds of
monomers such as thiophene (15), azulene (16), and N-
substituled pyrrole with methyl (17-19) or phenyl groups

* Electrochemical Sociely Active Member.,

! Present address: Corresion Research Center, Departiment of
Chemical Engineering and Materials Science, University of Minne-
sota, Minucapolis, MN 55455,

(19, 20). One of the best examples is the co-polymerization
ol pyrrole and azulene, which shows fairly stoichiometric
and reproducible polymerization behavior, Since pyrrole
and azulene show similar electro-reactivily (oxidation po-
tentials) and polymerization scheme (a-o’ linkage at 5-
membered rings, (21-24), they mix with each other fairly

“well during electro-polymerization to form a uniform com-

posite film. Electropolymerized polyazulene (PAz) shows
moderalely high conductivities (1072-10° (' em™" (21) in
the dry state, and a bulky morphology that depends
greally on the kind of coexisting anion (23). Also, PAz film
is an effective cathode material in lithium cells because it
has a high redox potential and high switching reversibility
(22, 24),

‘The combination of PPy and PAz is a kind of composite
of bulky (azulene) and less buiky (pyrrole) monomers. The
insertion of the bulky azulene group into a PPy matrix
causes Lthe PPy/PAz composite film to lock much rougher
than PPy itself, and to show various packing structures
thal depend on the pyrvole/azulene monomer ratio in the
fitm. This kind of rough film is specifically suitable for ap-
plication as an energy-storage malerial like a redox capaci-
tor (28), or rechargeable battery, which can tolerate high-
rate charging/discharging.

So far, PPy/PAz film has received only limited attention
excepl for slructural analysis by TR spectroscopy (16). The
authors have investigated the ionic transport phenomena
across the PPy/PAz composite film using the same tech-
niques thal have been used earlier for polyvinylferrocene
(PVIE) 2D), i.e., by eyclic voltammetry and ac impedance
spectroscopy (25-27). The emphasis of the present paper is
to report the variations in redox capacity and diffusivity of
anions for different PPy/PAz composile films, and how
these properties are related to the morphology observed
by scanning electron microscopy (SEM),

Experimental

Chemicals and solutions—Reagent grade LiClO, and
propylené carbonate (PC) were used as the eleclrolyte salt
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and solvent, respectively, PC was used after purification
by percolating through activated alumina. Water in the PC A Z % :O % (P P y)
was removed by adding molecular sieves Lo iLand lelting it

stand for a few days untiluse (11, 12, 18, 24). Highest grades
of azulene (Az) and pyrrole (Py) monomers were used as
obtained without further purification.

PC solutions (degassed wilh Ar gas) containing 0.1 mol
dm™? LiClO, plus Py and/or Az monomers were used for
the preparation of polymer films. The tolal concentrations
of Py and Az monomers were kepl contant (.05 mol dm *).
Monomer ralios for the five different solutions are shown
in Table . In this table, the solutions of Az% = 0 and 100
correspond ta 100% Py and 100% Az solutions, respec-
tively. Cyclic voltammetry, impedance spectroscopy, and
charge/discharge performance lests were carried out in
1.0 mol dm ? LiClO/PC solution.

N oo
>

i / mA cm™?
(@]

Film preparation.—Polypyrrole/polyazulene composite -2t
films were prepared on a Pt plate (0.283 cm ™ #) in the PC so-
lutions mentioned above using a cell assembly described _
elsewhere (11, 12, 18, 24). Electropolymerization was per- 3
formed at a constant potential of 4.2V (vs. Li/Li' in the t +
same solution, at which the oxidation of both Py and Az Of e o
occurs at almost equal electroreactivity under diffusion 5 AZ A—5O /’
contro! (16). Total deposition amounls of the polymers
were determined by monitoring the charge consumed dunr-
ing electropolymerization. Wree-standing films, prepared
by the passage of the same amount of charge (2 C em 3,
were inspected by SEM.

N W s

-2

Electrochemical measurements.—Cyclic voltammetry
was employed for surveying both electropolymerization
behavior at a scanned potential 10 mV s ') and redox
(doping/undoping) processes al grown polymer films. As
for impedance measurements, an ac voltage signal (maxi-
mum amplitude = 5 mV peak to peak) superimpased on de
bias was applied to the cell as a perturbation, and the re-
sponse current signal was analyzed using FITI techniques.
The range of frequencies was 5§ mIlz to 100 kllz. Li/1.0 mol
dm? LiClO,-PC/(PPy/PA2) cells were assembled with a
(PPy/PAz)/Pt cathode and Li/Ni-mesh anode in a small
container purged with dry and pure Ar gas. Charge-
discharge tests were conducted at constant current densi-
ties (0.1-1.4 mA cm™®). Discharge of the cells was Ller-
minated when the cell voltage reached 2.5V, All the results
of cyclic voltammograms and charge-discharge curves in
this work were obtained after stabilization for several cy-
cles in ambient temperature (25°C).

i / mA cm

"Results and Discussion

Polymerization curves.—Figure 1 shows conseculive cy-
clic voltammograms for the polymerization of PPy, PAz,
and their composile films at a Pt electrode in LiClO, solu-
tions containing: a) 100% Py monomer (Az% = 0); b) Py
and Az monomer (Az% = 50); and ¢) 100% Az monomer
(Az% = 100), respectively. In terms of the polymerization
behavior at the first scan, each voltanumogram has almost
the same onset oxidation potential (ca. 3.6V) and shows a
limiting current beyond ca. 4.1V for 100% pyrrole, and ca.
4.2V for 100% azulene solutions. Azulene monomer shows
a wider limiting current region than pyrrole, which is con-
sistent with the results obtained by Burzynski et al. (16).
However, the rate of monomer feed would be more or Jess

the same in this ditfusion-controlled region of over ca. . . . . 4
4.2V. Therefore, the polymerization potential for the fol- 2.5 3.0 35 4.0 4.5
lowing results was set at 4.2V. In the solution of . . .

PylAz = 50/50, intermediate behavior of these two mono- : E/V vs. Li/ZLi

mers was observed. No cathodic currents were obscerved . . Lo
Fig. 1. Cyclic voltammogroms for the co-polymerization of Py/Az
monomers in various Py/Az solutions at a scan rate of 10 mV 57",

Table 1. Composition of solutions at electropolymerization

. Azulene conlent Pyrrole content for the first scan except for that due to undoping anions.
Solutions [mol dm’ | Imot dm ¥ This indicates that both Py and Az monomers were oxi-
dized to form radical cations to yield polymeric films, and

3 ﬁjﬁ;ﬂ = 2g 88‘]’3‘5] gggf]’g the films do not decompose cathodically in this range.
c Az"/: = 50 0.0250 0.0250 From the second scan, anodic and/or cathodic currents
D Az% = 175 0.0375 0.0125 in the vollammograms grow in each succeeding cycle (in-
E  Az% =100 0.0500 0.0000 dicated by arrows). The current involves oxidation of
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monomers (radical cation formation) at over 3.6V, as well
as the oxidation of polymer films themselves on the sub-
strate. The oxidationfreduction process of polymer filins
has concurrent anion dopingfundoping at their active
sites. The interesting observation is thal conlinuous cur-
rent growth occurs for azulene and pyrrolefazalene solu-
tions, but the 100% pyrrole solulion shows saturation in
the oxidalion region (over ca. 4.0V). The former two cases
suggest that electroactlive conducting polymoers are conlin-
vously deposited layer alter luyer from the solutions. 1L s
likely that the diflusivity of dopanls limits the current for
polymer growth when the polymerization speed is very
high and the concentration gradienl becomes very steep
across the interface bulween polymer film and electrolyle.
Because PPy films are more compact than PAz films (24),
the film deposition for PPy shows saturation, bul PAz de-
posit is in Lthe conditions investigated here.

Elemental analysis of composite films.—Table 11 shows
the resulls for the elemental analysis of PPy, PAz, and
PPy/PAz composile films prepared from PC solutions of
various Az content at 4.2V vs. Li/Li*. The numbers K and Y
correspond to the monomer ratios of Py and Az, respec-
tively, found in composite polymer titms [-(Py),-(Az) .
From this table, it can be seen thatl the films contain ex-
aclly the same ratios of Py and Az monomers as in the
starting solutions. Hence the polymerization oceurred at
almost the same efficiencies for the two monomers at the
potentlial of 4.2V,

Cyclic voltammograms for PPy/PAz composite films.—
Figure 2a shows typical cyclic voltammograms at 5 mV s '
for PPy, PPy/PAz, and PAz films deposited [rom various
1C solutions of Az% = 0, 25, 50, 75, and 100%. In these vol-
tammograms, the anodic and cathodic currents cor-
respond to anion doping and undoping processes ac-
companied by the oxidation and reduction of the film
itself. The voltammograms were repeatedly cycled with-
out any decay of current, meaning that all the flms were
chemically stable and reproducible in the potential range
between 2.5 and 3.8V.

The vollammogram of each PPy/PAz film has well-
defined single redox peaks, and the redox potential
(= B, = E, + E,/2) increases linearly in proportion to
Az%in the film as seen in Fig. 2b, where B, and B, arc the
potentials of the anodic and the cathodic peaks, respec-
tively. The relationship between E,,. and Az% sugpesls
that the PPy/PAz films prepared are not simple mixtures
of PPy and PAz but completely random copolymers
whose electrochemical properties are intermediate be-
tween the pure polymers (17, 18).

Since all the voltammograms were obtained al a scan
rate of 5 mV s, the overall electrode process was quasi-
stationary, controlled mainly by the clectron exchange re-
action, but still partly controlled by ionic transport within
‘the bulk of the films. The detected anodization or cathod-
ization charge reflected the effective number of active
sites associated wilh the faradaie reaction al the time scale
of the measurement. As the Az% waus increased, the oxida-
tion charge (Q,) of the films became Lawger, ie., the Lolal
number of active sites participating in redox reaction be-
came larger with an increase in Az% in the composite (ilin.
However, the value of @, did not vary linearly as a function
of Az%; instead, the value showed an increase from 50 Lo
5%, as seen in Fig. 2b. This implies that around this value
of Az%, there was some drastie structural or morphologi-
cal change of the composite filin.

Table 1. Elemental analysis of PPy-PAz composite films

Monomer atio in

Composition composite film
Solution of CHN Pyirole Azulene
A A= O Cu sl uayNoz 0 100
B Az%= 25 CusillaasNoar 25 5
Az% = 50 CasylluaoNoas 50 50
D Az%= 15 CoelaaNoa: 15 25
£ Az% = 100 Coanllum 100 0

[ b) © a)
§l
3
1o ¢
>
3
2
. [t
€
o
< Of
E »
~N \ __,_:/
- <k ‘/’ R
Az%=25% AT 7
il S
Az%=50% /"
-0} " Y
Az%=75% /N
A2%=100%
PAZ)
i

30 25 30 35
E / Vs LiZLi

Fig. 2. a) cyclic voltammograms for PPy/PAz composite polymers
(prepared by passing charge of 1 C cm™?) at a scan rate of SmV s~ . b)
Dependence of Az% on redox potential (£,,.) and oxidation charge (Q.)
estimated from the voltammograms in 2a.

The scan rate dependence of the eyclic vollammograms
can be summarized as in the manner described previously
(11, 12). ‘The anodic current peaks (i) for PPy, PAz, and
PPy/PAz films were plotted against the scan rate () on a
logarithmic seale; the plot was linear, with a slope, x, in the
scan rate range 5 to 50 mV s}, Therefore, the simple rela-
tionship between i, and scan vate can be written as
follows

ipu o p¥ “]

The value of x (0.5 < x < 1.0) gives information about the
rate-determining process of the overall redox reaction at
the polymer (ilm electrode. So, the x value found for each
film was plotted against Az% for various PPy/PAz compos-
ite films, and is shown in Fig. 3. The dashed lines at x = 0.5
and 1.0 correspond to diffusion-controlled and reaction-
conlrolled processes, respectively. The x value shows a
gradual inerease from Az% = 0 to 50 and allains saturation
above Az% = 50. This means that the elecirode process be-
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Fig. 3. Correlation of x ond AE, for PPy/PAz composite fitms (1 C
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comes limited by charge injection with an increase in Az%,
and ionic transport in the film is fast cnough to maintain
electroneutralily above Az% = 50.

The value of AE, (peak separation potential) shows ex-
actly the mirror image of the curve of & vilue, indicaling
that PPy/PAz lilms lose the ability Lo switch reversibility
below 50% in correspondence with the change in limiling
process. These two observations indicate thal swilching
veversibility is controlled by the tonic ramsport of dop-
ants. The most appreciable clmm;u in the diffusion coelfi-
cient, D, is observed al Az% = 25.50, which is evideatly
consistent with the relationship . vs. Az%. ‘Uhus, the en-
hancement of the diffusivity ol anions is considered to be
closely related Lo the rate-determining step of the clee-
trode reaction. However, the capacity value, ), variation
against Az% seems somewhat different from thal of the
diffusion cocfficient. Namely, the most noticeabte change
oceurs al Az% = 30-45. ‘I'he G, variation is more likely (o
depend on the morphological change observed in Fig. 7,
which is described laler. FPhis is reasonable because the
deferential capacity is very scensitive to the active surface
arca, and change in this number is most likely whoen the
morphological change at the polymer surface is ubserved.
The behavior of D and C), values against Az% correlates to
that in Fig. 9.

Impedance analysis and estimation of diffusion coeffi-
cient and capacity value—In order to analyze the details
of kinctic and diffusion processes across the PPy/PPAz
films as a function of Az%, impedance specltroscopy was
used. The polential (lupcndcncc of the D and Cy, vatues
shows a peak at around I',,,, in the cyclic voltanmmmogram
for each film (25). So, the impedance spectra al around the
anodic peak potential are compared. Figure 4b shows typi-
cal Cole-Cole plots for PPy/PAz films (prepared with the
same charge of 1 C em ™) at the potential of each anodic
peak potential of the cyclic voltummogram. ‘These imped-
ance spectra show the behavior typical of thin redox and
electronically conductive polymer films (like PVE) as
shown in Fig. 4da (26, 27)..Namely, al high frequencies (re-
gion A), charge transtfer domination is observed with a
semi-circle and, at lower frequencies (region 13), dilfusion
of the anion in the polymenr film dominates the impedance
results. Finally, at the lowest frequency (region C), the fi-
nite film thickness limits the extent of difTfusion behavior,
and the locus rises vertically, owing Lo the saturation ol re-
sistunce and capacitance (C') components.

In the diffusion-controlled region, where the impedance
phase angle is oM, the magnitude of the impedince is
given by Eq.[2)

a) | b)
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Fig. 4. o) Ideol impedance behavior for redox polymer filin. b) Cole-
Cole plots for various PPy/PAz composite films (1C cm ?) at each
anadic peak potential,

12}

where Cy, D, and L oare the low-frequency redox capaci-
tinee, diffusion coefficient, and the polymer fitm thick-
ness, respectively, Values of C, woere estimated from the
low- lu'qu(‘n( y impedance data (charge saluration re gion:
w s LEDY. I this vange, the phase angle approached w/?2
and Cy was calentated using q. {3}

LA 2y )

At very low freqguencies (<2 ca. 30 mbz) in Pig. 4b, the locus
for cach film becomes vertical, and plots of ~Z, vs. 1 be-
come lincar, as shown in ¥ig. 5. Krom the slope of the
curves in Pig. 5, the redox capacitance of cach film was cal-
culated by using Eq. |3]

At intermediate freqguencies (ca. 40 milz < f < 210 milo),
cach locus was linear with unit slope. In this region, a plul
ol Z vs. 1V showed a sbraight line as indicated with g
12 By adopling the resulls of Fig. 5 1o Bq. [2), values u“he
diftusion cocflicient were obtained. In iy, 6, the values of
Dand Cy, are plotled against Az% for cach PPy/PAz film.
T'he obtained D values (1.0 - 7.5 x 10 *em® s ) are in rea-
sonable agreement with those estimated from pulse meas.
wrements (12). The D value depended on Az% non-lineavly,
but jumped in the region between Az% = 25 and 50 by ap-
proximalely a factor of 5. This change is unexpected in
view of the uniforin increase in Az% in the PPy/PAz com-
posite film which was found by clemental analysis. Above
A% = 50, the D values approach saturation, indicating
that the diftusion attains a Hmiting stage (ca. 7.0 x 107 % ¢m?
s ') and that the structure becomes open enough to allow
dopants Lo move smoothly in and out of the fihns.

The redox capacily becomes larger as Az% increases
above 50, Compared to the change in D, the extent of the
change in C, (0.5 — 1.2 x 10 ' I} is smaller and occurs at
higher Az% values. The increase of Gy, could be associated
with the volumetric change of films caused by the incorpo-
vation of bulky azulene into the PPy matrix. This is very
similar to the behavior of Q, estimated from the cyclic vol-
tammograms at slow scan rates, Previous reports have dis-
cussed purely capacitive behavior of polymer films at low
frequenices (27, 28). Considering the above, surface rough-
ness did not appear to change appreciably against Az%,
since the ratio (Q/C)) was constanl against Az% in the
whole range.

Mavphology of composite films.—The lower diffusion rate
at Tow Az% may be related to the change of film morphol-
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ogy. In order to lest this possibility, e il sbractures of
Py, PAz, and PPy/PAz lihns were observed with SM.
The SEM micrographs (side views) of PPy, PAz, and (wo
PPy/P Az films (Az% = 25, 50) arce shown in Wig. 7. Puave
PPy and even PPy/PAz (Ad% = 25) films show a very
smooth and compact structure, suggesting that polymer
rows equally in every direction. On the other Liand, pure
PAz and PLy/PAz (Az% = 50) tihns show vough and per-
pendiculirly oriented shracture. ‘Phis means thal the incor-
poration of I'Py into bulky 1’Az maleix of more than 505
malees the morphology somchow oriented to e fike col-
umns. ‘The ovientation of the polymer film makes more
space for the flux of anion doping/undoping intoleut of
polymer films, and leads Lo an enhancemaent ol anion difta-
sivity (1) value). The behavior (acceeleration of diffusivity of
anions and structare orientation) is very shoitar to the ob-
servation for the NBR-modificd PPy lilins (12). 'Phe orien-
tation of poulymer lilins also resolts in the noticeable vinia-
tion of hilm thickness. The thickness of these four il
wis estimated 1o be ca. 10 o (or both PAz and PPy Az
(Az% = 50) tilms, and ca. G pm for hoth PPy and PPy/PAy
(Az% = 258) films. A vemarkable change in the thickness

vithies occurved helween the ilms of Az% = 25 i 60, ie.,
the thicknesses of PAzand PPy/PAZ (A% = 50)are atimost
twice those of PUy and PPy/PAz (A% = 25).

A2%=0%(PPY)

8 um

Az2%=100%(PA2)

Fig. 7. SEM micrographs of the cross-sections of various PPy/PAZ
(2 C cm ?) compoasile lilms.
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Charge-discharge characteristics of LitLiCIO (PCH(P Pyl
PAz) cells— Figure 8 shows a lypical comparison of the
charpge-discharge curves Tor the (wo clectrode cells with
hitm and viwious PPy/PAz Gilms, all of which were
formed by the passage of 1 C em % Bach cell was charged
to 80 mC em *at 0.2 mA cm2 ‘The counlombic etliciencies
and the average discharge volligies wore ealeulated as fol-
lows: 4%, 306V (1°Py); 98%, 3.0V (A = 25); 100%, 3.15V
(A% = 5O); 0%, 319V (A% = T5); 100%, 3.24V (PA2). A
striking diffevence was observed in the shape of discharge
chrves, L, the discharge vollage became fatter and
higher with an increase in Az%. In other words, 100% PPy
behaved more like a pure capacitor with the lincar in-
ereaseldecrease in the charge/discharge curves, while
100% TP Az had o flat discharge. The latter behavior is due Lo
the higher ditfusivity and higher redox potential of pure
PAZ(D = 7.5 % 10 *em®s Y B, = ca. 3.05V) compared to
that ol pure PPy (D = 10 x 10 eni* 574 B, = ca. 3.35V).
The pure PAz cathode shows high eapacity (low angle for
Vops. tcurve), bul PPy shows a completely linear behavior
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in Fig. 8. A higher capacily value for the pure DAz fitim is
attributed to higher electroactivity of PAz velative to 1Py,
because the capacily value is closely associaled wilh the
furadaic veaction itself (28). ‘he lincar charge-discharpe
behavior observed for pure PPy can be explained by an
ideal polarization at the PPy cathode at this rate of ¢harg-
ing and/or discharging. In other words, rate of measure-
ment is too fast for dopints to penetrale deeply inlo the
PPy regime; charges accumulate at the polymesfelectra-
Iyte interfuce just like an ideally polavizable clectrode., 'his
explanation is likely because PPy cathodes show much
fatter charge/discharge characteristics at stower vales than
0.2 mA em™? (12), However, for such kinds of fikns, the
charging is limited up (o a certain voltage because ol an ex-
cessive polarization of the cell over 4.5V, al which solvents
start to decompose,

The charge-discharge characteristics were  further
checleed as a function of: a) depth of eharge, and b charge-
discharge rate as shown in Fig. 9. Figure 9a shows the dop-
ing charge dependence on coulombic efficieney (y) al
0.2 mA em® The cell with a higher Az% composite filim
could be charged up to 210 mC em ¥ keeping more than
90% of charge retention. The charge capacily was appro-
ciably smaller below Az% = 50, Al smaller Az%, the loss of
charge is more likely to be used for the polarizition
and/or accumulation of charges at the eathode surfaces be-
cause ol the compact lilm morphology and therefore the
slow diffusion of ions within the bulk of filin. ‘Fhis is why
the pure PPy cathode behaves move like a pure capacitor.

The rate capability of these cells was examined by vary-
ing the current density during the chargeidischarge cycles.
For example, the PPy/PAz eathodes containing more than
Az% = 50 keep more than 90% of coulunbic efficiency up
to 1.0 mA em % On the other hand, the cathode ilms con-
taining below Az% = 25 show he same counlombic efli-
ciency only at slow rales of less than 0.4 mA em 2, This
means (hat the difference in the value of the diffusion
coeflicient directly reflects the rate capability of these
cells. For example, the ratio of the rale lolerance
(PAZ/IPPy = 1.4/0.2 = ) il y = ea. 92% would correspond Lo
the ratio of diffusion coetlicients (PA2/T'Py) = 7.5 x 10 %10
x 1078 = 7.5).

Conclusions

The impedance analysis used for PVF in our previous
work (27) has been adopled to co-electropolymerized Pi'y/
PAz films. From cyclic voltaminograms, the redox polen.
tial for composite films shifted linearly to more positive
values with an increase in azulene content (Az%) in the
films. ‘Phe oxidation charge, Q,, of active sites showed a re-
markable increase for films with more than 50 to 75% of
szulene monomers. From the ac impedance analysis, the
diftusion coefficient of dupant (C10,7) and redox capacily
were estimated. Low values of D eaused the electrode pro-
cess to change from charvge-transfer-limiting to diftusion-
limiting at Az% = 25 to 50% and lower, A noticeable change
in Cy, was observed around Az% = 50 to 75%, in the same
range where the morphology changed from compact to a
rougher condition,

The charge-discharge characleristics were examined for
two electrede systems with a lithium anode and 1Py, PAz,
and various PPy/PAz composite cathodes. 100% PPy cath-
odes showed pure capacily-like charge and discharge. On
the other hand, the 100% PAz cathode showed a very Hal
discharge behavior. Composile films are intermediate in
behavior, A bulky PPy/PAz composite lilm at high Az%
tolerated high current-density charging/discharging. Fig-
ure Ya suggests that an appreciable increase in €y, value (at
A% = 50-15) corresponds 1o higher doping level or higher

Al
energy density of the composile films, ‘I'he enhancement
ol diffusivily (al Az% = 25-50) leads Lo a higher rate capa-
hility or higher power density, as shown in Fig. 9b.
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ABSTRACT

Polyaniline films electrodeposiled from acidified nonaqueous organic media were investigated for their electropo-

lymerizalion behavior and charge-discharge characteristics,

The solulion system used for the electropolymerization of

polyaniline film was CF,COOH acidified propylene carbonale, which was previously found to be the best system for the
preparation of a highly electroactive conducting polymer film. Electroactive polyaniline films only form in solutions
where the mole ratioc of acid (CF,COO1I) to aniline monomer is greater than one. As the acidily is increased, the resultant
polyaniline film exhibils greater electroactivity and better charge-discharge performance of Li/polyaniline cathode cell.
This effect may be ascribed to the high current efficiency in electro-oxidative polymerization and high redox reversibility

of PAn films prepared in the high acid content solutions.

Electrodes modified by electrodeposited polyaniline
(PAn) films have been invesligated exiensively in recent
‘years (1-11). Such polymer-coated electrodes may be
applicable to a wide range of practical devices such as ca-
pacitors, polymer batteries, ion switching devices, and
electrochromic devices. Polyaniline is one of the most
promising materials because of its high doping level
(>50-80%) and fast swilching rale. Many invesligations of
the electropolymerization of aniline in agueous solutions
using several different strong acids, including H,SO;,
HNO,, HCl, HBF,, HCIO,, and CF,COOII, have been at-
tempted (6-9). Genies et al. tried to analyze the interme-
diate at the polymerization of polyaniline in nonagueous
fluoride salt media (12). However, the electrodeposition of
polyaniline out of nonaqueous organic media (i.e., propyl-
ene carbonate (PC)) has only been reported by the present
authors (1, 2).

In previous investigations, the polyaniline films depos-
ited from nonaqueous solutions with an organic acid
(CF,COOH) of appropriate electrolyte conlent were highly
electroactive and porous, with large charge capacity and
high rate capability as well as those deposited from acidic
aqueous solutions (2a). It is widely believed that the
polymerization of polyaniline occurs in acidic media in-
volving the coupling of aniline radical cations (13). The
other intermediate dependent on the pH of acidified media
is also discussed (14). In nonaqueous PC solutions, it may
be possible to form aniline radical calions to produce ac-
tive polymer films efficiently with acid addition. Thus, lo
acidify a PC solution without decomposing it at the same
time, we tried the following five acids whose pKa values
varied stepwise (2b): three inorganic acids, perchloric acid
(HC10,), sulfuric acid (H,S0,), hydrochloric acid (HCY), and
two organic acid, trifluoroacetic acid (CF,COOH) and
acelic acid (CH,COOH). In the presence of HCl or HCIO,,
PC solution was unstable due to hydrolysis in the presence
of the 30-40% of water which inevilably existed in these
acids. In the case of the H,SO/PC solution, anilinium salts
((Ph-NH,),S0,) were readily precipitated. By using acetic

* Electrochemical Society Active Member.
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acid or trifluoroacetic acid, the PC solvent could be acidi-
fied without any hydrolysis and only in the stronger acid
medium, CI,COOH, an electroactive PAn was success-
fully deposited.

E 7/ V vs. Ag/Ag’

Fig. 1. Cyclic voltammograms for electropolymerization of aniline in
PC solutions containing 0.5 mol dm™* aniline monomes, 0.5 mol dm™
LiCIO, and various molarity {(0.5-2.0 mol dm™?) of CF,COOH. Molar
rotio of aniline monomer to acid are ) 1;1, b) 1:1.6, ¢) 1:2, and d) 1:4,
respectively. Cycle numbers are given in figures.
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The present paper reports the cffect of the relative con-
centrations of acid and aniline monomer in the polymer-
jzation solutions on the basically electrachemical behavior
and further on the charge-dischurge characteristics of
polyaniline cathode in a lithium cell system.

Experimental
Solutions and fibn preparation.—Polymerization sol-
tions contained 0.5 mol dm™® wniline monamer, 0.5 mol
dm™? LiC10,, and various amounts of acid (CF,COOID. The
PC (Merck) solvent was purified by percolating through
activaled alumina. Reagent grade products of CF,COO0H
(Kanta Chemical) and LiCIO, (Mitsuwa Chemical) were
used without further purification. Waler in the polymerviza-
tion solutions was removed by adding molecular sieves.
Polyaniline films were deposited on Pt substrates
0.283 em? in a Whree-clectrode cell under argon gas
atmosphere. Pt wire or plate was used as a counterelec-
trode and the potentinls were referred to a Ag/Ag* (0.01
mol din~? AgNOJ/PC) reference electrode. Electro-oxi-
dative polymerization method of PAn lilms was either a
controlled-current of 0.5 mA em™ or a scanned potential
between —0.7 and 0.4V al 10 mV s7%

Electrochemical measurements,—Cyclic vollammograms
of the PAn films were performed in 1.0 mol dm™? LiC1Oy/
PC at the same three-electrode cell. ‘The PAn tilm was pre-
pared by galvanastatic electropolymerization with a load-
ing of up to 1 Cem2 The vollammelric apparatus in-
cluded a PUSO Model 949 potentiostat modulated by
funclion generator coupled Lo HOKUTO HI*-201 digital
coulombic-meter.

Charge-discharge tests were carvied out on a Li/1.0 mol
dm™? LiClO,, PC/PARn cell where the polyaniline was pre-
pared with a loading of up to 20 C em % Li was mounted
on Nimesh electrode. Discharge of the eell was lerminated
when the cell voltage reached 2.0V,

SEM observations.—The morphology of the polyaniline
films formed with 5 Cem? was inspected by scanning
cleclron microseopy.

Results and Discussion
Electrochemical polymerization behavior.—TFigure 1
shows the consecutive voltammograms in PC solulions
containing aniline monomer. By using trifluoroacetic acid,

An : Acid

the acid content was varied while maintaining the aniline
monomer concentration at 0.5 mol dm~?, and the subse-
quent polymerization was observed over the voltage range
from 0.2 1o 0.4V. As shown in PFig. 1a, when the acid con-
tent was also 0.5 mol dm™, ie, the monomer/acid
ratio = 1, electronctive film was not formed. As long as the
ratio of aniline monomer to acid was greater than 1;2 (see
IFig. 1a and b), currents due Lo the oxidative-polymeri-
zation of aniline became lower with increasing cycle num-
ber, 'Phis suggests that the film is not very conductive.
However, when the ratio was less than or equal to 1:2
(sce Pig. tc and d), an eleetrically conducting and electro-
chemically active polyaniline film was conlinuously
formed. Furthermaore, when the vatio was 1:4, the resulting
film exhibited a very high electroactivity, The pealk cur-
vents in the 1:4 ratio solution were twice those in the 1:2
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Fig. 4. (a) Cyclic voltammograms for polyaniline films {} C cm *)ina
1.0 mo! dm ? LiCIO,/PC solution at a scan rate of 5 mV s ', (b) Doping
charge {Q,) and peak separation (AF) values estimated from (o).

ratio solution and more than five times greater than those
in the less acidic 1:1.6 ratio solution.

In the same solutions, we performed constant-current
electropolymerization of 0.5 mA cm ? and the electrode
potential was observed against the lapsed time as shown in
Fig. 2a. When the ralio was 1:1, the electrode polarized to a
very high potential at the initial region, and there was no
electroactive polyaniline deposit on the substrate but just
polyaniline aligomers dissolved into the solution, which
could be confirmed by the dark green color in the solution.
When the ratio was changed to 1:1.2, there was still a large
amount of oligomer flow, but some polyaniline deposit
was also observed on the substrate. In contrast, in the solu-
tion whose ratio js less than 1:1.6, the polymerizalion po-
tential peak which appears in the initial region in poten-
tial-time curve becomes smaller, and the polymerization
potential keeps constant, ca. 0.2V. Since the initial poten-
tial peak is assumed to be due to the initial layer formation
on a bare Pt electrode, this result means that the initial
layer formation on bare Pt becomes easier with a decrease

a) An:Acid = 1: 1.2

b) An:Acid = 1: 2
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in monomerfacid ratio. Figure 2b shows the elfect of
aniline monomer/acid ratio on the charge until constant
potential (Q,) and the constant potenlial (E,), where the Q,
value is assumed to be the initial ilm formation charge on
bare 1t The Q. value was measured by the coulomb meter
as the charge value until the time at which electrode poten-
tial reached the potential platesu. The E, potential de-
creases with monomer/acid ratio decreasing from 131 to
1:01.2 but after the region it increases (as shown in Fig, 2b).
The veason why the E, value exhibits high potential at the
initial region of monomer/acid ratio more than 1:1.2 can be
due to less fitm conductivity or no electroactive polyani-
line deposit on bare Pt At the region below monomerfacid
ratio 1:1.6, the E, potential increases with a decrease in
monaumerfcid ratio because of increasing anilinium ion.

Oun the other hand, the Q. values clearly decrease with a
deerease in monomer/acid ratio. It shows that an electroac-
tive polyaniline easily deposits on bare Pt with increasing
acid content in the solution. Genies et al. reported on PAn
polymerization that an electrochemically produced cation
radical veucts and makes PAn chains (12). We expect by
the above results that PAn chain growth effectively occurs
without side reaction when the acid content increases,
though the anilinium ion monomer produced by acid addi-
tion is oxidized at higher potential (13-14).

Since the polymerization efficiency (w/Q)) is estimated
by dividing the weight (w) of deposited polymer by the
charge (@) passed during an electropolymerization, the re-
lation between w/Q; and acid/monomer ratio is shown in
Fig. 3. With an increase in the acid content, the efficiency
becomes higher and close to saturation in a solution con-
taining more acid than 1:1.6. The Yower value in a solution
whose monamer/acid ratio is greater than 1:1.6, means that
no polyaniline deposited remains on the substrate. Also
the saturation in the region of solution containing more
acid than 1:1.6 indicates that the polymerization efficiency
becomes more than 90%.

Electrochemical doping-undoping processes.—Figure 4a
shows a comparison of cyclic voltummograms (CV) for
various PAn films of 1C em 2 equiv. amount formed in var-
ious acidified PC solutions. The scan rate for these CVs
was 5 mV s7'. There is an enhancement of the reversibility
of the electrode process since the AE of the potential differ-
ence of anodic and cathodic peaks becomes small as
shown in Fig. 4b, which may be due to a higher reversibil-
ity of the PAn film with increasing acid content. The dop-
ing charge ,, which is also enhanced, as shown in Fig. 4b,
saturates at the monomer/acid = 1:3.

SEM observations—Figure 5 shows SEM photographs
for polyaniline films prepared from nonaqueous solutions
with varying the monomer/acid ratio. As already rveported

Fig. 5. SEM micrographs (tap view) of polyoniline films (5 C cm™2)
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density at charge-discharge test wos 8 mA cm

(1) the PAn film prepared in the aqueous HCIO, solution
has a fibrous structure. On the other hand, the film pre-
pared in the acidified PC solution has a grainy structure.
Such a grainy structure of PAn is clearly changed with a
decrease in monomer/acid ratio, i.e., the grain size and the
surface morphology become larger and rougher. Since
PAn chain grows faverably without oligomer flow, then
the polymerization results in such large size grains from
higher acid content solution.

Charge-discharge performance of LilPAn batteries—We
assembled cells with various types of PAn films and lith-
ium electrodes, and charge-discharge tesls were per-
farmed in 1.0 mol dm~? LiClO/PC solutions. As is shown
in Fig. 6, a remarkable enhancement of the charge capacity
of the battery is observed for PAn cathode prepared in a
more acidic solution. The behavior corresponds very well
to the basically electrochemical properties in the eyclic
voltammetric results.

In contrast the current density did not display as large a
difference in the region. The dependence of preparation of
PAn films from various acid contents did not display as
large a difference in the region less than monomer:
acid = 1:2. Figure 7 shows the most effective results on the
coulombic efficiency for various current densities at a
charge depth of 3.4C em™2 The Li/PAn battery maintains a
80% coulombic yield up to the current density of 20 mA

em™?

Conclusions

Two main factors are considered to be necessary for ob-
taining electroactive PAn from PC or other nonaqueous
solutions. One is the existence of protons from an organic
acid whose acidity is as high as that of CF,COOH,; the other
factor is the existence of sufficient concentration of elec-
trolyte to enhance the ionic conduclivity of the non-
aqueous solution. With an increase in acid conlent of the
solution, the polymerization efficiency as wel) as the elec-
troactivity of PAn films show striking enhancement, En-
hancement of charge-discharge performance of Li/PAn
batleries correlates well with the properties of electro-
chemical fundamentals of PAn films deposited from non-
aqueous solutions.

J. Electrochem. Soc., Vol. 137, No. 7, July 1990 © The Electrochemical Sociely, Inc.
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Abstract
Lithium/polymer cathode batteries have high

energy density and cell design flexibility.
Ability of the electropolymerized polymers are
controllable by some methods (e.g. polymerized
with wvarious anions, electrolytic conditions, NBR
guided grown method). Among these polymers, an
electrochemically-formed PAn appears to be most
promising candidate. On Lthe viewpoint of the
application in Li batlteries, Lthe polymerization
of PAn in non-aqueous solutions is advantageous
because of no contaminalion by water. Usually,
electroactive PAn 1is electropolymerized in acidic

aqueous solutions. llowever, we have successfully
prepared electroaclive PAn in non-aqueous solu-
tions.

Recently lithium/polymer cathode batteries as shown
-in Fig.1 have been developed. The Bridgestone Corp. &
SEIKO Instruments 1Inc. group utilize an electropolymerized
polyaniline(PAn) as the cathode material in. a Li-Al/PC-
DME, LiBF4/PAn battery(1). In a prototype Li/PC,LiCl0Oy4
/polypyrrole(PPy) battery by the BASF/VARTA group(2), the
cathode is an electropolymerized PPy multilayer.

Extensive investigations of electropolymerized con-
ductive polymer films have created such cathode material
in recent vyears. Figqure 2 demonstrates the practical
potential region of Li/polymer cathode batteries, where
the capacity(Ah kg-1) is given per cathode material
weight{3). In Fiqg. 2, the data for inorganic intercalation
compounds as cathode are adopted under the stable charg-
ing-discharging conditions given by Yamaki(4). The capaci-
ty of Li/polymer batteries is clearly equal or inferior to
that of Li/inorganic intercalation materials or Ni-Cd
batteries. However, the energy density is superior because
of its high cell voltage such as 3.0-3.2 V. Since the

170



feature of a polymer is Lthat it is flexible and form free,
it corresponds basically to any cell design. Among elect-
ropolymerized polymers, polypyrrole{PPy), polyaniline(PAn)
and polyazulene(PAz) have the higheslt possibility for use
as cathode materials of rechargeable Li batteries. Exam-
ples of the Li/polymer cathodes under laboratory level are
listed in the “Table(5,6,7). ‘The value of MnOp is tabulated
for reference(B8). The energy densities in the table are
the wvalues per weight and volume of cathode materials
under the conditions of stable rechargeable region.

In our research group, we have first investigated PPy
with varying preparation methods, namely, polymerdization
with wvarious anions(7) and with NBR(nitrile butadiene
rubber)-guided-grown method(9,10}). Since an electrochemi-
cally-formed PAn appears to be one of the most promising
candidates for Lthe cathode material because of its high
electroactivity and relatively high doping level as is
seen in the table, we have recently continued to investi-
gate the new preparation method of PAn as well as that of
PPy. Usually, electroactive PAn is prepared by electro-
polymerization in acidic aqueous solutions. lHowever, we
have successfully prepared electroactive PAn in-non-aque-
ous solutions(5). In light of the application in Li bat-
teries, the polymerization of PAn in non-aqueocus solutions
is advantageous because of no contamination by water.

In this paper, we repork Lthe electroactive PAn pre-
pared from a non-aqueous solution and compare it with PPy
prepared from some methods.

Properties of PPy films can be controlled by varying
the anions at the polymerization. When polymerized with
PFg™ or CF3503~ anion, Lthe PPy films become to give higher
doping capacity of ClO4- anion at the condition of
LiCl04-PC solution, and the Li/PC,LiCl04/PPy battery
assembled with the PPy cathode formed with PFg~ keeps 100%
coulombic yield up to the current density of 2.5 mA cm~2
(7). Moreover, PPy preparation through the host polymer
of NBR insulating film can make the structure for acceler-
ating anion diffusion in the film(9). The NBR-guided-grown
PPy (PPy/NBR)}, where NBR is removed after PPy polymeriza-
tion, especially improves the anion doping-undoping proc-
ess. ‘The battery assembled wilh PPy/NBR cathode can output
more than 3 times larger current density especially at low
doping level(10).

Figure 3 shows the schemaltic diagram of polymeriza-
tion conditions of PAn films. An electroactive PAn film
was successfully obtained by electropolymerization from
non-agueous propylene carbonate(PC) solution containing
CF3CO0H and LiClO4. ‘The most important factor to form
electroactive PAn is protons from an organic acid. Its
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acidity strongly atfects Lhe acltivity and reversibility of
anion doping-undoping.

The comparison of the cell properties and film mor-
phology of PAn prepared in aqueous and non-aqueous solu-
tions are given in Fig.4. Though the morphology between
them is quite different, the cell properties and perform-
ances are almost equal to each other.

In order to confirm Lhe effect of acid content, one
of the most important factors to affect the electrochemi-
cal activity of the films, the basic properties of Pan
films were investiqated as is seen in Fig.5.

Figure 5 shows the effect of acid content at the
polymerization and the highest ratio of acid : aniline in
the polymerizaltion solution gives beauliful reversibility
of anion doping-undoping. The PAn film formed with the
condition of ratio 4:1 finally gives the excellent battery
performance as is seen in Figure 7.

In conclusion, the lithium/polymer cathode batteries
have high energy density and are corresponding to any
shape of cell design. Ability of electropolymerized films
can be controlled by some methods. Especially, the. elect-
ropolymerized PAn, which has high electrochemical activi-
ty, can be prepared in non-aqueous solution as well as in
aqueous solution.
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Table Performance of Li/polymer sccondavy baltervies (experimental data),

Cathode materials Doping level Oubtput vollage Chargoe chucity Enef?y density
(21 vl tah kg~ 1) fwh kg~V) fwh 171
Polyaniline(S) 60 3.0 127 382 180
Polyazulene(6) 30(45) 3.3 70(102) 226(338) 187(279)
Polypyrrole(?) 25(45) 3.0 81(130) 243(390) 223(361)
MnO2 (8) 0.14(e/Mn) 2.7 40 108 473
{ ): values at maximum doping level.
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An Application of Polypyrrole Films Electropolymerized

in NaOH Agqueous Solution to Non-linear MIM Devices

Tetsuya OSAKA,* Kiyoshi OUCHI, and Toshihiro FUKUDA
Department of Applied Chemistry, School of Science and Engineering,

Waseda University, 3-4-1 Okubo, Shinjyuku-ku, Tokyo 169

Thin films of electroinactive polypyrrole(PPy) were
electropolymerized in NaOH aqueous solutions on ITO(indium
tin oxide) electrode. The PPy films were used at as-
prepared condition without undoping process. The metal-
insulator-metal (MIM) structure was fabricated by sputtering
ITO on the PPy films to give ITO/PPy/ITO devices. The
devices showed non-linear and symmetric I-V characteris-

tics, where the currents sharply increased at ca. +5 V. N

An MIM(Metal-Insulator-Metal) device is practically used as a switch-
ing device for driving liquid crystal(LC) and expected to realize a larger
area LC display because of its simple manufacturing process.l) Many stﬁdies
of organic insulating layers for MIM devices have been reported, for exam-

ple, LB(Langmuir Blodgett) films,z)

3)

evaporated polymer films such as poly-
ethylene, and so on. With regard to an electropolymerized film as an
insulator, we first reported the I-V characteristics of the MIM device
using the undoped poly-N-methylpyrrole(PMPy) film.4) Since the as-prepared
PMPy film containing 0104" anion is conducting, it has to be undoped to
obtain an insulating state for non-linear characteristics. If an electro-
inactive film can be obtained directly at as-prepared condition, it is more
useful for its application. Electroinactive films such as polyphenols) and
polyaniline prepared in non-acidified conditionss) have already been re-
ported, however, we failed to get a suitable film from these polymers
concerning the adherence to ITO electrode. Then we found that an inactive
PPy film electropolymerized in a NaOll aqueous solution is suitable for the
insulator owing to ilts adherence and low conductivity. The preparation of
the nonconducting PPy in the NaOH solution has only been stated briefly by
Murthy et al. without detailed conditions.7) In this letter, we will report
the proper conditions of preparing the PPy film in the basic solution for

the application to the insulator of MIM device and refer to its I-V char-
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acteristics. o6l
The electrolytes were 0.1 mol dm™3(M) " (@ 0.1 mot ain”Naor !
and 0.01 M NaOll aqueous solutions contain- 0.4
ing 0.25 M pyrrole. The PPy films were 0.2} 23
formed on ITO electrode (ca. 400 nm) by Y o0
constant potential electrolysis at 1.5 V § . ) ) )
vs. Ag/AgCl. ITO/PPYy/ITO devices were’ & -3
fabricated by sputtering ITO(ca. 60 nm) on ~ 04 (0 00Tt i oot
the PPy films which were washed in water 0.2 1
and dried with the stream of argon gas ,//(/\\\
after electropolymerization. The pattern 0 2.3
profile of the MIM devices used here was 5 05 io 5
the same as in the previous experiments,4) E/’VVS.AW%QQ.
where the hole sizes K for polymer layer Fig. 1. Cyclic-voltammograms

wvere 100, 300, 500, 700, 1000 um in at 10 mV s~ * in NaOH aqueous
solutions containing 0.25 M
pyrrole: (a) 0.1 M NaOH, (Db)
of each hole size gave the same results of 0.01 M NaOH. Figures indicate
the cycle numbers.

diameter. In the experiments, the device

I-V characteristiecs, and thus all the
results were represented with the devices of 300 um diameter. I-V charac-
teristics were measured between +10 V by 0.5 V step.

Electroactivity of the PPy was investigated by cyclic voltammetry in
the two aqueous electrolytes. Figures 1(a) and 1(b) show the cyclic voltam-
mograms in the electrolyte of 0.1 M and 0.01 M NaOH, respectively, scanned
at 10 mV s~ ! over the range between 0.0 V and 1.8 V vs. Ag/AgCl. At the
first cycle, irreversible anodic currents are observed in both (a) and (b),
and simultaneously PPy thin films are deposited on the ITO electrode. On
the other hand, the polymerization current decreases sharply(a) or scarcely
flows(b) after the first cycle. This means that the PPy films deposited
from the NaQOH basic solutions are electroinactive and nonconducting. It
was reported by Li et 51_8) that OH -doping and undoping of an electroac-
tive PPy are observed by cyclic voltammetry in a NaOH solution with a
decrease in the conductivity of the PPy, but that OH  ion reacts irrevers-
ibly upon the PPy chain at the high potential electrolysis. Judging from
the inactivity of the PPy films in our experiment, it was supposed that the
irreversible reaction occurs between the PPy or pyrrole monomer and OH™ .
The reaction might take place between a or g-carbons and OH  and form C=0
groups in the polymer chain leading to the shortening of the wm-conjugation
length, which 1is similar to the overoxidation suggested by F. Beck
et al.g). The shape of the voltammogram (a) in the 0.1 M solution has
another large peak at the first cycle, in contrast to (b) in the 0.01 M
solution. The anodic peak at more positive potential in the voltammogram

(a) is related to an oxygen evolution current judging from the results of
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blank solution. In the blank solution without pyrrole monomer, the current
for the oxygen evolution was distinctly detected at more than 0.90 V in the
similar voltammogram of both NaOH concentrations. Therefore, the PPy film
from the 0.01 M NaOl solution is suggested to be more tight, and the mor-
phology of the PPy is probably influenced by the OH concentration. From
scanning electron microscopy(SEM) observations, the PPy film from the 0.1 M
solution became rougher and thicker film compared with that from the 0.01 M
solution. Accordingly, we selected the 0.01 M NaOH solution for preparing
the insulation layer of the MIM device.

The electropolymerization of the PPy for the MIM device was operated
by potentiostatic electrolysis, which prepared the same inactive PPy film
at 1.5 V vs. Ag/AgCl. The PPy film in the 0.01 M NaOH solution was ascer-
tained by the SEM graphs to be thin and smooth, and the MIM device using
the PPy film gave reproducible I-V characteristics. TFigure 2 shows the
relation between current and voltage for the MIM device using the PPy film
electropolymerized for 50 min. The positive and negative directions in
Fig. 2(a) and 2(b) correspond to posilive and negative bias to the ITO
electrode, respectively. It can be seen in Fig. 2(a) that the current
behavior is symmetrical for positive and negative voltage, and the increase
of non-linear current becomes nearly 5 orders between 0.5 V and 10 V. The
device shows the possibility of practical use for switching by the thresh-
old sharpness at +5 V in Fig. 2(b).

Since the initially deposited PPy film was insulated state, the cur-
rent flow for electrolysis and the growth of film ceased immediately after
the start of potentiostatic control. No appreciable change of the film

thickness{ca. 0.2 um) was actually observed between the films electrolyzed

for 15 min and 60 min by SEM or a talysurf measurement. However, the
B
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Fig. 2. I-V characteristics of an Fig. 3. Currents through the
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merized for 50 min: (a) logI-V, (b)) I-V. +0.58 V as a function of

electrolyzed time.
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currents at the bias voltage of 0.5 V.in the I-V curves clearly change as a
function of the electrolyzed time, i. e., the insulation resistance of Lhe
PPy increases with electrolyzed time. The currents at 0.5 V( see an arrow
position in Fig. 2 (b)) are shown in Fig. 3. The increase in the insula-
tion resistance may imply the decrease in pin-hole condition of the film,
which is supported by the results that the MIM devices using the PPy films
polymerized less than 20 min easily become breakdown at the high electric
field of 10 V. Thus, the satisfactorily tight and pinhole-free PPy film is
considered to be formed with sufficient electrolysis time irrespective of
no growth of film thickness. '

In conclusion, the electroinactive and nonconducting PPy film electro-
polymerized in the NaOH solution was proved to be an excellent insulator
for the MIM device. It can be used as-prepared condition, which is more
desirable for the application to the MIM device than the previously report-
ed one.4) Moreover, the MIM device using the PPy deposited from the NaOH
solution is also superior to the previous one with respect to the stability
of I-V characteristics.

A part of this work was financially supported by Grants of Scientific
Research from the Japanese Ministry of Education, Science and Culture, and
of General Sekiyu Research & Development Encouragement & Assistance Founda-
tion.
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RECHARGEABLE LITHTUM/POLYMER BATTERIES
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Okubo, Shinjuku-ku, Tokyo 169, Japan

INTRODUCTION

Electropolymerized conductive polymer films have been extensively
investigated in recent years(l). Among these polymers, polyaniline(PAn),
polypyrrole(PPy) and polyazulene(PAz) can be utilized as one of the promising
candidates for cathode materials in future rechargeable lithium cell systems(2).
The model of new secondary batteries utilizing electrochemically conductive
PPy is recently examined to gain a better understanding of such new
batteries(3), and possibility and limit of the cell performance of polymer
cathode systems are theoretically indicated(4). Many researchers have paid an
attention to polyaniline as a cathode material of lithium batteries, because of
its high energy density, chemical stability, and high reversibility of doping~
undoping process. The Bridgestone Corp. and the Seiko Instrument Inc.
group realized the coin type battery utilizing an electropolymerized PAn as
the cathode material(5) although the cell capacity is small.

In this paper, I will overview the electropolymerized polymers as a
cathode material for rechargeable lithium batteries.

LITHIUM/POLYMER BATTERIES

The battery systems using polymers are schematically given in Fig. 1.
Li/p-type polymer cell is the most common system because there are a lot of
p-type conducting polymers. The system has a demerit to need larger
electrolyte volume because of decrease in dopant concentration during charge
process. The system of Li/n-type polymer, however, can avoid this disadvan-
tage because only Lit ion moves as dopant during charge-discharge process.
Unfortunately, there are very little kinds of n-type polymer, but another
combination such as p-type polymer with polymer anion works as the same
behavior as shown in Fig. 1d). For example, the composite membrane of PPy
with PSS(polystyrenesulfonate) is examined, where only Lit is the moving ion
in appearance(6).

The candidates of cathode materials for rechargeable Li batteries at
ambient temperature are inorganic intercalation compounds as well as organic

1



conductive polymers. Figure 2 shows representative battery capacities of
rechargeable Li batteries, where the possibility of Li/polymer battery is
indicated. The capacity using polymer is inferior to that using inorganic
compounds, however, the energy density becomes relatively higher because of
its higher output vollage. Also, the polymer has higher power density be-
cause of its rapid kinelics of doping-undoping reaction. The most advantage
of polymer batteries is thal Li/polymer batleries have flexible form-free fea-
ture, as shown in Table !, as well as higher voltage. Some demerits are also
listed in Table 1.

Some samples of prototype or more advanced Lype batteries are shown
in Fig. 8, where the coin type with PAn cathode is commercially available. The
prototype of cylinder type has ca. 50 Wh kg™l energy density per cell. The
most possible candidates of polymer cathode materials are listed in Fig. 4, and
the feature of PAn and PPy films as the most possible materials, which are
used in Fig. 3, is shown in Table 2. PAn film has high doping level to keep
larger capacity, while the PPy film has stronger mechanical strength.

PPy(POLYPYRROLE) CATHODRES

[1] ANION EFFECT OF PPy PREPARATION

Film properlies of PPy are strongly dependent on the species of
eleclrolyte anions in the polymerization solution, and they can be controlled
by varying the anions at PPy polymerizalion(7). Figure 5 shows the relation-
ship between the doping charge of ClO4~ dopant and the polymerization po-
tential for PPy films formed with Cl047, CF3S03~ or PFg~ anions as a function
of deposition charge. When polymerizing with PFg™ or CF3S03~ anion, the PPy
films become to give higher doping charge of Cl04™ anion at the conditions of
LiCl04-PC(propylene carbonate) solution as is seen in Fig. 5. Battery per-
formance of Li/LiCl04-PC/PPy is given in Fig. 6. The battery assembled with
the PPy cathode formed with PFg~ keeps 100% coulombic yield up to the
current densily of 2.5 mA cm™2 at 20% doping charge level.

[2] PPy MORPHOLOGY MODIFICATION WITH NBR(NITRILE BUTADIENE RUBBER)
PPy preparation with the host polymer of NBR insulating film can make
the structure rougher for accelerating anion diffusion in the film(8). A sche-
matic image for the preparation procedure of NBR-aided grown PPy electrode
(Pt/NBR/PPy) is illustrated in Fig. 7. A PlL substrate was first coated with a
commercially available NBR prepolymer and dried completely. The NBR pre-
coated Pt electrode was Lhen immersed in the same polymerization solution
used for the preparation of the PL/PPy electrode. Thereafter, also on the
PL/NBR electrode, PPy was grown at 0.8V vs. Ag/agt. After PPy was formed by
passing 1 C cm~2, the host polymer of NBR film was totally washed away with
MEK (methylethylketone) and subsequently dried. By the SEM observaltion of




the films, the NBR-aided grown PPy film becomes more porous and rougher
conditions than those of PPy film directly grown on Pt electrode. The battery
performance of Li/LiCI0O4-PC/PPy grown with NBR is shown in Fig. 8. The
battery performance is observed to be very much enhanced with regard to
both charge-discharge current density and charge capacity, especially the
current density becomes three times larger al low doping level(9).

PAn(POLYANILINE) CATIODES

An electroactive PAn film was successfully obtained by electropolymeriza-
tion from non-aqueous solution of propylene carbonate(PC) containing CF4CO0H
and LiCl04(10). The battery performance of lithium battery using PAn film
deposited from PC solution was similar to that of the cell using PAn cathode
deposited from aqueous solution, as is seen in Fig. 9. The most important
factor to form electroactive PAn film is proton from an organic acid and its
acldity strongly affects the activity and reversibility of anion doping-
undoping process. The effect of acid content at the polymerization was clearly
given and the PAn film formed with the conditions of 4:1 ratio (acid:aniline)
finally gave the excellent battery performance as seen in Fig. 10(11).

CONCLUSION

The most advantage of Li/polymer batteries is form-free feature, more-
over, the some disadvantages can be overcome by morphology control or
development morphology for preparation method as is discussed in the text.
The control of morphology gives the higher current density and also an in-
crease of energy density per cathode materials.

As for future targets, the following three are the most attractive items
to be developed in future in the field of Li/polymer batteries.

*R&D for solid polymer electrolyte with higher conductivity.
*R&D for p-type polymer with polymer anion.

(high voltage, constant volume)

*R&D for new material of n-type polymer.
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c) Cylinder type Li/PAn battery
(Furukawa Electric, Tokyo Electric Power)

Fig.3 Prototype and more advanced type
lithium/polymer batteries using conductive polymers.
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charge depth=20% of doping level.




g MBI Ll

L
LU MBR NN \ »

'I-Zh:(:lnnpulymurizuliun of pyrrole

N2

polypyerole

W (W/‘__‘ MR film

2. PU/NBR/PTY [ (’ SIS

l Rinsed witl MK

WA /i/ .~ polypyrrole
3 Pt/Iky H < ( ‘ l’l

Tig.7 Preparation procedure of NBR/PPy(NBR-guided
grown PPy) film.

Codomic yield /2
100
a) 00

Curent density
I /A an?
C2TANL lege™?

. GOAN !
Ill\h fege!

4 “B6ADL Tgr!

Depth of charge

JAN kg™ Coutamic yield/?%
b) 100

Current density
/mA cm ?

N\ GOAN lyg™!
e N TIAN Ty !
‘3()/\]1 k)' ! R

Depthe of charge /Al Yy

Fig.8 Comparison of charge-discharge performance of
a)Li/LiCl04-PC/(PL/PPY) and b)Li/LiCl0O4~
PC/(Pt/NBR/PPy) balteries.



a) Pt/PAn (HCLOa / H20)

Charge - ‘E—-—» Discharge
a0l ' E.D. = 382Wh/Kg
=97 4
35
3.0
> 25}
~ ) 0.5 ol dm™ Anilin
o 20F 15 min —- 1.0 mot dm™ |»|clu'346/ Hz0
o
5
)
z b) Pt/PAn (LiCLO4+CF3COOH / PC)
@ Charge <——i——: Discharge
©40F X ED. = 379Wh/K
D= g
35 ~_ 71 =98.9%
30F \
25} 0.5 mol dm™ Anitine
] 1.0 mot dm™ CF3COOH
20f +——15 min — 0.5 mal dm™ LICLO4 / PC
Time / min
Fig.9 Charge-discharge curves of Li/LiCl0O4-PC/PAn
batteries at a constant current density of 2.0 mA cm~2
and SEM micrographs of PAn films deposited from
a)aqueocus solution containing HClO4 and b)PC solution
containing LiClO4 and CF3COOH.
100 ——0~0O—
~0O—0O— 0—8\0 O~8 O—OYO
@\ 23
| \ R \X\O\Q
98F —O— Aniacid=1: 4 O
R —A— Antacid=1: 3 \<> \\/\ \A\J
~ —0O— An:acid=1: 2
— ~V—An:acid=1:1.6 !
96 -O—An:acid=1:12 ;‘V
<
\
94 V
1 ] t I | ]
0 1.0 2.0 3.0 4.0 5.0 6.0

Charge depth / C cm™

Fig.10 Dependence of charge dépth on the coulombic
efficiency for Li/LiCl0O4~PC/PAn batteries as a function
of aniline:acid ratio in polymerization solution.



Table 1. Merits and demerits of Li/Polymer balleries.

L. Form-(ree

2. High Energy bensily and Capacity / Weight

( ~ 400 Whlkg, 100 ~ 150 AW/kg )

3. High Power Densily / Weight

Demerit

1. Chemical and Physical StabiliLy of Polymer Cathodes
2. Stablity of Non-aqueous BEleclrolyte due Lo higher voltage
3. Self-dischargeability of Li/Polymer Balleries

Common problem for Li batleries

Li anode cycleabilily and safety

Table 2. Comparison between PPy and PAn.

I'T'EMS

PPy

PAN

Structure
Mechanical
strenglh

Conductivity

Doping level
Vollage

Preparation
method

n-conjugalbed
polymer

Strong

iigh
(max. 1078 (:nf')

2.8 -

many varialion

ionic polymer
Low

Relatively high
)

(max. 58 cm
50 - 60%
3.0 - 3.2v

low varialtion




