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Summary 

Polyanilme (PAn) has been obtained m ac:dm solutmns, chemmaUy 
(by oxldatmn w:th (NH4)2S2Os), and electrochemmally (by potentml scans 
between --0.2 and 0.8 V v e r s u s  a saturated calomel electrode),  m order  to 
determine :ts smtabfl:ty as a cathode m rechargeable L: cells. It was ascer- 
tained that  the loss of  electrochemmal act:v:ty observed during the cyclm 
vol tammetry  expertments depends on such factors as nature of the electro- 
lyte, upper potent :al  hmlt,  nature of  the substrate, and presence of  substl- 
tuents  m the polyamlme rmgs. 

The reduc tmn/ox :da tmn processes of  PAn are basmally the same m 
aqueous ac:dm solutmns and m L:+-contammg organm solutmns. The fully 
omchzed, anmn-doped form of  PAn Is f:rst reduced to an emeraldme-hke, 
form, and the latter can be fur ther  reduced to an all-benzeno:d rings form. 
L: thmm cells based on PAn cathodes have been typmally subjected to 100 
cycles w:th average capac:tms of  0.1 A h g-1 {based on the we:ght of  PAn) 

h~troductlon 

The a t tent ion of  groups revolved m the investigation of  polymerm 
compounds  for practmal applmatlon has recently turned to  polyamhne.  
Thin materml has been shown to  be su:table for a number  of  uses ranging 
from electrochromm displays [1] ,  diodes and transistors [2],  corrosmn- 
resistant coatings for semmonductors  [3] ,  and cathodes for  rechargeable 
L: batterms [4, 5]. Using polyamhne for such purposes ts made easmr by  :ts 
outstanding stabfl:ty m mr and m many aqueous and nonaqueous  solutions 

On the  other  hand, the basra aspects of react:ons govermng the poly- 
merlzat:on process and the redox behavlour of  polyanilme are still a semous 
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challenge [6-  9]. In partmular, the relatmnshlp between conductivity and 
oxldatmn level, and the number and pathways of oxldatmn steps have been 
the subject of dispute [2, 6, 10, 11] Also, the loss of the polymer's electro- 
chemmal actlwty, observed upon cychng, ~s still open to questmn 

In the present work, to  evaluate polyamllne positives for practmal 
rechargeable L1 cells, an effort  has also been made to add to the understand- 
mg of some of the basic processes 

Expemnental  

Polyamhne (PAn) was chemically synthesized by dissolving amhne 
hydrochlonde iv, H20 and oxidizing it with (NH4):S2Os. The polymer was 
then refluxed with L1A1H4 in dlmethoxyethane (DME) at 85 °C for 1 h, 
followed by re-acldlfmatlon with HC1 This procedure affects the morphol- 
ogy of PAn (see Discussion), thus lmprowng its performance as a positive in 
L1 cells 

PAn films were also obtained electrochemmally on metalhc substrates 
by repeated potentml scans between --0.2 and 0 7 - 0.8 V v e r s u s  a saturated 
calomel electrode (SCE) m a 0 1 M An, 0.1 M H2 SO4, 0 5 M Na2 SO4 solu- 
tmn. Platinum, Au, pyrolytm graphite or stainless steel were used as working 
electrodes Poly-o-phenylenedmmme (PPD) was also obtained on a Pt elec- 
trode by cychc vol tammetry m acidic solutmns. 

The compositions of chemmal and electrochemmal PAn were checked 
by elemental analysis 

The relevant techmque for building and testmg the L1 cells contalnmg 
PAn electrodes has been described elsewhere [12] Both chemmal and elec- 
trochemmal PAn were tested as a poslhve. The former was mixed with 10% 
of Teflonlzed acetylene black (TAB). The latter was mostly deposited on a 
stamless steel net and used wi thout  any further t reatment  Cell cychng m 
LIC104/PC-DME was performed between 2.3 and 4 0 V. A recent mvestlga- 
tmn has shown that  anodm decomposltmn of the electrolyte used is not 
slgnffmant m this potential  range [13] 

Results and discussion 

Infrared (IR) spectra of the chemical and electrochemmal PAn obtained 
m this work show that  both forms possess the basra emeraldme structure 
[14, 15]. The latter is an octamer with 2 qumold and 6 benzenold rings. The 
absence of the peak at 1625 cm -1, corresponding to the stretching of the 
C=N bond, however, is remarkable 

Elemental analysis of electrochemmal PAn has shown that it contains 3 
sulfurm groups per emeraldme umt  This result is m agreement with that  
reported for PAn prepared under potentlostatm conditions m 1 M HC1, z e ,  
~3  C1- m the same umt [6] 
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For chemmal PAn, elemental analyms and acid-base tltratlons have 
demonstrated the presence of 4 C1- per emeraldme umt.  

Both forms were shown to be completely amorphous by X-ray diffrac- 
tometry.  

From scanmng electron mmroscopy (SEM), morphologmal differences 
between chemmal and electrochemmal PAn were notmed. As-prepared chem- 
real PAn has a rather coarse structure, formed by large and dense aggregates 
(Fig. l(a)) .  This morphology is substantmlly altered by t reatment  with 
L1A1H 4. The aggregates are destroyed and small, large-area partmles appear 
(Fig. l (b)) .  The last conflgurahon is best stated to electrode apphcahons 
and, indeed, PAn treated with LLA1H4 outperforms untreated PAn as a 
cathode m L1 cells Electrochemmal PAn has a fairly homogeneous structure 
formed by small granules (Fig. l(c)) It is remarkable that under our exper- 
Lmental conditions such a structure is observed, even for relatively thick 
deposits (50-  100 ~m), while other authors have observed the growth of 
loosely-packed fibers superimposed to a dense layer, even for very thin 
films [16]. 

Smooth, strongly adherent,  PAn deposits were obtmned by cycling 
between --0.2 and 0 .7-  0.8 V v e r s u s  SCE in acldm solutions. A typical 
mltlal polymer growth is shown in Fig 2. After a short reduction period 
during which the peaks corresponding to the different reduction/oxidation 

Fig I SEM pmtures of (a) as-prepared chemmal P An, (b) chemmal PAn treated with 
L1A1H4, (c) electrochemmal PAn. 
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Fig 2 Inl tml g rowth  of  a P A n  fi lm m 0 1 M a m h n e ,  0 I M H2SO4, 0 5 M Na2SO 4. P t  
e lec t rode ,  100 m V  s --1 

steps were  bare ly  dlscermble ,  two  major  peaks were observed.  The  f~rst of  
the t w o  peaks co r re sponds  t o  a p r o t o e l e c t r o m c  equf l lbrmm,  whi le  the  
second cor responds  to  an ion  d o p m g / u n d o p m g  (see Scheme  1) Be tween  
these t w o  peaks ,  ano the r  f ia t  peak has o f t en  been  observed.  According 
to  Genl6s [7] it  m a y  be a t t r i bu t ed  to  the presence  in the  s t ruc ture  o f  
m o n o m e r  couplmgs  o the r  than  the normal  1 - 4. 
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Attempts were made to  unravel possible electrocatalytm effects 
brought about  by different  substrates. The shapes of the cychc voltam- 
metrms obtamed with Pt, Au, C or stainless steel did show some differences, 
and the loss of PAn electrochemmal actwlty (see below} was observed at 
different cycle numbers for the different substrates. Furthermore,  the 
average polymer ymld, although s~nilar for Pt, C and stamless steel (~8 mg 
cm -2 after 200 cycles at 25 mV s-l), was much lower for Au (~ 1 mg cm -2) 
More work is m progress m this dlrectmn, especmlly m wew of the need 
for plating PAn films onto very thin metal or semmonductor substrates for 
the practmal apphcatmns mentmned m the Introductmn.  

The peak heights vary hnearly with the scan rate, as shown m Fig. 3. 
This behawour is typmal of a thin film attached to a substrate where dfffu- 
stun plays a minor role and, mstead, electron transfer may be the rate~eter-  
mmmg step. A similar relatmn between zp and V was observed for the single 
peak couple of  PPD films. 

OOV 

L I 

O0 50 100 

Scan rate (mV/sec) 

Fig. 3 Re la tmnsh lp  b e t w e e n  height  of  the  two  mare  ca thodm peaks  and scan rate 

E 
~ 05 

PAn loses its electrochemmal actwlty after a number of cycles, as 
momtored by the disappearance of the peaks. This is certamly one of the 
most intriguing and controversial aspects of the electrochemistry of this 
materml. It is commonly  accepted that  deactwatlon is a function of  the 
potential and takes place above 0.7 V v e r s u s  SCE [10, 17] We are reconsi- 
dering this assessment and have run tests with upper hmlts of 0.7 and 0.8 V 
(Fig. 4) and have shown that  deactwahon does occur even when the scan is 
stopped at 0 7 V. It has to be remarked, however, that  with this hmlt  the 
onset of the phenomenon is delayed. For instance, m Fig. 4(b) (upper hmlt,  
0.7 V} the 320th cycle still shows the typmal peaks, whilst the 315th cycle 
of Fig. 4(a) (upper hrmt, 0.8 V) is spindle-shaped. 

Although no direct conductwity  measurements were taken at the 
various stages of the potenhal  scan, deactwatlon seems to be connected with 
loss of  electronm conductance. The shifting of the anodm peaks to high V 
values and featureless voltammograms is typmal of the loss, or absence, of 
conduchwty.  Very recently, the conduchwty  of PAn films has been correl- 
ated with the oxldatmn level by Impedance measurements [10] In this latter 
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Fig 4 Vanatmn of the cychc voltammetry profiles as a function of the cycle number 
(mdmated on each cycle) (a) upper hm~t 0 8 V, (b) upper hmlt  0.7 V Scales A, B, and 
C on ordinates refer to the lower, medmm, and higher cycle number,  respectwely 

investigation, the conclusion was also reached that  the major influence of 
deactwatzon is a decrease m electronm conductwl ty .  Why this occurs upon 
cychng, however,  is still unaccounted  for. 

Meanwhile, we have observed that  deactwatzon is influenced by a 
number  of factors. As previously mentioned,  the onset of the deactwatlon 
process depends on the metal substrate and on the upper potential  l~mt. The 
solutmn, too, seems to play a role, since m 0.2 M HC104 the peaks are still 
present after 1000 cycles The use of substztuted anflmes fur ther  affects the 
deactwat lon Indeed, when polymerLzmg o-phenylenedlamme, we were able 
to reach several thousands of cycles wi thout  loss of actwlty (Fig 5) The 
behavlour of this polymer  gwes rise to comment .  The redox couple corre- 
sponding to the  amon dopmg/undopmg Is absent here, as also observed by 
others [18].  It is our opmmn that  the presence of two protonated  amino 
groups m the po lymer  rings prevents amon uptake. Indeed, po lymer  depro- 
tonatmn,  whmh is a necessary step towards full oxidatmn (see Scheme 1), 
would be more dfffmult m this case since H ÷ may shift between the two 
mtrogen atoms Partly pro tonated  PAn would then be stablhzed by the 
resonance 
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Fig. 5. Cyclic vo l t ammet ry  of  PPD m a sulfurm so lu tmn P t  e lectrode,  100 mV s -1. 
5000th  cycle  

Fig. 6. Cychc vo l t ammet ry  in LICIO~JPC-DME of a PAn film prepared m a sulfuric 
solut ion.  Scan rate ,  20 m V  s -1. 

Prehmmary tests on a PAn film contammg --SO3H groups mstead of  
--NH2 show that  the peaks related to  anion doplng/undopmg are still present 
and deactivation o c c u r s -  although at later cychng stages with regard to  
nonsubst l tuted PAn. More work is m progress m this direction. 

PAn films depomted m acidic solutions were transferred, after a quick 
wash m water and drying, into organm solutions, and cychc vol tammetry  tests 
were run Figure 6 shows a typical vol tammogram m LIClO4/PC-DME at 
20 mV s -~. The two major peaks observed in aqueous solutions are still evi- 
dent  here, although they tend to merge into a large capacitive current  The 
cathodm peaks are more  distinguishable and occur at ~ 3.1 and ~ 3.6 V v e r s u s  

L1/L1 +. By taking into account  that  the lat ter  electrode has a potential  of 
3 18 V v e r s u s  SCE, one could t ransform the cathodm peak values obtained m 
acldm solutions (see Fig. 2) mto 3.2 and 3.7 V v e r s u s  L1/L1 + There is good 
agreement,  therefore ,  between values measured in H+-contmnlng aqueous 
solutions and Ll+-contalmng nonaqueous solutions. 

This evidence permits the conclusion that  L1 + may replace H + m the 
redox equfllbrm. Indeed, the proton-hke character of L1 + is well known m 
orgamc electrochemistry.  

The Importance of the presence of  H ÷, or L1 ÷, m the eqmhbrla of  the 
polymer  is confirmed by the fact that  PAn is only actwe m aqueous solu- 
tions at pH < ~ 4 [14] or in Ll÷-contammg orgamc solutions. We propose 
Scheme 1 to account  for the two mmn steps of  the reduc tmn/ox lda tmn pro- 
cess, as evidenced by the cychc vol tammetnes  (Figs. 2 and 6). 

In Scheme 1 we have adopted the dlmerm symbol formed by a benze- 
nold and a qulnold ring. Form (I) may be either a p ro tona ted  or a neutral 
one and two such dlmers are contained in the emeraldme octamer.  Form 
(II) is expected to be highly protonated ,  thus ]ustlfymg the pro toe lec t romc 
term used for equilibrium (I) -~ (II). 
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As observed by others [7], and m the present work, using protonated 
PAn m orgamc solut]ons does not result m the release of protons m solution 
and L1 attack. The protons remain permanently bound to the polymer and 
grant ~t a suffmmntly high electromc conductwlty.  

The formation of the two dlcatlons (blpolarons) m Scheme 1 is pre- 
ceded by the format]on of radmal cations (polarons) Gem,s has proved 
this using ~n s~tu optmal and ESR measurements [8, 9] 

Figure 7 shows typical discharge curves of protonated chemical Pan 
m an orgamc solutmn Curve 1 corresponds to the reductmn ( I ) ~  (II) m 
Scheme 1, whereas curve 2 corresponds to the reductmn (III) ~ (I) ~ (II) 
In the range 4 - 3 V, curve 2 tends to approach a straight hne, thus being 
similar to a capacitor discharge curve (Q = C V )  

W]th neutral PAn (+20% TAB) we obtained a capacity of 0.14 A h 
g-1 (based on the polymer weight only). This represents about 50% of the 
theoretical value based on the reductmn (III)-~ (I). On the other hand, 
according to Gem,s [19], m the fully omdlzed state only 20% of form (III) 
should be present 

L]thmm cells containing PAn cathodes (both chemmally and electro- 
chemmally prepared) were extenswely cycled at 0 5 mA cm -2 between 2.3 
and 4 0 V Average capacltms of 0.1 A h g-1 were obtained with protonated 
chemmal PAn (treated with L1A1H4) mixed with 10% TAB (Fig. 8) Electro- 
chemmal PAn showed a somewhat referrer performance because of the less 
favourable morphology, the absence of conductmg addltwes, and the lower 
content  of pure PAn base (due to the presence of the sulfur]c groups) Tests 
to obtain the highest capacity output  are m progress with different cathode 
formulatmns. 

As the average voltage on load is very high (~3.4 V), grawmetrm energy 
densities are also high, but the volumetric energy densltms compare poorly 
with those of morgamc matermls. From SEM experunents using electro- 
chemmal PAn, we obtamed an apparent density of about 0.2 g cm -3, whmh 
is not  too different from the 0.3 g cm -~ reported by others [20]. These 
values are more than one order of magmtude lower than those of the m- 
orgamc salts (MoS2, T1S2, V6013) used m hthmm cells, and could lml]t apph- 
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Fig 7 Discharge profdes of L1/PAn cells 1, hrst dlscharge, 2, discharge after 20 cycles 
(between 2 3 and 4 0 V) Protonated PAn (+10% TAB) 

Fig 8 Variation of the speclfm capacity of an L1/PAn cell with cycle number 



193 

catmns of PAn m practmal rechargeable batterms. On the other hand, the 
possibility of growing extremely thin, very adherent, stable films on differ- 
ent substrates may be advantageous for specml apphcatmns. 
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