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Fluoride intercalation/deintercalation cycles on commercially available high purity graphite elec- 
trodes leads to powder  formation and electrode damage. Format ion  of  polypyrrole films of  opt imum 
thickness by potential cycling on the graphite surface before fluoride intercalation leads to good 
mechanical stability to the electrode during intercalation/deintercalation cycles. The intercalation 
potential shifts by 200 mV in the positive direction. The intercalation and deintercalation charges 
(Qa, Qc) also decrease slightly. However  the charge recovery ratio (Qc/Qa) improves significantly. 
Since the polypyrrole layer is compact  on the graphite surface, the present study indicates that the 
film offers mechanical stability to the graphite film without  affecting the electronic conductivity of  
the surface. F -  ion transport  through the film also occurs with a small overvoltage. 

1. Introduction 

Redox polymer films, as well as conducting polymer 
films, have been previously employed to protect semi- 
conducting surfaces during photoexcitation [1-5]. 
Recently, a conducting polypyrrole codeposit was 
shown to protect PbO 2 deposits prepared on glassy 
carbon electrodes [6]. Codeposition of polypyrrole 
with a redox species, namely nickel cyclan [7], and 
inert filling material, namely TiO2 particles [8], were 
also reported recently. However, there is apparently 
no reported work on the effect of polypyrrole film 
on an intercalation/deintercalation process in which 
intercalent transfer through the conducting polymer 
layer is a necessary step. 

In a recent study [9], it was found that in 15.0 M HF 
aqueous solutions containing 25% (v/v) methanol, 
satisfactory intercalation and deintercalation of 
fluoride ions on graphite could be achieved for the 
first few cycles. However, the graphite electrode 
became mechanically unstable after two or three 
charge/discharge cycles. The effect of polypyrrole 
film on the stability and the charge/discharge 
behaviour of the graphite electrode in 15.0 M HF 
aqueous methanolic solutions is the subject matter 
of the present work. 

2. Experimental details 

A high purity commercial graphite electrode (HPC 
grade, Graphite India Limited, India) sized into 
3 mm diameter rods and tight-fitted into a Teflon 
holder served as the working electrode. Platinum foil 
served as the counter electrode. 
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For the voltammetric studies and preparation of 
polypyrrole coating, an H-type glass cell with a SCE 
reference electrode was used. For intercalation/ 
deintercalation studies in HF solutions, a single com- 
partment polypropylene cell with Pd-H2 reference 
electrode was used [9]. LR grade pyrrole (SRL, 
India) was freshly distilled before use. All other 
chemicals used were of AR grade. 

The polypyrrole coating procedure [6], involved 
potential cycling in 1.0 M KNO 3 solution containing 
5mM pyrrole from 0.0 to 0.8V for 5 or 10 cycles at 
a sweep rate of 20 mV s -1. During the voltammetric 
response of polypyrrole formation (Section 3.1) 
50mM pyrrole was used. All the experiments were 
carried out at 303 4- 1 K. The reproducibility of the 
results were verified by repeating each experiment at 
least three times. The variation of peak potentials 
within +10mV and peak current within 3% could 
be achieved under these experimental conditions. 

3. Results 

3.1. Polypyrrole formation 

Since polypyrrole film formation can exhibit some 
surface specific effects, a few voltammetric studies 
were carried out on the graphite electrodes employed 
in the present work. Typical multisweep CV responses 
for 50 mM pyrrole in 1.0 M KNO3 between the poten- 
tial limits of 0.0-I.0 V at a sweep rate of 20 mV s -~ are 
presented in Fig. l(a). The typical anodic peak 
observed on GCE [6] under similar conditions 
appears much broader on this high purity graphite 
surface. Interestingly, there is significant anodic 

625 018, India. 

0021-891X © 1994 Chapman & Hall 455 



456 M. NOEL, R. SANTHANAM AND M. FRANCISCA FLORA 

e -  
ID 

" o  

"E 

L .  

(.9 

(a) 

(b) 

0 0.5 1.0 
Potential / V vs SCE 

Fig. 1. Multisweep CV (for 5 cycles) in 1.0 M K N O  3 solution con- 
taining 50 mM pyrrole on fresh high purity graphite before (a) 
and after (b) intercalation in 15.0M H F  aqueous-methanol ic  
(25% v/v) solution at 1.6V for 3 min; v = 20mV s -1. 

current around 0.5V itself and a distinct prepeak is 
noticed around 0.650 V in the first sweep, which disap- 
pears in the subsequent sweeps (Fig. 1 (a)). The passi- 
vation effect is also noticed on the graphite electrode if 
the anodic limit is held beyond 0.850V. The steady 
decline in the anodic current with increasing sweep 
number when the anodic potential limit exceeds 
0.850V (Fig. l(a)) is due to the insulating polymer 
formation beyond this limit [6]. 

Figure l(b) is the multisweep voltammetric 
response obtained on a fluoride intercalated graphite 
electrode prepared by anodic polarization at 1.6V 
for 3rain in 15.0M HF aqueous-methanolic solu- 
tion. The experimental conditions for polypyrrole 
formation were the same for Fig. l(b) as for Fig. 
l(a). Apart from significantly higher anodic current 
and the absence of a prepeak around 0.650V, the 
multisweep voltammetric responses on fluoride inter- 
calated graphite electrodes are similar to those on 
the graphite electrodes themselves. 

These voltammetric responses thus indicate that 
polypyrrole films can be obtained on graphite, as 
well as fluoride intercalated graphite electrodes. 

3.2. Studies on polypyrrole coated graphite electrode 

A polypyrrole film was coated on a graphite electrode 
by cycling it between 0.0 and 1.0 V at 20 mV s -1, 5 and 
10 times, respectively, to prepare electrodes with two 
different film thicknesses. Figure 2(a) shows the typi- 
cal current potential response in this conducting film 
forming potential region for five cycles. The voltam- 
metric responses in 15.0 M HF aqueous-methanolic 
solution is presented in Fig. 2(b). The minimum ano- 
dic limit required for observing deintercalation on a 
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Fig. 2. (a) Multisweep CV (for 5 cycles) in 1.0 M K N O  3 solution 
containing 50raM pyrrole of  fresh high purity graphite; 
v = 20 mV s -1 . (b) CV of  high purity graphite after the above treat- 
ment  in 15.0M HF  aqueous-methanol ic  (25% v/v) solution; 
v = 4 0 m V s  -1 . 
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film coated electrode is 1.6V (Fig. 2(b)) whereas it is 
only 1.4V on a bare graphite electrode [9]. The Qa 
and Qc values obtained by integrating the anodic 
and cathodic regions of the CV response on a film 
coated electrode is also slightly lower (Table 1). The 
Qc/Qa value remains at a significantly higher level 
for the film coated electrode (Table 1). The thicker 
polypyrrole film obtained by ten potential cycles in 
the pyrrole medium leads to slightly lower currents 
and correspondingly lower intercalation/deintercala- 
tion charges (Table 1). 

The potentiostatic intercalation/deintercalation 
studies at 1.6 and 1.0V, respectively, were carried 
out with intercalation times of 1, 3 and 5 min. Typical 
double-potential step i/t transients obtained at the 
first, fifth and tenth cycles with these three intercala- 
tion times are presented in Fig. 3 for the graphite 
electrode coated with polypyrrole using five cycles. 
The intercalation/deintercalation process on this elec- 
trode continues, even after ten potential cycles, when 
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Table 1. Ratio of intercalation and deintercalation charges from C V, in 15.0 M [IF aqueous methanolic (20% v/v) solutions, o f fresh high purity 
graphite and HPCG pyrrole coated before and after intercalation 

v = 40mVs -] 

Nature Potential Number Qc Qa Qc/ Qa 
of graphite limit for of cycles /mCcm 2 /mC cm-2 

appearance (pyrrole 
of deintercalation coating) 

1 Fresh 1.4 - 1207 1824 0.66 
2 Fresh 1.6 5 491 658 0.75 
3 Fresh 1.6 10 385 523 0.74 
4 Intercalated 1.8 5 124 219 0.57 

compared to bare graphite electrodes [9], which show 
mechanical deterioration after three to five potential 
cycles. The polypyrrole coated electrodes used here 
develop a grey colour after ten cycles, but the electrode 
surface still remains smooth, intact and electroactive. 

Graphite electrodes coated with five and ten poly, 
pyrrole formation cycles exhibit good charge recov- 
ery ratios if the intercalation/deintercalation pro- 
cesses are repeated at a shorter time interval of 
1 rain (Table 2). With the electrode of 10 polypyrrole 
coating cycles (Table 2), this ratio can reach 80%. 
Even on a thinner polypyrrole coated electrode (five 
polypyrrole formation cycles) the recovery ratio 
improves with sweep number and reaches 80% in 
the tenth cycle. Individual Qc, Qa values (not tabu- 
lated here) slightly decrease with film thickness. 

With increasing intercalation/deintercalation times, 
however, the Qc/Qa values on film coated electrodes 
drop quite sharply for both the electrodes. With 3 
and 5rain of intercalation/deintercalation times for 
example, the recovery ratio falls to 50% or even 
lower (Table 2). 

3.3. Studies on polypyrrole coated fluoride intercalated 
graphite electrodes 

In the initial phase of the present work, it was felt 
that polypyrrole coating on a fluoride intercalated, 
and thus expanded, graphite lattice would exhibit 
more stability and better electrochemical activity. 
Fig. l(b) also showed slightly higher polypyrrole for- 
mation currents on the fluoride intercalated graphite 
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Fig. 3. Double potential step (Ea = 1.6V 
and Ec = 1.0V) i/t transients o f  fresh high 
purity graphite (5 cycles pyrrole coated as 
in Fig. 2(a)) in 15.0 M HF aqueous-metha-  
nolic (25% v/v) solutions; step time/min: 
(a) 1, (b) 3 and (c) 5; first, fifth and tenth 
cycles are shown with appropriate numbers. 
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Table 2. Ratio of intercalation and deintercalation charges from i/t transients in 15.0 M HF aqueous-methanolic (25% v/v) solutions, of pyrrole 
coated fresh high purity graphite for different step time and cycle number 

= l . 6 V a n d ~ = l . O V  

Potential Cycle 
cycles number 
in 50 mM 
pyrrole 

Qc/Qa/mC c m  - 2  for different step time 

lmm 3mm 5mm 

5 1 0.66 0.52 0.48 
5 5 0.68 0.43 0.43 
5 10 0.81 0.43 0.42 

10 1 0.80 0.42 0.42 
10 5 0.81 0.48 0.45 
10 10 0.83 0.52 0.50 

surface. Typical CV responses of a polypyrrole coated 
graphite electrode obtained by the above procedure in 
15.0M HF aqueous-methanolic solutions, with dif- 
ferent anodic limits, are presented in Fig. 4. Even at 
the 1.6V anodic limit, no in~ercalation/deintercala- 
tion process is noticed on this electrode. The mini- 
mum anodic limit required for intercalation is 1.8 V 
(Table 1). Even at this anodic limit, Qc, Qa values 
and Qc/Qa ratios are much lower on this surface 
(Table 1). In the double potential step experiments 
with Ea and Eo values of 1.8V and 1.0V, respec- 
tively, Qc and Qa values are low when compared to 
the other electrodes. The Qc/Qa values change with 
cycle number in a random fashion (Table 3). In 
general there is considerable decrease in recovery 
ratio with increasing cycle number (Table 3). With 
higher intercalation/deintercalation times, the charge 
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Fig. 4. CV of high purity graphite (intercalated in 15.0M HF 
aqueous-methanolic (25% v/v) for 3 min and then pyrrole coated 
as in Fig. 2(a)) in 15.0M HF aqueous-methanolic (25% v/v) 

1 solution; v = 40mVs- . Anodic limits: (a) 1.6V, (b) 1.TV and (c) 
1.8V. 

recovery ratio also decreases significantly (Table 3). 
Obtaining reproducible levels of Qc and Qa values 
also becomes quite difficult under these experimental 
conditions. 

4. D i s c u s s i o n  

A graphite surface contains some excess active centres 
where polymerization can easily take place during the 
first cycle at 50.0mM pyrrole concentration. This is 
possibly responsible for the first anodic peak (Fig. 
l(a)) around 0.65V (the reproducibility of this 
response was verified many times under identical 
experimental conditions). In the second and subse- 
quent sweeps this oxidation peak disappears due to 
the absence of these active centres (Fig. 1 (a)). As far 
as polypyrrole formation is concerned, the fluoride 
intercalated graphite surface, with expanded surface 
areas, definitely leads to high anodic polymerization 
currents (Fig. l(b)). 

The fact that a thin polymer coated electrode 
still allows an intercalation/deintercalation process, 
is an interesting observation of the present work. 
It is known that polypyrrole is electronically con- 
ducting, when prepared under the present experi- 
mental conditions. From the present studies how- 
ever, it becomes apparent that this film also allows 
facile F -  ion transport through the film. Microscopic 
studies showed a compact and uniform polypyrrole 
film on graphite, thus excluding fluoride intercala- 
tion/deintercalation reactions proceeding through 
pores. 

The present results indicate that F -  intercalation/ 
deintercalation proceeds on graphite electrodes even 
in the presence of a uniform compact polypyrrole 
layer. However, the minimum potential required for 
intercalation is shifted by 200mV in the positive 
direction, which suggests a higher energy require- 
ment. The intercalation and deintercalation charges 
also decrease slightly, both under potentiodynamic 
(Table 1) and potentiostatic conditions (Table 2). 
These parameters also decrease with increasing 
film thickness. However, the significant improve- 
ment in the intercalation/deintercalation behaviour 
and stability of the surface still justifies further 
investigation. 
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Table 3. Ratio of intercalation and deintercalation charges from i/t transients in 15.0 M HF aqueous-methanolic (25% v/v) solutions, of 
deintercalated HPCG pyrrole coated (5 cycles) for different step time and cycle number 

E a = 1.8V andEc = 1.0V 

Cycle Charge/mC cm -2 

Step time 1 min Step time 3 min 

Qc Qa Qc/Qa Qc Qa Q~/Qa 

1 500 885 0.57 661 1149 0.58 
5 649 839 0.77 825 1078 0.77 

10 149 529 0.28 534 1480 0.36 

In  cont ras t  to initial expectat ions,  the po lypyrro le  
film on a fluoride intercalated graphi te  had  some 
extremely negative effects on the overall  intercala- 
t ion/deintercala t ion process (Section 3.3). The  mini- 
m u m  intercalat ion potent ia l  shifted fur ther  by 
200inV. The  charge values and charge recovery 
rat ios d ropped  considerably.  Even Qc and Qa values 
var ied significantly when the exper iments  were 
repeated  under  identical exper imenta l  condit ions on 
these electrodes. The exact cause for such negative 
effects, however ,  is not  yet clear. On a fluoride inter- 
calated graphi te  surface, either the pa thways  of  inter- 
ca la t ion/deintercala t ion are b locked or a more  passive 
po lypyrro le  layer is formed.  Fur the r  investigations 
would  be worthwhile.  

5. Conclusions 

Polypyrro le  films can be fo rmed  easily and repro-  
ducibly on graphi te  electrodes. These films allow F -  
ion t r anspor t  with small, but  noticeable,  vol tage 
drop,  thus allowing effective intercalat ion/deinter-  
calat ion processes in 15.0 M H F  a q u e o u s - m e t h a n o l i c  
solutions. The  intercalat ion charge decreases slightly 
with film thickness. This process improves  the 
mechanica l  stability, as well as the charge recovery 

ratio. In tercala t ing the graphi te  surface before form-  
ing the polypyrro le  layer, however ,  leads to c o m p a r a -  
tively inferior responses.  

These observat ions  raise quest ions for  fur ther  s tudy 
such as the o p t i m u m  thickness o f  the polypyrro le  
layer, the m o d e  of  fluoride ion t r anspor t  th rough  the 
film, t r ans format ions  during the charge/discharge 
cycles, and intercalat ion of  other  ionic species into 
graphite.  
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